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Preface 

Proteins  are  the work  horses  of  the  cell. As  regulators  of  protein  function,  protein 
kinases  are  involved  in  the  control  of  cellular  functions  via  intricate  signalling 
pathways,  allowing  for  fine  tuning  of  physiological  functions.  This  book  is  a 
collaborative effort, with contribution from experts in their respective fields, reflecting 
the  spirit  of  collaboration  ‐  across  disciplines  and  borders  ‐  that  exists  in modern 
science. Here, we review the existing literature and, on occasions, provide novel data 
on the function of protein kinases in various systems. We also discuss the implications 
of these findings in the context of disease, treatment, and drug development. 

Gabriela Da Silva Xavier 
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Cross-Regulation of JAK-STAT Signaling: 
Implications for Approaches to  
Combat Chronic Inflammatory  

Diseases and Cancers 
Claire Rutherford, Hayley D. Woolson and Timothy M. Palmer 

Institute of Cardiovascular and Medical Sciences, 
College of Medical, Veterinary and Life Sciences,  

University of Glasgow,  
Scotland,  

U.K. 

1. Introduction 
The Janus kinase–signal transducer and activator of transcription (JAK–STAT) pathway is 
utilized by a range of cytokines (interferons, IL-2 and IL-6 amongst others) that control 
survival, proliferation and differentiation responses in diverse cell types. The realisation that 
unregulated activation of this pathway is a key driver of not only chronic inflammatory 
diseases such as rheumatoid arthritis, colitis and psoriasis, but also many cancers has 
identified its components as targets for therapeutic intervention by small molecule 
inhibitors and biologicals. In this article, we will discuss how an increased understanding of 
JAK-STAT pathway architecture, the basis for its dysfunction in pathological states, and its 
regulation by other intracellular signaling pathways are illuminating multiple strategies to 
manipulate this pathway in several disease arenas. 

2. Basic architecture of the JAK-STAT pathway 
2.1 Janus Kinases (JAKs) 

JAKs encompass a family of four of cytoplasmic tyrosine kinases (JAK1–JAK3, TYK2) that 
function as essential signaling components immediately downstream of receptors for many 
haematopoietic cytokines, such as granulocyte-macrophage colony-stimulating factor (GM-
CSF), erythropoietin (Epo), interferons (IFNs), interleukins (e.g. IL-2, IL-6) as well as growth 
hormone and leptin. While JAK1, JAK2 and TYK2 are widely expressed, JAK3 expression is 
limited to haematopoietic cells where it is used by the receptors for a selected group of 
cytokines that are critical in T cell, B cell and natural killer cell development (Ghoreschi et 
al., 2009). Importantly, functional deficiencies in JAK3 have been shown to account for 
autosomal recessive “severe combined immunodeficiency” (SCID) syndrome (O’Shea et al., 
2004). However, despite these differences, JAKs are thought to function downstream of 
individual cytokine receptors in a similar manner. 
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Structurally JAKs comprise seven conserved domains (JAK homology (JH) domains 1-7) 
numbered from the carboxyl to the amino terminus (Fig. 1). The hallmark of the JAK family 
is the presence of JH1, which comprises a functional tyrosine kinase domain, and JH2, which 
was originally thought to be a catalytically inactive pseudokinase domain. However, it has 
recently been demonstrated that the JAK2 JH2 has dual-specificity protein kinase activity 
that phosphorylates Ser523 and Tyr570, which are critical negative regulatory sites, although 
the specific kinase activity of JH2 is approximately ten-fold less than that of JH1 (Ungureanu 
et al., 2011). It had long been established that JH2 has a negative regulatory function, as 
deletion of this domain has been shown to increase JAK2 and JAK3 phosphorylation and 
downstream activation of STATs. This is achieved via an intramolecular interaction between 
JH1 and JH2, which effectively suppresses basal kinase activity. Upon ligand binding, 
conformational changes relieve this interaction allowing activation of JH1 by 
phosphorylation of two activation loop Tyr residues (Tyr 1021/1022 in JAK1, Tyr 1007/1008 
in JAK2, Tyr 980/981 in JAK3, Tyr 1054/1055 in TYK2) (Saharinen et al., 2000; Saharinen & 
Silvennoinen, 2002). Abrogation of JH2’s dual specificity kinase activity was found to be 
sufficient to increase basal JAK2 activity and downstream signaling to STAT1, suggesting 
that this is a key element of the JH2 domain’s suppressive effect on JH1. As described later 
in this chapter, this provides an essential “braking” function as mutations that disrupt the 
JH2 domain’s suppression of JH1 activity are found in several haematological disorders. 

 
Fig. 1. Domain structure of human JAK2. The crystal structure of the JAK2 JH1 domain 
bound to JAK inhibitor tofacitinib is reproduced from Williams et al. (2009) with permission. 

JH3-5 comprise an SH2 domain typically indicative of PTyr-dependent interactions with 
other signaling components but surprisingly partners for this domain have yet to be 
identified for any of the JAK family (Ingley & Klinken, 2006). Lastly, JH6-JH7 constitute a 
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Band 4.1, ezrin, radaxin, moesin (FERM) domain implicated in interactions with cytokine 
receptors required for cell surface expression (Huang et al., 2001) and also the JH1 domain 
to regulate its kinase activity (Zhou et al., 2001). 

JAKs have typically been thought to be constitutively associated with dimeric cytokine 
receptor complexes at the plasma membrane, although a role for nuclear-localised JAKs in 
controlling the phosphorylation of histone H3 has emerged that may be particularly 
important in haematological malgnancies and embryonic stem cell renewal (Dawson et al., 
2009; Griffiths et al., 2011). However, following cytokine binding, a conformational change 
within the dimeric receptor complex allows activation of receptor-bound JAKs due to 
transphosphorylation of JH1 activation loop Tyr residues. The structural basis of the JAK-
receptor interaction and the mechanism by which the receptor re-orientates to receive the 
phosphorylation are currently unclear and the subject of intense research (Lupardus et al., 
2011). Nevertheless, after receptors have been phosphorylated at specific Tyr residues, SH2 
domain-containing proteins are recruited to activate downstream signaling. The major 
intracellular mediators commonly activated by multiple cytokine receptors are the signal 
transducer and activator of transcription (STAT) proteins. 

2.2 Signal Transducers and Activators Of Transcription (STATs) 

The STAT family of transcription factors were first described as interferon (IFN)-inducible 
transcription factors (Fu, 1992; reviewed by Darnell et al., 1994;). The STAT family comprises 
seven mammalian members (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6). 
However alternative splicing of STAT1, 3, 4, 5a and 5b primary transcripts yields isoforms 
with truncated C-terminal domains; for example the STAT3β isoform lacks the 55 C-
terminal amino acids of STAT3α but acquires a unique 7 amino acid sequence (Dewilde et 
al., 2008). While the β isoforms have been reported to act as dominant negative regulators of 
transcription, it is now apparent that these isoforms can differ in their transcriptional 
activities, for example isoform-specific deletions of STAT3β and STAT3α have shown that 
STAT3β activates a distinct subset of STAT3 genes in response to IL-6 and may not act as a 
dominant negative in vivo (Maritano et al., 2004; Dewilde et al., 2008). Exactly how the 
discrete functional differences observed between STAT3α and STAT3β relate to their 
distinct subcellular trafficking kinetics remains to be determined (Huang et al., 2007). 

STATs are activated by a wide range of cytokines and other growth factors. Depending on 
the cell type involved, a range of sometimes overlapping ligands can activate STAT1, 
STAT3, STAT5a and STAT5b, whereas only a few cytokines are capable of activating STAT2, 
STAT4 and STAT6 (Lim & Cao, 2006). For example, in addition to multiple IL-6 family 
members, STAT3 can also be activated by G-protein coupled receptors for angiotensin II and 
thrombin, as well as the VEGFR2 receptor tyrosine kinase (Madamanchi et al., 2001; Pelletier 
et al., 2003; Bartoli et al., 2000). Functionally, STAT3 has been implicated in cell proliferation, 
survival and anti-apoptotic responses in multiple cell types (Yu et al., 2009). Conversely, 
STAT6 is predominantly activated by IL-4 and is involved in the differentiation of CD4+ T 
cells into T helper 2 (Th2) cells (Hebenstreit et al., 2006). 

Structurally, STATs comprise several distinct functional domains; these include an N-
terminal domain, a coiled-coil domain, a DNA binding domain, a linker domain, an SH2 
domain and a C-terminal transactivation domain. The N-terminal domain is involved in 
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STAT dimerisation and tetramerisation, and for some STATs the recruitment of regulatory 
proteins such as STAT E3 ubiquitin ligase SLIM (Tanaka et al., 2005). The coiled-coil domain 
is also implicated in protein-protein interactions; for example, the transcription factor c-Jun 
has been demonstrated to interact with this domain in STAT3, facilitating co-operation 
required for maximal IL-6-dependent acute-phase response gene activation driven by the 2-
macroglobulin enhancer (Zhang et al., 1999b). This domain may also be involved in 
ensuring high affinity binding to cytokine receptors, as mutations within it impair 
recruitment of STAT3 to Tyr-phosphorylated gp130 (Zhang et al., 2000). The DNA-binding 
domain is highly conserved amongst the STAT family and as well as binding DNA, it also 
controls STAT translocation from the cytoplasm to the nucleus. It has been proposed to 
achieve this by maintaining the necessary conformation for binding of importins on the 
nuclear membrane (Ma & Cao, 2006). Once in the nucleus, STAT dimers can bind DNA 
motifs known as GAS ( activated sequence) elements (TTN5-6AA, N=any nucleotide) except 
in the case of the IFN response, where complexes formed between STAT1, STAT2 and 
IRF9 (interferon regulatory factor 9) bind to the IFN-response element (ISRE) 
AGTTN3TTTC (O’Shea et al., 2002). The linker domain has been implicated in 
transcriptional activation, since point mutations within this region of STAT1 have been 
found to abolish transcriptional responses to IFN (Yang et al., 1999). Additionally, this 
domain also participates in distinct protein-protein interactions, as demonstrated by the 
interaction of STAT3 with “genes associated with retinoid–IFN-induced mortality-19” 
(GRIM-19), which blocks STAT3-mediated transcriptional activity (Kalakonda  et al., 2007). 

The most conserved domain within the STAT family is the SH2 domain. This domain is 
essential for binding to activated receptors and is also responsible for cytokine-triggered 
dimerisation via specific phospho-Tyr residues (Shuai et al., 1994; Hemmann et al., 1996). 
Different receptor motifs determine which STATs are recruited; for example, STAT3 will 
bind to pYXXQ (Stahl et al., 1995) while STAT1 will only bind to pYXPQ (Gerhartz et al., 
1996). This difference has been shown to be due to the SH2 domain through the creation of a 
chimaeric STAT3 molecule in which the SH2 domain of STAT3 was substituted with a 
STAT1 SH2 domain, resulting in a molecule that showed the receptor motif binding 
preference of STAT1 (Hemmann et al., 1996). On recruitment to an activated cytokine 
receptor, STATs are then phosphorylated by JAKs on a single conserved tyrosine residue at 
the carboxyl end of the SH2 domain (e.g. Tyr701 in STAT1 (Shuai et al., 1994) and Tyr705 in 
STAT3 (Kaptein et al., 1996)). This enables them to form dimers through an interaction of the 
P-Tyr on one STAT with the SH2 domain of another. 

Lastly, the C-terminal transactivation domain mediates protein-protein interactions 
necessary for optimal transcriptional activation; these include interactions with the  
transcriptional co-activators “cAMP response element binding protein” (CREB)-binding 
protein (CBP) and p300 (Paulson et al., 1999). In the cases of STAT1 and STAT3, optimal 
interaction with p300/CBP requires phosphorylation of Ser727 by any of several Ser/Thr 
kinases, including extracellular signal-regulated kinases 1 and 2 (ERK1,2) (Schuringa et al., 
2001; Heinrich et al., 2003). 

To demonstrate how these proteins function in context, we will describe signaling pathway 
activation in response to the activation of two key cytokine receptor systems implicated in 
several haematological and non-haematological conditions: the IL-6 and IFN signaling 
complexes. 
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2.3 Activation of the JAK-STAT and ERK1,2 pathways by IL-6 

The IL-6 receptor is composed of two different subunits, an 80 kDa IL-6-binding protein (IL-
6R) and a 130 kDa signal-transducing subunit (gp130), which is shared by all IL-6-family 
cytokines, which include IL-11, IL-27, oncostatin M, leukaemia inhibitory factor (LIF), 
cardiotrophin-1 (CT-1) and ciliary neurotrophic factor (CNTF) amongst others (Heinrich et 
al., 2003). The gp130 subunit is ubiquitously expressed while IL-6R expression is restricted 
to hepatocytes, monocytes, neutrophils and some B and T cell subsets. However, IL-6 can 
also bind to a soluble form of the receptor (sIL- 6R) which is either shed from cell 
membranes by limited proteolytic cleavage of membrane-bound IL-6Rα by the 
metalloproteinases ADAM10 and ADAM17  or created by alternative splicing of IL-6R 
primary transcripts (Kallen, 2002). The resulting sIL-6R/IL-6 so-called “trans-signaling” 
complex can associate with gp130 on cells that do not express the membrane-bound IL-6R 
thereby widening the spectrum of IL-6-responsive cells. For example, vascular endothelial 
cells which express only gp130 are rendered responsive to IL-6 due to the shedding of sIL-
6Rfrom activated neutrophils (Marin et al., 2001). 

Binding of the trans-signaling complex to gp130 or the interaction of IL-6 with IL-6R 
triggers dimerisation of the gp130 subunits and the formation of an active receptor signaling 
complex (Murakami et al., 1993; Fig. 3). JAK1, JAK2 and TYK2 have each been shown to be 
activated upon receptor stimulation (Stahl et al., 1994; Narazaki et al., 1994) and can 
phosphorylate gp130 on Tyr’s 683, 759, 767, 814, 905 and 915 (Stahl et al., 1994; Stahl et al., 
1995; Gerhartz et al., 1996). (Fig. 2)  Studies using cell lines lacking either JAK1, JAK2 or 
TYK2 have revealed that whereas JAK2 and TYK2 may be functionally interchangeable, 
effective  downstream signaling absolutely depends on the presence of JAK1 (Guschin et al., 
1995). Thus, phosphorylation of gp130 was demonstrated to be significantly reduced in the 
absence of JAK1 but was unimpaired in the absence of either JAK2 or TYK2. The membrane-
proximal regions of gp130 are predominantly responsible for binding JAK1. These regions 
contain conserved box1 and box2 motifs which are both required for efficient JAK binding. 
Either deletions or mutations to box1 result in the impaired binding of JAKs to gp130 (Haan 
et al., 2000) while deletion of box2 only leads to JAK association when the kinase is over-
expressed (Tanner et al., 1995), suggesting that box2 increases the affinity of JAK binding. In 
addition, an interbox1-2 region on gp130 is also involved in JAK binding and again, in 
studies where this region has been mutated, defective JAK signaling has been observed 
(Haan et al., 2000). 

All IL-6 type cytokines are capable of activating STAT1 and STAT3 via gp130. However, 
STAT3 activation has been observed to a greater extent than STAT1 activation (Heinrich et 
al., 2003). STAT recruitment to activated IL-6 type receptors is mediated by the STAT SH2 
domain and requires the phosphorylation of specific Tyr residues. In particular, STAT3 
binds four phospho pYXXQ motifs of gp130 (Y767RHQ, Y814FKQ, Y905LPQ and Y915MPQ) 
(Stahl et al., 1995), whereas STAT1 is more restricted and binds two pYXPQ motifs in gp130 
(Y905LPQ and Y915MPQ) (Gerhartz et al., 1996) (Fig. 2). Once recruited, STATs are 
phosphorylated by JAKs on a single Tyr residue (Tyr701 in STAT1 and Tyr705 in STAT3 
(Kaptein et al., 1996; Shuai et al., 1993) (Fig. 2). In addition, as discussed earlier, both STAT1 
and STAT3 can be phosphorylated by ERK1,2 on Ser727 to enhance p300/CBP recruitment 
for maximal transcriptional activity (Schuringa et al., 2001; Heinrich et al., 2003). Following 
phosphorylation, activated STATs form homo- and/or hetero-dimer complexes, consisting 
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STAT dimerisation and tetramerisation, and for some STATs the recruitment of regulatory 
proteins such as STAT E3 ubiquitin ligase SLIM (Tanaka et al., 2005). The coiled-coil domain 
is also implicated in protein-protein interactions; for example, the transcription factor c-Jun 
has been demonstrated to interact with this domain in STAT3, facilitating co-operation 
required for maximal IL-6-dependent acute-phase response gene activation driven by the 2-
macroglobulin enhancer (Zhang et al., 1999b). This domain may also be involved in 
ensuring high affinity binding to cytokine receptors, as mutations within it impair 
recruitment of STAT3 to Tyr-phosphorylated gp130 (Zhang et al., 2000). The DNA-binding 
domain is highly conserved amongst the STAT family and as well as binding DNA, it also 
controls STAT translocation from the cytoplasm to the nucleus. It has been proposed to 
achieve this by maintaining the necessary conformation for binding of importins on the 
nuclear membrane (Ma & Cao, 2006). Once in the nucleus, STAT dimers can bind DNA 
motifs known as GAS ( activated sequence) elements (TTN5-6AA, N=any nucleotide) except 
in the case of the IFN response, where complexes formed between STAT1, STAT2 and 
IRF9 (interferon regulatory factor 9) bind to the IFN-response element (ISRE) 
AGTTN3TTTC (O’Shea et al., 2002). The linker domain has been implicated in 
transcriptional activation, since point mutations within this region of STAT1 have been 
found to abolish transcriptional responses to IFN (Yang et al., 1999). Additionally, this 
domain also participates in distinct protein-protein interactions, as demonstrated by the 
interaction of STAT3 with “genes associated with retinoid–IFN-induced mortality-19” 
(GRIM-19), which blocks STAT3-mediated transcriptional activity (Kalakonda  et al., 2007). 

The most conserved domain within the STAT family is the SH2 domain. This domain is 
essential for binding to activated receptors and is also responsible for cytokine-triggered 
dimerisation via specific phospho-Tyr residues (Shuai et al., 1994; Hemmann et al., 1996). 
Different receptor motifs determine which STATs are recruited; for example, STAT3 will 
bind to pYXXQ (Stahl et al., 1995) while STAT1 will only bind to pYXPQ (Gerhartz et al., 
1996). This difference has been shown to be due to the SH2 domain through the creation of a 
chimaeric STAT3 molecule in which the SH2 domain of STAT3 was substituted with a 
STAT1 SH2 domain, resulting in a molecule that showed the receptor motif binding 
preference of STAT1 (Hemmann et al., 1996). On recruitment to an activated cytokine 
receptor, STATs are then phosphorylated by JAKs on a single conserved tyrosine residue at 
the carboxyl end of the SH2 domain (e.g. Tyr701 in STAT1 (Shuai et al., 1994) and Tyr705 in 
STAT3 (Kaptein et al., 1996)). This enables them to form dimers through an interaction of the 
P-Tyr on one STAT with the SH2 domain of another. 

Lastly, the C-terminal transactivation domain mediates protein-protein interactions 
necessary for optimal transcriptional activation; these include interactions with the  
transcriptional co-activators “cAMP response element binding protein” (CREB)-binding 
protein (CBP) and p300 (Paulson et al., 1999). In the cases of STAT1 and STAT3, optimal 
interaction with p300/CBP requires phosphorylation of Ser727 by any of several Ser/Thr 
kinases, including extracellular signal-regulated kinases 1 and 2 (ERK1,2) (Schuringa et al., 
2001; Heinrich et al., 2003). 

To demonstrate how these proteins function in context, we will describe signaling pathway 
activation in response to the activation of two key cytokine receptor systems implicated in 
several haematological and non-haematological conditions: the IL-6 and IFN signaling 
complexes. 
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2.3 Activation of the JAK-STAT and ERK1,2 pathways by IL-6 
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6R) and a 130 kDa signal-transducing subunit (gp130), which is shared by all IL-6-family 
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cardiotrophin-1 (CT-1) and ciliary neurotrophic factor (CNTF) amongst others (Heinrich et 
al., 2003). The gp130 subunit is ubiquitously expressed while IL-6R expression is restricted 
to hepatocytes, monocytes, neutrophils and some B and T cell subsets. However, IL-6 can 
also bind to a soluble form of the receptor (sIL- 6R) which is either shed from cell 
membranes by limited proteolytic cleavage of membrane-bound IL-6Rα by the 
metalloproteinases ADAM10 and ADAM17  or created by alternative splicing of IL-6R 
primary transcripts (Kallen, 2002). The resulting sIL-6R/IL-6 so-called “trans-signaling” 
complex can associate with gp130 on cells that do not express the membrane-bound IL-6R 
thereby widening the spectrum of IL-6-responsive cells. For example, vascular endothelial 
cells which express only gp130 are rendered responsive to IL-6 due to the shedding of sIL-
6Rfrom activated neutrophils (Marin et al., 2001). 

Binding of the trans-signaling complex to gp130 or the interaction of IL-6 with IL-6R 
triggers dimerisation of the gp130 subunits and the formation of an active receptor signaling 
complex (Murakami et al., 1993; Fig. 3). JAK1, JAK2 and TYK2 have each been shown to be 
activated upon receptor stimulation (Stahl et al., 1994; Narazaki et al., 1994) and can 
phosphorylate gp130 on Tyr’s 683, 759, 767, 814, 905 and 915 (Stahl et al., 1994; Stahl et al., 
1995; Gerhartz et al., 1996). (Fig. 2)  Studies using cell lines lacking either JAK1, JAK2 or 
TYK2 have revealed that whereas JAK2 and TYK2 may be functionally interchangeable, 
effective  downstream signaling absolutely depends on the presence of JAK1 (Guschin et al., 
1995). Thus, phosphorylation of gp130 was demonstrated to be significantly reduced in the 
absence of JAK1 but was unimpaired in the absence of either JAK2 or TYK2. The membrane-
proximal regions of gp130 are predominantly responsible for binding JAK1. These regions 
contain conserved box1 and box2 motifs which are both required for efficient JAK binding. 
Either deletions or mutations to box1 result in the impaired binding of JAKs to gp130 (Haan 
et al., 2000) while deletion of box2 only leads to JAK association when the kinase is over-
expressed (Tanner et al., 1995), suggesting that box2 increases the affinity of JAK binding. In 
addition, an interbox1-2 region on gp130 is also involved in JAK binding and again, in 
studies where this region has been mutated, defective JAK signaling has been observed 
(Haan et al., 2000). 

All IL-6 type cytokines are capable of activating STAT1 and STAT3 via gp130. However, 
STAT3 activation has been observed to a greater extent than STAT1 activation (Heinrich et 
al., 2003). STAT recruitment to activated IL-6 type receptors is mediated by the STAT SH2 
domain and requires the phosphorylation of specific Tyr residues. In particular, STAT3 
binds four phospho pYXXQ motifs of gp130 (Y767RHQ, Y814FKQ, Y905LPQ and Y915MPQ) 
(Stahl et al., 1995), whereas STAT1 is more restricted and binds two pYXPQ motifs in gp130 
(Y905LPQ and Y915MPQ) (Gerhartz et al., 1996) (Fig. 2). Once recruited, STATs are 
phosphorylated by JAKs on a single Tyr residue (Tyr701 in STAT1 and Tyr705 in STAT3 
(Kaptein et al., 1996; Shuai et al., 1993) (Fig. 2). In addition, as discussed earlier, both STAT1 
and STAT3 can be phosphorylated by ERK1,2 on Ser727 to enhance p300/CBP recruitment 
for maximal transcriptional activity (Schuringa et al., 2001; Heinrich et al., 2003). Following 
phosphorylation, activated STATs form homo- and/or hetero-dimer complexes, consisting 
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of STAT1-STAT1, STAT1-STAT3 or STAT3-STAT3 dimers, which translocate to the nucleus 
to bind response elements of IL-6 inducible genes. STATs bind to essentially two types of 
response elements; interferon stimulated response elements (ISREs) and gamma-activated 
sites (GAS). The ISRE appears to be restricted to IFN signaling (Fu et al., 1990), whereas the 
GAS, including sis-inducible element (SIE), acute phase response element (APRE) and other 
GAS-like sequences are present in promoters of genes such as c-fos and the acute phase 
proteins that are well-defined STAT targets (Wegenka et al., 1993). Other target genes 
downstream of STAT3 include cell cycle regulators such as cyclin D1, and anti-apoptotic 
genes such as survivin and Bcl-XL (Alvarez & Frank., 2004). 

 
Fig. 2. JAK-mediated activation of ERK1,2 and STATs via gp130 

Finally, it should be emphasized that SHP2 (SH2-domain-containing cytoplasmic protein 
tyrosine phosphatase), a ubiquitously expressed and highly conserved PTP, is also recruited to 
the activated IL-6 receptor. SHP2 comprises two N-terminal SH2 domains and a C-terminal 
PTP domain. It is recruited to pTyr759 on gp130 following receptor activation and is 
subsequently phosphorylated by JAKs. The phosphorylation of SHP2 provides SH2 domain 
docking sites for the adapter protein Grb2 (growth factor receptor binding protein 2), which is 
constitutively associated with the Ras guanine nucleotide exchange factor Son of sevenless 
(Sos) (Fig. 2). It has been proposed that the C-terminal domain residues Tyr542 and Tyr580 
within SHP2 interact with the Grb2-Sos complex (Heinrich et al., 2003). Sos recruitment to the 
receptor complex allows for the activation of Ras at the plasma membrane, which in turn leads 
to the activation of the Ras-Raf-MEK-ERK1,2 cascade. ERK1,2 activation results in the 
preferential phosphorylation of substrates with the consensus sequence PXS/TP and more 
than 150 substrates have been identified to date (Yoon & Seger, 2006). 

2.4 Activation of the JAK-STAT pathway by interferons (IFNs) 

The IFNs comprise three families of secreted proteins that work in both an autocrine and 
paracrine manner to trigger intracellular signaling networks designed to combat viral 
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infection. Type I IFNs in humans are derived from seventeen genes clustered within 
chromosome 9. In humans, type I IFNs comprise thirteen IFN’s and a single version of 
each of IFN, ,  and  (Borden et al., 2007). Interestingly, expression of IFN-κ and IFN-ε 
seems tissue specific, but all cells have the potential to produce other IFNs although the 
spectrum of  IFNs actually induced appears to vary in a stimulus-specific manner (LaFleur 
et al., 2001; Hardy et al., 2004). IFNγ is designated as a distinct type II IFN because of its 
distant sequence homology with the type I IFNs, as well as its production by natural killer 
(NK) or activated T cells. The type III IFN family comprises three IFN-λ subtypes which are 
co-produced with IFN-β, and which activate the same main signaling pathways as type I 
IFNs but via different receptor complexes (Borden et al., 2007). 

2.4.1 IFN signaling 

The functional IFN receptor (IFNGR) comprises two 90 kDa IFNGR1 and two 62 kDa 
IFNGR2 chains. IFNGR1 is involved in ligand binding and signal transduction while 
IFNGR2 has a limited role in binding but is essential for downstream signaling (Stark et al., 
1998). Originally, these subunits were not thought to interact in unstimulated cells but 
advances in imaging techniques in living cells have shown that the receptor is pre-
assembled and ligand binding results in a conformational change to allow signaling to occur 
(Krause et al., 2002). IFNGR1 and IFNGR2 have binding motifs for JAK1 and JAK2 
respectively. JAK1 binds to the membrane proximal sequence, L266PKS on IFNGR1 (Kaplan 
et al., 1996) while JAK2 binds a Pro-rich noncontiguous motif of P263PSIP followed by 
I270EEYL on IFNGR2 (Bach et al., 1996). 

Upon receptor activation, JAK2 is autophosphorylated, enabling it to trans-phosphorylate 
JAK1 (Briscoe et al., 1996). The activated JAKs then phosphorylate each IFNGR1 chain on 
Tyr440 within the sequence Y440DKPH, which creates a pair of docking sites for STAT1 SH2 
domains. STAT1 is then phosphorylated on Tyr701, dissociates from the receptor, forms 
homodimers and translocates to the nucleus. Activation of the phosphatidylinositol 3-kinase 
(PI3K) pathway also appears to play a role in IFN-induced STAT1-mediated transcriptional 
regulation, as inhibition of either PI3K or one of its downstream effectors, protein kinase C  
(PKC), blocks STAT1 phosphorylation on Ser727, thus reducing its transcriptional activity. 
Therefore, since IFN has been shown to activate PKC in a PI3K dependent manner, it has 
been suggested that PKC is an IFN-regulated Ser 727 kinase for STAT1 (Nguyen et al., 
2001; Deb et al., 2003), although a role for PKC-activated p38 MAP kinase has recently 
emerged (Borden et al., 2007). 

2.4.2 IFN signaling 

Type I IFNs belong to the cytokine group that display similar secondary structures of a five 
α-helix bundle stabilized by two disulphide bonds (Borden et al., 2007). Binding of type I 
IFNs to their cognate receptor complex, which comprises one chain each of IFNAR1 and 
IFNAR2c, activates TYK2 and JAK1 constitutively associated on the respective chains. 
Interestingly, the intracellular domain of IFNAR2c plays the key role in the recruitment and 
docking of STATs while deletion of much of the cytoplasmic domain of IFNAR1 is without 
effect on signaling. The presence of a single Tyr residue within the IFNAR2c  cytoplasmic 
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of STAT1-STAT1, STAT1-STAT3 or STAT3-STAT3 dimers, which translocate to the nucleus 
to bind response elements of IL-6 inducible genes. STATs bind to essentially two types of 
response elements; interferon stimulated response elements (ISREs) and gamma-activated 
sites (GAS). The ISRE appears to be restricted to IFN signaling (Fu et al., 1990), whereas the 
GAS, including sis-inducible element (SIE), acute phase response element (APRE) and other 
GAS-like sequences are present in promoters of genes such as c-fos and the acute phase 
proteins that are well-defined STAT targets (Wegenka et al., 1993). Other target genes 
downstream of STAT3 include cell cycle regulators such as cyclin D1, and anti-apoptotic 
genes such as survivin and Bcl-XL (Alvarez & Frank., 2004). 

 
Fig. 2. JAK-mediated activation of ERK1,2 and STATs via gp130 

Finally, it should be emphasized that SHP2 (SH2-domain-containing cytoplasmic protein 
tyrosine phosphatase), a ubiquitously expressed and highly conserved PTP, is also recruited to 
the activated IL-6 receptor. SHP2 comprises two N-terminal SH2 domains and a C-terminal 
PTP domain. It is recruited to pTyr759 on gp130 following receptor activation and is 
subsequently phosphorylated by JAKs. The phosphorylation of SHP2 provides SH2 domain 
docking sites for the adapter protein Grb2 (growth factor receptor binding protein 2), which is 
constitutively associated with the Ras guanine nucleotide exchange factor Son of sevenless 
(Sos) (Fig. 2). It has been proposed that the C-terminal domain residues Tyr542 and Tyr580 
within SHP2 interact with the Grb2-Sos complex (Heinrich et al., 2003). Sos recruitment to the 
receptor complex allows for the activation of Ras at the plasma membrane, which in turn leads 
to the activation of the Ras-Raf-MEK-ERK1,2 cascade. ERK1,2 activation results in the 
preferential phosphorylation of substrates with the consensus sequence PXS/TP and more 
than 150 substrates have been identified to date (Yoon & Seger, 2006). 

2.4 Activation of the JAK-STAT pathway by interferons (IFNs) 

The IFNs comprise three families of secreted proteins that work in both an autocrine and 
paracrine manner to trigger intracellular signaling networks designed to combat viral 
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infection. Type I IFNs in humans are derived from seventeen genes clustered within 
chromosome 9. In humans, type I IFNs comprise thirteen IFN’s and a single version of 
each of IFN, ,  and  (Borden et al., 2007). Interestingly, expression of IFN-κ and IFN-ε 
seems tissue specific, but all cells have the potential to produce other IFNs although the 
spectrum of  IFNs actually induced appears to vary in a stimulus-specific manner (LaFleur 
et al., 2001; Hardy et al., 2004). IFNγ is designated as a distinct type II IFN because of its 
distant sequence homology with the type I IFNs, as well as its production by natural killer 
(NK) or activated T cells. The type III IFN family comprises three IFN-λ subtypes which are 
co-produced with IFN-β, and which activate the same main signaling pathways as type I 
IFNs but via different receptor complexes (Borden et al., 2007). 

2.4.1 IFN signaling 

The functional IFN receptor (IFNGR) comprises two 90 kDa IFNGR1 and two 62 kDa 
IFNGR2 chains. IFNGR1 is involved in ligand binding and signal transduction while 
IFNGR2 has a limited role in binding but is essential for downstream signaling (Stark et al., 
1998). Originally, these subunits were not thought to interact in unstimulated cells but 
advances in imaging techniques in living cells have shown that the receptor is pre-
assembled and ligand binding results in a conformational change to allow signaling to occur 
(Krause et al., 2002). IFNGR1 and IFNGR2 have binding motifs for JAK1 and JAK2 
respectively. JAK1 binds to the membrane proximal sequence, L266PKS on IFNGR1 (Kaplan 
et al., 1996) while JAK2 binds a Pro-rich noncontiguous motif of P263PSIP followed by 
I270EEYL on IFNGR2 (Bach et al., 1996). 

Upon receptor activation, JAK2 is autophosphorylated, enabling it to trans-phosphorylate 
JAK1 (Briscoe et al., 1996). The activated JAKs then phosphorylate each IFNGR1 chain on 
Tyr440 within the sequence Y440DKPH, which creates a pair of docking sites for STAT1 SH2 
domains. STAT1 is then phosphorylated on Tyr701, dissociates from the receptor, forms 
homodimers and translocates to the nucleus. Activation of the phosphatidylinositol 3-kinase 
(PI3K) pathway also appears to play a role in IFN-induced STAT1-mediated transcriptional 
regulation, as inhibition of either PI3K or one of its downstream effectors, protein kinase C  
(PKC), blocks STAT1 phosphorylation on Ser727, thus reducing its transcriptional activity. 
Therefore, since IFN has been shown to activate PKC in a PI3K dependent manner, it has 
been suggested that PKC is an IFN-regulated Ser 727 kinase for STAT1 (Nguyen et al., 
2001; Deb et al., 2003), although a role for PKC-activated p38 MAP kinase has recently 
emerged (Borden et al., 2007). 

2.4.2 IFN signaling 

Type I IFNs belong to the cytokine group that display similar secondary structures of a five 
α-helix bundle stabilized by two disulphide bonds (Borden et al., 2007). Binding of type I 
IFNs to their cognate receptor complex, which comprises one chain each of IFNAR1 and 
IFNAR2c, activates TYK2 and JAK1 constitutively associated on the respective chains. 
Interestingly, the intracellular domain of IFNAR2c plays the key role in the recruitment and 
docking of STATs while deletion of much of the cytoplasmic domain of IFNAR1 is without 
effect on signaling. The presence of a single Tyr residue within the IFNAR2c  cytoplasmic 
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domain (either Tyr337 or Tyr512) is required for a full IFN response from this receptor 
(Borden et al., 2007; van Boxel-Dezaire & Stark, 2007). 

Activated TYK2 then phosphorylates receptor-bound STAT2, an essential component of  
type I IFN signaling, on Tyr690 allowing it to interact with STAT1, which is then 
phosphorylated on Tyr701. STAT1 and STAT2 form a heterodimeric complex which 
dissociates from the receptor and translocates to the nucleus. It is now apparent that type I 
IFNs can activate all  STAT members, but the transcription factor complex unique to type I 
IFNs is ISGF3 (IFN-stimulated gene factor 3), a trimeric complex of STAT1, STAT2 and a 
48kDa DNA-binding protein IRF9 (IFN regulatory factor 9). Upon nuclear import, the 
STAT1 and IRF9 components of the complex specifically bind ISREs within target gene 
promoters. STAT2 does not contribute to the DNA binding activity of the ISGF3 complex, 
instead contributing a powerful C-terminal transactivation domain responsible for 
recruitment of p300/CBP co-activators (Borden et al., 2007). 

3. Negative regulation of cytokine signaling 
Cytokine signaling is typically transient, suggesting the involvement of negative regulatory 
steps aimed at terminating or resolving responses. Indeed, controlling these responses is 
crucial for avoiding detrimental inflammatory outcomes, including the development of 
diseases such as rheumatoid arthrisis (RA), Crohn’s disease and Castleman’s disease. There 
are many mechanisms with which to negatively control cytokine signaling but for the 
purposes of this chapter we will focus on soluble ligand traps, suppressors of cytokine 
signaling (SOCS) proteins and PTPs. 

3.1 Soluble ligand traps 

As previously mentioned, the IL-6 receptor is composed of two different subunits, an 80 kDa 
IL-6R and a 130 kDa signal-transducing gp130 subunit. A soluble form of the signal 
transducer protein gp130 (sgp130) was also detected in the circulation at relatively high 
concentrations (100–400 ng/ml in human plasma) (Narazaki et al., 1993; Chalaris et al., 
2011). Sgp130 is produced by alternative splicing and has been shown to bind the sIL-6R/IL-
6 complex in the circulation, thus acting as a selective inhibitor of IL-6 mediated trans-
signaling, as classic signaling via membrane-localised IL-6R is not affected (Muller-Newen et 
al., 1998). Moreover, sgp130 appears to be specific for the IL-6/sIL-6R complex since 
signaling from gp130 in response to other IL-6-type cytokines such as LIF and OSM were 
only inhibited at 100–1000-fold higher concentrations (Chalaris et al., 2011). 

As discussed later, the ability of either endogenous or genetically engineered soluble 
cytokine ligand traps to block binding to and activation of signaling from endogenous 
cytokine receptors has emerged as a very useful strategy to turn off excessive cytokine 
signaling associated with inflammatory and autoimmune diseases (Jones et al., 2011). In the 
case of IL-6, they have also increased our understanding of the contributions of classical 
versus trans-signaling in specific biological processes (Scheller et al., 2011). 

3.2 Suppressor of Cytokine Signaling (SOCS) proteins 

There are eight members of the suppressor of cytokine signaling (SOCS) family of proteins; 
CIS (cytokine-inducible SH2 domain-containing protein) and SOCS1 through to SOCS7 (Fig. 
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3). SOCS1 was the first member to be discovered in 1997 by three independent groups (Endo 
et al., 1997; Naka et al., 1997; Starr et al., 1997). Using the predicted amino acid sequence of 
SOCS1 as a probe, database searches identified 20 proteins with shared sequence homology 
within the C-terminal SOCS box region. Based on the presence of a central SH2 domain, the 
SOCS proteins were subdivided into a group of their own. The remaining proteins were 
divided into the following groups; WD-40-repeat proteins with a SOCS box (WSB proteins), 
ankyrin repeat proteins with a SOCS box (ASB proteins), sprouty (SPRY) domain-containing 
SOCS box proteins (SSB proteins) and GTPase domain-containing proteins (RAR and RAR-
like proteins) (Krebs & Hilton, 2001). In addition to a central SH2 domain, all members of 
the SOCS family contain an amino-terminal region of variable length (50-380 amino acids) 
and a conserved 40 amino acid carboxyl terminal “SOCS box” (Alexander, 2002; Yoshimura 
et al., 2007). Analysis of the primary amino acid sequences of all SOCS members has 
revealed paired associations according to sequence similarity. Thus, CIS/SOCS2, 
SOCS1/SOCS3, SOCS4/SOCS5 and SOSC6/SOCS7 form related pairs. CIS and SOCS1-3 are 
the best characterised members of the family, while the remainder are poorly understood in 
comparison. Since both SOCS1 and SOCS3 are well studied, homology-paired and have 
been shown to potently inhibit cytokine signaling, focus will be placed on these SOCS 
members in particular.  

 
Fig. 3. Elongin-Cullin-SOCS-box (ECS) family of E3 ubiquitin ligases. Structure taken from 
Piessevaux et al. (2008) with permission. 
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domain (either Tyr337 or Tyr512) is required for a full IFN response from this receptor 
(Borden et al., 2007; van Boxel-Dezaire & Stark, 2007). 

Activated TYK2 then phosphorylates receptor-bound STAT2, an essential component of  
type I IFN signaling, on Tyr690 allowing it to interact with STAT1, which is then 
phosphorylated on Tyr701. STAT1 and STAT2 form a heterodimeric complex which 
dissociates from the receptor and translocates to the nucleus. It is now apparent that type I 
IFNs can activate all  STAT members, but the transcription factor complex unique to type I 
IFNs is ISGF3 (IFN-stimulated gene factor 3), a trimeric complex of STAT1, STAT2 and a 
48kDa DNA-binding protein IRF9 (IFN regulatory factor 9). Upon nuclear import, the 
STAT1 and IRF9 components of the complex specifically bind ISREs within target gene 
promoters. STAT2 does not contribute to the DNA binding activity of the ISGF3 complex, 
instead contributing a powerful C-terminal transactivation domain responsible for 
recruitment of p300/CBP co-activators (Borden et al., 2007). 

3. Negative regulation of cytokine signaling 
Cytokine signaling is typically transient, suggesting the involvement of negative regulatory 
steps aimed at terminating or resolving responses. Indeed, controlling these responses is 
crucial for avoiding detrimental inflammatory outcomes, including the development of 
diseases such as rheumatoid arthrisis (RA), Crohn’s disease and Castleman’s disease. There 
are many mechanisms with which to negatively control cytokine signaling but for the 
purposes of this chapter we will focus on soluble ligand traps, suppressors of cytokine 
signaling (SOCS) proteins and PTPs. 

3.1 Soluble ligand traps 

As previously mentioned, the IL-6 receptor is composed of two different subunits, an 80 kDa 
IL-6R and a 130 kDa signal-transducing gp130 subunit. A soluble form of the signal 
transducer protein gp130 (sgp130) was also detected in the circulation at relatively high 
concentrations (100–400 ng/ml in human plasma) (Narazaki et al., 1993; Chalaris et al., 
2011). Sgp130 is produced by alternative splicing and has been shown to bind the sIL-6R/IL-
6 complex in the circulation, thus acting as a selective inhibitor of IL-6 mediated trans-
signaling, as classic signaling via membrane-localised IL-6R is not affected (Muller-Newen et 
al., 1998). Moreover, sgp130 appears to be specific for the IL-6/sIL-6R complex since 
signaling from gp130 in response to other IL-6-type cytokines such as LIF and OSM were 
only inhibited at 100–1000-fold higher concentrations (Chalaris et al., 2011). 
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3). SOCS1 was the first member to be discovered in 1997 by three independent groups (Endo 
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Fig. 3. Elongin-Cullin-SOCS-box (ECS) family of E3 ubiquitin ligases. Structure taken from 
Piessevaux et al. (2008) with permission. 
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3.2.1 SOCS proteins as inhibitors of cytokine signaling 

SOCS proteins function as classical negative feedback inhibitors of cytokine signaling, since 
most SOCS proteins are themselves induced by cytokines. Cytokines shown to induce SOCS 
include the gp130 signaling cytokines, IL-2, IL-3, IL-4, IL-10, IFNs, G-CSF and leptin. 
(Alexander, 2002; Yoshimura et al., 2007). Other inducers include Toll-like receptor (TLR) 
agonists (e.g. LPS, CpG-DNA), growth hormone (GH), prolactin and cyclic AMP (cAMP) 
(Dalpke et al., 2001; Gasperini et al., 2002; Lang et al., 2003; Sands et al., 2006). The SOCS 
proteins can inhibit signaling by multiple mechanisms according to the SOCS member and 
signaling pathway involved. SOCS proteins can bind specific PTyr residues via their SH2 
domain. Thus, SOCS3 binds to PTyr759 (PTyr757 in mouse) on gp130 (Nicholson et al., 2000) 
and physically occupies the same sites as other SH2 domain-containing signaling 
components such as SHP2, thereby competing with and blocking activation of other 
signaling pathways (De Souza et al., 2002; Heinrich et al., 2003) (Fig. 2). In vitro studies have 
shown that the phospho-peptide binding specificity of SOCS3 is very similar to that of 
SHP2, with optimal SOCS3 and SHP2 phospho-peptide ligands containing overlapping 
consensus sequences (De Souza et al., 2002). The same group also demonstrated that SOCS3 
binds to the gp130 receptor with a much higher affinity than the leptin receptor ObRb. 
However, the finding that SOCS3 can bind two sites on the leptin receptor versus one site on 
gp130 may compensate for the low affinity each ObRb site exhibits (De Souza et al., 2002). 

The kinase inhibitory region (KIR) of SOCS1 and SOCS3, located upstream of the SH2 domain, 
is capable of interacting with the substrate binding site of the JH1 domain of JAKs, acting as a 
pseudosubstrate and thus inhibiting catalytic activity and downstream signaling from the 
associated receptor (Sasaki et al., 1999; Yasukawa et al., 1999). Specifically, Tyr31 of SOCS3 and 
Tyr65 of SOCS1 have been identified as the critical residues responsible for the 
pseudosubstrate inhibition of JAK2 (Bergamin et al., 2006). Interestingly, structural data 
relating to this interaction has revealed that it is implausible for Tyr31 or Tyr65 to reach the 
active kinase domain of JAK2 if bound via the SH2 domain i.e. in cis (Bergamin et al., 2006). 
This does not rule out the possibility that the SOCS proteins could bind to one JAK molecule 
via their SH2 domain and inhibit another JAK via pseudosubstrate inhibition i.e. in trans, or the 
possibility that binding of the SOCS SH2 domain to the specific PTyr residues positions the 
KIR for binding to the kinase domain of associated JAK2. The latter possibility appears to be 
the more likely scenario, since the crystal structure of the SOCS3/gp130 complex and various 
structural data favour the physiological target of SOCS3 SH2 domain to be pTyr757/759 of 
mouse/human gp130 and not the activation loop of JAK2 (Bergamin et al., 2006). 

The SOCS box present within all SOCS members can recruit elongins B and C, which 
together with cullin 5 and RING-box 2 (Rbx2) form an E3 ubiquitin-ligase complex (Fig. 3). 
This complex associates with enzymes E1, a ubiquitin-activating enzyme and E2, a 
ubiquitin-conjugating enzyme, to mediate Lys48 polyubiquitylation and subsequent 
proteasomal degradation of signaling components bound to the SOCS proteins via their SH2 
domains (Kamura et al., 2004; Ungureanu et al., 2002; Zhang et al., 1999a) (Fig. 3). A possible 
ubiquitination site, Lys-6 is also present at the N-terminus of SOCS3, and an N-terminally 
truncated isoform of SOCS3 lacking this site is significantly more stable than wild-type 
SOCS3, suggesting that polyubiquitylation of Lys6 plays an important role in regulating 
turnover. Moreover, this demonstrates one level by which SOCS3 expression can be 
regulated post-translationally (Sasaki et al., 2003). 
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SOCS proteins can theorectically target the whole receptor-cytokine complex including the 
JAKs, plus the SOCS proteins themselves, for proteasomal degradation. Therefore, it raises 
the question of how SOCS proteins selectively block JAK signaling at specific  receptors. 
This could possibly be explained by the realization that SOCS SH2 domains preferentially 
bind specific PTyr motifs on activated receptors rather than JAKs, thereby causing 
degradation of associated JAKs as well as the receptor-cytokine complex, and also achieving 
specificty at the receptor level. Indeed, it has been shown that mutation of the SOCS3 
binding site Tyr757 to non-phosphorylatable Phe on murine gp130 is sufficient to cause 
enhanced IL-6-inducible gene expression (Anhuf et al., 2000). Furthermore, bone marrow-
derived macrophages (BMDMs) isolated from mice with a Tyr757Phe mutation in gp130 
switch the IL-6 mediated response to an “IL-10-like‟ anti-inflammatory response, in terms of 
inhibiting LPS-induced induction of pro-inflammatory cytokines (El Kasmi et al., 2006). 
Previous studies have linked the absence of SOCS3 with the establishment of the anti-
inflammatory response following IL-6 treatment (Yasukawa et al., 2003), so the data 
suggests that mutation of only the specific PTyr that binds SOCS3 is sufficient to cause 
cytokine receptors to become refractory to SOCS inhibition, despite the presence of JAKs. 
This is in contrast to SOCS1, for which it has been shown that the phenotype of SOCS1-
deficient mice can only be partially rescued in mice with SOCS1 lacking the SOCS box, but 
retaining the SH2 domain. This shows that both the SOCS box and SH2 domain are required 
for the inhibitory effects on IFN-signaling (Zhang et al., 2001). Mice in which endogenous 
SOCS3 has been replaced with a truncated SOCS3 mutant lacking the SOCS box have been 
shown to be viable but exhibit hyper-responsivenenss to G-CSF, suggesting that linkage of 
SOCS3 to the ubiquitin machinery is important in restraining G-CSF signaling in vivo (Boyle 
et al., 2007), possibly through controlling the ubiquitination-mediated routing of the G-CSF 
receptor to lysosomes (Irandoust et al., 2007). 

In contrast to findings of SOCS interaction with elongins B and C leading to proteasomal 
degradation, some studies have found that interaction with the elongin BC complex can 
stabilise both SOCS3 (Haan et al., 2003) and SOCS1 (Kamura et al., 1998). Haan et al. (2003) 
showed that Tyr phosphorylation of SOCS3 disrupted interaction with elongins, which 
accelerated SOCS3 degradation. This may suggest that Tyr phosphorylation of SOCS3 is a 
prerequisite to its subsequent proteasomal degradation. Indeed, Haan et al. (2003) proposed 
that the elongin BC interaction with SOCS3 may function to associate SOCS3 with a latent 
ubiquitination complex that only becomes active when SOCS3 is phosphorylated. SOCS3 
phosphorylation on Tyr204 and/or Tyr221 causes the dissociation of elongin C and the 
bringing together of the ubiquitination machinery into close proximity with SOCS3, 
subsequently triggering its degradation (Haan et al., 2003). 

3.2.2 SOCS proteins as regulators of other Tyr phosphorylation-dependent pathways  

In addition to the involvement of SOCS proteins in cytokine signaling, SOCS1 and SOCS3 
have been shown to bind receptors for EGF and FGF receptors and affect downstream 
signaling events both positively and negatively (Ben-Zvi et al., 2006; Xia et al., 2002). With 
regards to EGF signaling, SOCS1 and 3 have been shown to facilitate EGFR proteasomal 
degradation in HEK293 cells (Xia et al., 2002), while SOCS1 has been shown to inhibit 
STAT1 phosphoryation and elevate ERK1,2 phosphorylation in response to FGF treatment 
of rat chondrosarcoma (RCS) cells (Ben-Zvi et al., 2006). Furthermore, SOCS1 and SOCS3 
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have both been shown to associate with insulin receptor substrates 1 (IRS1) and IRS2 
following insulin stimulation, and interact with the elongin BC ubiquitin-ligase complex to 
promote their polyubiquitylnation and subsequent degradation (Kawazoe et al., 2001; Rui et 
al., 2002). 

As mentioned earlier, SOCS3 offers another level of regulation by being able to become 
phosphorylated on Tyr204 and Tyr221 within the SOCS box in response to IL-2, Epo and 
other stimuli (Cacalano et al., 2001; Haan et al., 2003). Using a murine B cell line, it was 
found that WT SOCS3 could inhibit IL-2-mediated STAT5 phosphorylation, but maintain IL-
2-mediated ERK1,2 phosphorylation, whereas a Tyr204/221Phe double mutant SOCS3 still 
inhibited STAT5 phosphorylation, but in contrast to the WT, induced the abolition of 
ERK1,2 phosphorylation, suggesting a phosphorylation-dependent maintenance of ERK 
signaling. (Cacalano et al., 2001). The inhibitory effect of the mutant was also observed 
following Epo and PDGF treatment. Thus, phosphorylation of Tyr204 and Tyr221 of SOCS3 
following growth factor stimulation has been proposed to trigger PTyr221 interaction with 
the SH2 domain of RasGAP, thereby sustaining GTP accumulation on Ras and subsequent 
activation of ERK1,2. It is well established that the duration of ERK1,2 signaling is important 
for determining biological outcome; for example sustained activation of ERK has been 
shown to be required for the control of G1 progression by regulating cyclin D1 activation in 
some systems (Weber et al., 1997). SOCS3 therefore appears to have both pathway-specific 
and receptor-specific effects, and can positively regulate activation of specific signaling 
pathways, adding further complexities to its actions. 

An additional level of complexity demonstrated by SOCS proteins is their ability to interact 
with other SOCS family members (Piessevaux et al., 2006; Tannahill et al., 2005). For 
example, although SOCS2 plays a major role in the negative regulation of GH signaling 
(Greenhalgh et al., 2002), it has also been shown to enhance GH signaling. This is believed to 
be caused by the binding of SOCS2 to other SOCS members and modulating their activity 
via the elongin BC complex, with subsequent proteasomal degradation (Piessevaux et al., 
2006; Tannahill et al., 2005). This SOCS2-mediated inhibitory effect on other SOCS members 
has been observed on SOCS1- and SOCS3-dependent inhibition of GH signaling, thus 
potentiating it (Piessevaux et al., 2006). SOCS2 has also been shown to enhance IL-2 and IL-3 
signaling (Tannahill et al., 2005) by accelerating proteasome-dependent degradation of 
SOCS3. Similar effects again have been shown on signaling via the IFN type 1 and leptin 
receptors (Piessevaux et al., 2006). These observations imply that SOCS2 is counteracting the 
effects of other SOCS proteins, rather like a secondary negative feedback mechanism, to 
limit the effects of excessive levels of SOCS proteins. This assumption is supported by the 
findings that SOCS2 induction is usually initiated after a significant delay following 
cytokine stimulation and is prolonged, whereas SOCS1 and SOCS3 expression is typically 
rapid and transient (Adams et al., 1998). Although poorly understood, SOCS6 and SOCS7 
have also been shown to bind other SOCS members and similar effects to SOCS2 have been 
observed for SOCS6 (Piessevaux et al., 2006). Again, this data suggests that SOCS proteins 
can act as positive and negative regulators of signaling pathways and could explain some 
reported anomalies, such as the enhanced insulin signaling observed in transgenic mice 
overexpressing SOCS6 (Li et al., 2004) or the gigantism observed in transgenic mice 
overexpressing SOCS2 (Greenhalgh et al., 2002). 
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3.2.3 Functional roles of SOCS proteins  

The functions of SOCS proteins in vivo have largely been elucidated by the generation of 
mice engineered to lack particular SOCS genes. These studies have greatly enhanced our 
understanding of their roles particularly with regards to the immune response, and have 
also identified key definitive roles of individual SOCS members, such as the non-redundant 
role SOCS1 appears to play in IFN signaling (Alexander et al., 1999). However, this is not 
always the case and knock-out models can encounter problems. Due to placental 
insufficiency, SOCS3-null mice die at mid-gestation (Roberts et al., 2001; Takahashi et al., 
2003) and to overcome this, other ways of investigating SOCS3 deficiency have been 
explored. A genetic cross study conducted by Robb et al. (2005) showed that mice on a 
double LIF/SOCS3-null background were rescued from embryonic lethality due to placental 
failure, and the mice appeared normal at birth (Robb et al., 2005). It is believed that the 
deletion of SOCS3 leads to dysregulated LIF signaling, which alters trophoblast 
differentiation and causes placental defects (Boyle & Robb, 2008). In support of this is the 
finding that the number of trophoblast giant cells are reduced in LIFR-null mice, compared 
with an abnormally high number of trophoblast giant cells in SOCS3-null mice (Takahashi et 
al., 2003). Although embryonic lethality is rescued, a high neonatal mortality rate is 
observed in SOCS3-/-LIF-/- null mice and adult animals develop a fatal inflammatory disease 
very similar to that seen in mice with a conditional deletion of SOCS3 in haematopoietic 
cells (Croker et al., 2003). On the other hand LIF-/- mice have a normal lifespan and do not 
exhibit any major haematopoietic abnormalities, suggesting that SOCS3 plays a vital role in 
the negative regulation of the inflammatory response. 

Another way to overcome SOCS3 embryonic lethality is the generation of conditional knock-
outs using the inducible Cre recombinase (Cre)-loxP system. In this way, the modified target 
gene can be ablated in adulthood, thus avoiding the placental insufficiency observed with 
constitutive global SOCS3 knockouts, and the ablation of the gene can be targeted to any 
tissue at a defined time. This is a powerful tool for the examination of genes that appear to 
be crucial during embryonic development but may also play important roles in particular 
adult tissues. Using these systems, the SOCS3 gene has been specifically deleted in the liver 
and in macrophages. The absence of SOCS3 results in sustained STAT3 and STAT1 
activation following IL-6 treatment, but normal activation of STAT1 in response to IFN and 
normal activation of STAT3 in response to IL-10 (Croker et al., 2003; Lang et al., 2003). 
SOCS3 deficiency was also shown to trigger up-regulation of several IFN-responsive genes 
following IL-6 treatment, which is not normally observed upon IL-6 stimulation of cells with 
functional SOCS3 alleles. This suggested that in the absence of SOCS3, sustained STAT1 
activation provokes a dominant IFN-like gene expression response. Furthermore, a mutation 
in gp130 (Tyr757Phe) in mice, which impedes SOCS3 and/or SHP2 recruitment, was shown 
to result in a phenotype displaying characteristics of RA, a condition already well 
established to be associated with deregulation of IL-6 signaling (Atsumi et al., 2002). 
Collectively, these studies demonstrate that SOCS3 is the main physiological regulator of IL-
6 signaling and that SOCS3 can regulate the “identity” of the cytokine response as well as 
the duration of the signal (Croker et al., 2003; Lang et al., 2003).  

Interestingly, in the absence of SOCS3 in mouse macrophages, IL-6 has been shown to 
induce an “IL-10-like” anti-inflammatory response, as demonstrated by a reduction in LPS-
induced production of TNFα and IL-12 (Yasukawa et al., 2003). This is an interesting 
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tissue at a defined time. This is a powerful tool for the examination of genes that appear to 
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activation following IL-6 treatment, but normal activation of STAT1 in response to IFN and 
normal activation of STAT3 in response to IL-10 (Croker et al., 2003; Lang et al., 2003). 
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functional SOCS3 alleles. This suggested that in the absence of SOCS3, sustained STAT1 
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6 signaling and that SOCS3 can regulate the “identity” of the cytokine response as well as 
the duration of the signal (Croker et al., 2003; Lang et al., 2003).  

Interestingly, in the absence of SOCS3 in mouse macrophages, IL-6 has been shown to 
induce an “IL-10-like” anti-inflammatory response, as demonstrated by a reduction in LPS-
induced production of TNFα and IL-12 (Yasukawa et al., 2003). This is an interesting 
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observation because until this point there was no obvious explanation as to why these two 
cytokines should have such diverse effects. Both cytokines use identical JAK-STAT members 
and yet have very distinct gene expression patterns (Murray, 2007; O’Shea & Murray, 2008). 
IL-10 has been shown to be anti-inflammatory in macrophages and dendritic cells, activating a 
different set of genes from IL-6, but both cytokines also activate a common pool of genes, 
including SOCS3 (Murray, 2007). Yasukawa et al. (2003) proposed that the difference in gene 
expression may be due to the intensity of the STAT3 signal. However, Murray (2007) has 
identified flaws in this concept; for example the strength of the signal does not account for the 
commonality of genes activated by the two cytokines. One obvious difference between the two 
cytokines is the involvement of SOCS3 as an inhibitory regulator of IL-6 but not IL-10 
signaling. Studies have shown that if modified receptors are used, which are either naturally 
insensitive to SOCS3 (e.g. IL-22R) or engineered to be insensitive (e.g. IL-6, leptin receptors) 
but still activate STAT3, an anti-inflammatory response is triggered (El Kasmi et al., 2006). 
Thus, based on SOCS3 involvement, a hypothesis has been proposed describing the activation 
of a generic pool of STAT3 by the IL-10R, which is not subjected to any inhibition by SOCS3. 
The IL-6R, on the other hand may activate a different pool of STAT3 which can be specifically 
inhibited by SOCS3, possibly via post-translational modification by kinases, phosphatases, 
methylases or other regulators. These distinct STAT3 pools may therefore go on to activate 
different sets of genes. However, this is just one idea and ultimately ChIP-Seq experiments will 
be necessary to identify any differences in the genomic locations to which STAT3 can be 
recruited following stimulation with either IL-10 or IL-6. 

With regards to leptin signaling, mice with a neural-specific deletion of SOCS3 have been 
generated using the Cre-loxP system. Similar to the observations for IL-6, SOCS3 deletion 
resulted in prolonged activation of STAT3 in response to leptin. Moreover, SOCS3-deficient 
mice exhibited a greater weight loss compared to their wild-type littermates. These knock-out 
mice were also resistant to high fat diet-induced weight gain and hyperleptinaemia, and 
retained insulin sensitivity. This study showed that SOCS3 is a key regulator of leptin 
signaling and hence plays an important role in diet-induced leptin and insulin resistance (Mori 
et al., 2004). A number of studies support this link between SOCS3 and leptin resistance, 
whereby leptin-mediated induction of SOCS3 has been associated with the attenuation of 
ObRb signaling (Bjorbaek et al., 1998). Chronic stimulation of ObRb has been shown to result 
in the desensitisation of ObRb signaling, whereby the receptor becomes refractory to re-
stimulation. Mutation of the STAT3 binding site on ObRb (Tyr1138Phe), which mediates 
STAT3-induced SOCS3 induction, alleviates this feedback inhibition. Moreover, RNAi-
mediated knock-down of SHP2 had no effect on the attenuation of ObRb signaling, suggesting 
a role for SOCS3 in the feedback inhibition of ObRb signaling and not SHP2 (Dunn et al., 2005). 
Consistent with a role for SOCS3 as a central regulator of  leptin responsiveness, it has been 
shown recently that the ability of  intracellular cAMP sensor Epac1 (exchange protein directly 
activated by cAMP-1) to trigger the induction of SOCS3 (Sands et al., 2006) blocks multiple 
signaling pathways downstream of the leptin receptor ObRb, thus suppressing leptin function 
in hypothalamic pro-opiomelanocortin neurons (Fukuda et al., 2011). 

3.3 Protein Tyrosine Phosphatases (PTPs) 

Protein phosphatases reverse the effects of protein kinases by catalysing the removal of 
phosphoryl groups to initiate, sustain or terminate signals (Andersen et al., 2001). Protein 
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tyrosine phosphatases (PTPs) comprise a large family of these proteins and are 
distinguished by a unique signature motif. Residues in this motif form the phosphate-
binding loop and two residues (a Cys and Arg) are critical for the catalytic activity of PTPs 
(Andersen et al., 2001; Tiganis & Bennett, 2007). PTPs can be grouped into two general 
families; (1) the Tyr-specific PTPs, which can dephosphorylate substrate proteins on Tyr; 
these can be further sub-divided into transmembrane receptor-like PTPs and non-
transmembrane PTPs, and (2) the dual-specificity phosphatases (DUSPs), which can 
dephosphorylate protein substrates on Tyr, Ser and Thr (Tiganis & Bennett, 2007). Our 
understanding of PTPs is greatly lagging behind that of PTKs, partly due to the discovery of 
PTKs a decade before PTPs. However like most kinases, PTPs exhibit a high degree of 
specificity towards their substrates. This is achieved by the PTP catalytic domain, which 
recognises phosphorylated Tyr residues and the flanking amino acids within the substrate, 
and the non-catalytic N- and C- terminal domains, which target the PTP to particular 
intracellular compartments for substrate recognition (Andersen et al., 2001). This is 
exemplified by the DUSPs, which dephosphorylate MAPKs on Tyr and Thr residues. Of the 
10 members that make up this family, some can specifically target one class of MAPK (e.g. 
DUSP6/MKP-3 which dephosphorylates ERK1,2) while others can target more than one 
MAPK class (e.g. DUSP1/MKP-1 which can dephosphorylate ERK, JNK and p38 MAP 
kinases) (Owens & Keyse, 2007). 

Given their importance in cytokine signaling, we will describe three PTPs in detail: PTP1B, 
TC-PTP and SHP2. 

3.3.1 PTP1B 

The prototypical PTP is PTP1B, which was first identified in 1988 (Charbonneau et al., 1988). 
It has been shown to have numerous substrates, but the most extensively studied of these 
include the insulin receptor (IR) and JAK2 (Tiganis & Bennett, 2007). Much of this 
information has come from analysis of PTP1B-null mice, which exhibit enhanced insulin 
sensitivity resulting from increased insulin-stimulated Tyr phosphorylation of the insulin 
receptor in muscle and liver. Furthermore, these mice are resistant to diet-induced obesity 
(Elchebly et al., 1999). Additional studies have since revealed the involvement of leptin 
signaling in the above phenotype and have demonstrated PTP1B inhibition of leptin 
signaling via dephosphorylation of JAK2 (Cheng et al., 2002). 

3.3.2 T cell PTP (TC-PTP) 

T-cell-specific protein tyrosine phosphatase (TC-PTP), which as the name suggests was 
originally cloned from a peripheral T cell cDNA library, is a ubiquitously expressed PTP. 
The primary transcript is processed into two splice variants that encode TC45 and TC48 
isoforms. The resulting differences in primary sequence at the C-terminal domains of TC45 
and TC48 are responsible for their distinct intracellular localization patterns (Lorenzen et al., 
1995). Specifically, TC45 is localized to the nucleus due to a R378KRK sequence, while TC48 
is localized to the endoplasmic reticulum by its unique C-terminal 19 amino acids (Lorenzen 
et al., 1995). The nuclear TC45 isoform has several proposed substrates, including the IR and 
EGFR (Tiganis & Bennett, 2007), JAK1 and JAK3 (Simoncic et al., 2002), and also STAT1 and 
STAT3 (ten Hoeve et al., 2002; Yamamoto et al., 2002). Of interest, Yamamoto et al. (2002) 
have demonstrated TC45-mediated suppression of STAT3 activation in response to IL-6 in 



 
Advances in Protein Kinases 14

observation because until this point there was no obvious explanation as to why these two 
cytokines should have such diverse effects. Both cytokines use identical JAK-STAT members 
and yet have very distinct gene expression patterns (Murray, 2007; O’Shea & Murray, 2008). 
IL-10 has been shown to be anti-inflammatory in macrophages and dendritic cells, activating a 
different set of genes from IL-6, but both cytokines also activate a common pool of genes, 
including SOCS3 (Murray, 2007). Yasukawa et al. (2003) proposed that the difference in gene 
expression may be due to the intensity of the STAT3 signal. However, Murray (2007) has 
identified flaws in this concept; for example the strength of the signal does not account for the 
commonality of genes activated by the two cytokines. One obvious difference between the two 
cytokines is the involvement of SOCS3 as an inhibitory regulator of IL-6 but not IL-10 
signaling. Studies have shown that if modified receptors are used, which are either naturally 
insensitive to SOCS3 (e.g. IL-22R) or engineered to be insensitive (e.g. IL-6, leptin receptors) 
but still activate STAT3, an anti-inflammatory response is triggered (El Kasmi et al., 2006). 
Thus, based on SOCS3 involvement, a hypothesis has been proposed describing the activation 
of a generic pool of STAT3 by the IL-10R, which is not subjected to any inhibition by SOCS3. 
The IL-6R, on the other hand may activate a different pool of STAT3 which can be specifically 
inhibited by SOCS3, possibly via post-translational modification by kinases, phosphatases, 
methylases or other regulators. These distinct STAT3 pools may therefore go on to activate 
different sets of genes. However, this is just one idea and ultimately ChIP-Seq experiments will 
be necessary to identify any differences in the genomic locations to which STAT3 can be 
recruited following stimulation with either IL-10 or IL-6. 

With regards to leptin signaling, mice with a neural-specific deletion of SOCS3 have been 
generated using the Cre-loxP system. Similar to the observations for IL-6, SOCS3 deletion 
resulted in prolonged activation of STAT3 in response to leptin. Moreover, SOCS3-deficient 
mice exhibited a greater weight loss compared to their wild-type littermates. These knock-out 
mice were also resistant to high fat diet-induced weight gain and hyperleptinaemia, and 
retained insulin sensitivity. This study showed that SOCS3 is a key regulator of leptin 
signaling and hence plays an important role in diet-induced leptin and insulin resistance (Mori 
et al., 2004). A number of studies support this link between SOCS3 and leptin resistance, 
whereby leptin-mediated induction of SOCS3 has been associated with the attenuation of 
ObRb signaling (Bjorbaek et al., 1998). Chronic stimulation of ObRb has been shown to result 
in the desensitisation of ObRb signaling, whereby the receptor becomes refractory to re-
stimulation. Mutation of the STAT3 binding site on ObRb (Tyr1138Phe), which mediates 
STAT3-induced SOCS3 induction, alleviates this feedback inhibition. Moreover, RNAi-
mediated knock-down of SHP2 had no effect on the attenuation of ObRb signaling, suggesting 
a role for SOCS3 in the feedback inhibition of ObRb signaling and not SHP2 (Dunn et al., 2005). 
Consistent with a role for SOCS3 as a central regulator of  leptin responsiveness, it has been 
shown recently that the ability of  intracellular cAMP sensor Epac1 (exchange protein directly 
activated by cAMP-1) to trigger the induction of SOCS3 (Sands et al., 2006) blocks multiple 
signaling pathways downstream of the leptin receptor ObRb, thus suppressing leptin function 
in hypothalamic pro-opiomelanocortin neurons (Fukuda et al., 2011). 

3.3 Protein Tyrosine Phosphatases (PTPs) 

Protein phosphatases reverse the effects of protein kinases by catalysing the removal of 
phosphoryl groups to initiate, sustain or terminate signals (Andersen et al., 2001). Protein 
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tyrosine phosphatases (PTPs) comprise a large family of these proteins and are 
distinguished by a unique signature motif. Residues in this motif form the phosphate-
binding loop and two residues (a Cys and Arg) are critical for the catalytic activity of PTPs 
(Andersen et al., 2001; Tiganis & Bennett, 2007). PTPs can be grouped into two general 
families; (1) the Tyr-specific PTPs, which can dephosphorylate substrate proteins on Tyr; 
these can be further sub-divided into transmembrane receptor-like PTPs and non-
transmembrane PTPs, and (2) the dual-specificity phosphatases (DUSPs), which can 
dephosphorylate protein substrates on Tyr, Ser and Thr (Tiganis & Bennett, 2007). Our 
understanding of PTPs is greatly lagging behind that of PTKs, partly due to the discovery of 
PTKs a decade before PTPs. However like most kinases, PTPs exhibit a high degree of 
specificity towards their substrates. This is achieved by the PTP catalytic domain, which 
recognises phosphorylated Tyr residues and the flanking amino acids within the substrate, 
and the non-catalytic N- and C- terminal domains, which target the PTP to particular 
intracellular compartments for substrate recognition (Andersen et al., 2001). This is 
exemplified by the DUSPs, which dephosphorylate MAPKs on Tyr and Thr residues. Of the 
10 members that make up this family, some can specifically target one class of MAPK (e.g. 
DUSP6/MKP-3 which dephosphorylates ERK1,2) while others can target more than one 
MAPK class (e.g. DUSP1/MKP-1 which can dephosphorylate ERK, JNK and p38 MAP 
kinases) (Owens & Keyse, 2007). 

Given their importance in cytokine signaling, we will describe three PTPs in detail: PTP1B, 
TC-PTP and SHP2. 

3.3.1 PTP1B 

The prototypical PTP is PTP1B, which was first identified in 1988 (Charbonneau et al., 1988). 
It has been shown to have numerous substrates, but the most extensively studied of these 
include the insulin receptor (IR) and JAK2 (Tiganis & Bennett, 2007). Much of this 
information has come from analysis of PTP1B-null mice, which exhibit enhanced insulin 
sensitivity resulting from increased insulin-stimulated Tyr phosphorylation of the insulin 
receptor in muscle and liver. Furthermore, these mice are resistant to diet-induced obesity 
(Elchebly et al., 1999). Additional studies have since revealed the involvement of leptin 
signaling in the above phenotype and have demonstrated PTP1B inhibition of leptin 
signaling via dephosphorylation of JAK2 (Cheng et al., 2002). 

3.3.2 T cell PTP (TC-PTP) 

T-cell-specific protein tyrosine phosphatase (TC-PTP), which as the name suggests was 
originally cloned from a peripheral T cell cDNA library, is a ubiquitously expressed PTP. 
The primary transcript is processed into two splice variants that encode TC45 and TC48 
isoforms. The resulting differences in primary sequence at the C-terminal domains of TC45 
and TC48 are responsible for their distinct intracellular localization patterns (Lorenzen et al., 
1995). Specifically, TC45 is localized to the nucleus due to a R378KRK sequence, while TC48 
is localized to the endoplasmic reticulum by its unique C-terminal 19 amino acids (Lorenzen 
et al., 1995). The nuclear TC45 isoform has several proposed substrates, including the IR and 
EGFR (Tiganis & Bennett, 2007), JAK1 and JAK3 (Simoncic et al., 2002), and also STAT1 and 
STAT3 (ten Hoeve et al., 2002; Yamamoto et al., 2002). Of interest, Yamamoto et al. (2002) 
have demonstrated TC45-mediated suppression of STAT3 activation in response to IL-6 in 
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293T cells, implicating the nuclear isoform of TC-PTP as an important negative regulator of 
IL-6 signaling. This is supported by studies of TC-PTP-deficient mice, which display a more 
complex phenotype as compared to mice deficient in the closely related PTP1B. Specifically, 
TC-PTP-null mice are viable but exhibit profound defects, resulting in splenomegaly, 
lymphadenopathy and thymic atrophy. As a result, the mice typically die at 3-5 weeks. 
Homozygous mice display defects in bone marrow, B cell lymphopoiesis, erythropoiesis, 
and impaired T and B cell functions. Taken together, the abnormalities displayed in TC-
PTP-deficient mice strongly suggest a crucial role in haematopoiesis and immunity (You-
Ten et al., 1997). However, targeted deletion of TC-PTP in defined cell types will 
undoubtedly reveal previously unknown aspects of its function. For example, a recent study 
has shown mice lacking TC-PTP in neurons are hypersensitive to leptin and are resistant to 
diet-induced weight gain compared with WT animals (Loh et al., 2011). Animals in which 
both PTP-1B and TC-PTP were deleted showed additive effects compared with the single 
knockouts, suggesting that both PTPs regulate ObRb signaling. However, it was found that 
TC-PTP levels are elevated in hypothalamus extracts from obese mice, raising the possibility 
that this may contribute relatively more to the leptin resistance observed in obesity (Loh et 
al, 2011; Myers et al., 2008). 

3.3.3 SH2 domain-containing PTP 2 (SHP2) 

The SH2-domain containing PTPs (SHPs) are a subfamily of non-transmembrane PTPs 
comprising two vertebrate members, SHP1 and SHP2. While SHP1 expression is restricted 
to cells of the haematopoietic system, SHP2 is ubiquitously expressed. Both proteins contain 
two N-terminal SH2 domains (N-SH2 and C-SH2) and a C-terminal catalytic PTP domain. 
As such, both proteins have the unique ability to function as PTPs, dephosphorylating 
signaling components and thus inhibiting signal transduction, whilst also serving as adapter 
molecules via their SH2 domains to recruit further adapter molecules and activate 
downstream signaling (Heinrich et al., 2003; Neel et al., 2003). Both SHP1 and SHP2 appear 
to have non-redundant roles since homozygous deletion of either gene in mice results in 
death at 2-3 weeks due to severe inflammation. The SHP1-null phenotype is termed 
“motheaten” because of the patchy hair loss caused by sterile dermal abscesses (Neel et al., 
2003) while SHP2 deletion produces embryonic lethality due to defective gastrulation or 
mesodermal differentiation (Neel et al., 2003). Thus, one SHP does not appear to 
compensate for the other in these phenotypes. The functional differences between SHP1 and 
SHP2 appear to be due to the differences in SH2 domain-mediated protein interactions, as 
well as differences in the PTP domains of both proteins (Salmond & Alexander, 2006).  

The finding that ERK1,2 activation by IL-6 is inhibited in either knock-in mice expressing a 
Tyr759Phe-mutated gp130  (gp130F759/F759) or cells transfected with a mutated Tyr759Phe 
gp130 construct, establishes a positive regulatory role of SHP2 on the ERK1,2 pathway (Kim 
& Baumann, 1999; Ohtani et al., 2000). Indeed, studies on growth factor receptor signaling, 
including EGF, insulin and platelet-derived growth factor (PDGF) signaling have each 
demonstrated a positive regulatory role of SHP2 on ERK1,2 signaling and gene expression 
(e.g. Yamauchi et al., 1995). In contrast to these positive effects, gp130F759/F759 mice and cells 
transfected with a Tyr759Phe-mutated gp130 demonstrate impaired SHP2 activation, 
prolonged STAT3 and STAT1 activation and enhanced acute-phase protein gene induction, 
suggesting a negative role of SHP2 on the STAT pathway (Ohtani et al., 2000; Schaper et al., 
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1998). In support of this negative regulatory role, the gp130F759/F759 mouse displays 
splenomegaly, lymphadenopathy and an enhanced acute phase reaction (Ohtani et al., 
2000). However, these results are complicated by the findings that SOCS3 binds to the same 
PTyr site on gp130 as SHP2 (De Souza et al., 2002) and could therefore potentially contribute 
towards these negative effects. To address this issue, studies have employed catalytically 
inactive dominant-negative SHP2 mutants in gp130 signaling. Expression of these mutants 
result in increased gp130, JAK and STAT3 phosphorylation as well as elevated gene 
induction (Lehmann et al., 2003; Symes et al., 1997), thus confirming the involvement of 
SHP2 in the negative regulation of the STAT pathway activated by gp130. 

These negative effects of SHP2 on gp130 signaling may be receptor-specific as they do not 
appear to be observed for signaling from the leptin receptor ObRb, since mutation of SHP2 
binding site Tyr985 of ObRb has no effect on STAT activation (Li & Friedman, 1999). Also, 
using dominant negative SHP2 strategies in COS-1 cells, SHP2 was shown not to have an 
effect on STAT3 phosphorylation or STAT3-mediated gene transcription from the SOCS3 
promoter (Bjorbaek et al., 2001). However, these studies demonstrated no effect of SHP2 on 
STAT activation and STAT-dependent promoter activity following 15 minutes and 6 hours 
of leptin treatment respectively. Further research by this group has demonstrated that 
following 24 hours of leptin treatment, STAT-mediated transcription was enhanced in cells 
expressing mutated Tyr985Phe ObRb (Bjorbaek et al., 2001) and suggested that the induction 
of SOCS3 by leptin over prolonged leptin treatment could account for the enhanced STAT3 
response, implicating SOCS3 involvement and not SHP2. In addition, over these extended 
periods of leptin treatment, SHP2 could possibly act as an indirect positive regulator of the 
STAT pathway, preventing SOCS3 binding to the ObRb at Tyr985 (Bjorbaek et al., 2001). 

Thus, in general, a positive role of SHP2 in cytokine-induced ERK1,2 activation and a 
negative or positive role of SHP2 in cytokine-induced STAT activation have been proposed. 
How SHP2 mediates this positive effect on ERK activation and the contribution of SHP2 to 
the negative regulation of STAT signaling in relation to SOCS3 are still areas under 
investigation. To address the first point, SHP2 appears to exert a positive effect on ERK 
signaling by acting as an adapter protein, wherein SHP2 becomes recruited to PTyr residues 
on activated cytokine receptors and following activation, associates with the adapter protein 
Grb2, which is bound to the Ras GDP-GTP exchange factor Sos. The membrane-localised 
Grb2/Sos complex can then go on to activate the Ras-Raf-MAK-ERK pathway (Li et al., 
1994). With regards to gp130 signaling, it has been proposed that the SHP2-Grb2/Sos mode 
of ERK activation is adopted (Heinrich et al., 2003). However, in addition to this model, 
Grb2-associated binder-1 (Gab1) has also been shown to become tyrosine phosphorylated to 
associate with SHP2 and phosphatidylinositol 3-kinase (PI3K) to activate ERK in response to 
IL-6 (Takahashi-Tezuka et al., 1998). Alternatively, SHP2 may act as a PTP, thus 
dephosphorylating and inactivating specific substrates that normally suppress ERK1,2 
activation. For example, SHP2 has been shown to dephosphorylate tyrosine residues on 
EGFR required for RasGAP recruitment to the receptor, thereby inhibiting phosphorylation-
dependent translocation of RasGAP to the plasma membrane and thereby maintain Ras-
GTP levels to sustain ERK1,2 activation (Agazie & Hayman, 2003).  

Finally a model has been proposed whereby the binding of SHP2 to PTyr residues has been 
shown to activate its PTP activity via either of two mechanisms (Barford & Neel, 1998); (1) 
the SH2 domains can bind to PTyr motifs on activated receptors such as pTyr759 on gp130, 
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293T cells, implicating the nuclear isoform of TC-PTP as an important negative regulator of 
IL-6 signaling. This is supported by studies of TC-PTP-deficient mice, which display a more 
complex phenotype as compared to mice deficient in the closely related PTP1B. Specifically, 
TC-PTP-null mice are viable but exhibit profound defects, resulting in splenomegaly, 
lymphadenopathy and thymic atrophy. As a result, the mice typically die at 3-5 weeks. 
Homozygous mice display defects in bone marrow, B cell lymphopoiesis, erythropoiesis, 
and impaired T and B cell functions. Taken together, the abnormalities displayed in TC-
PTP-deficient mice strongly suggest a crucial role in haematopoiesis and immunity (You-
Ten et al., 1997). However, targeted deletion of TC-PTP in defined cell types will 
undoubtedly reveal previously unknown aspects of its function. For example, a recent study 
has shown mice lacking TC-PTP in neurons are hypersensitive to leptin and are resistant to 
diet-induced weight gain compared with WT animals (Loh et al., 2011). Animals in which 
both PTP-1B and TC-PTP were deleted showed additive effects compared with the single 
knockouts, suggesting that both PTPs regulate ObRb signaling. However, it was found that 
TC-PTP levels are elevated in hypothalamus extracts from obese mice, raising the possibility 
that this may contribute relatively more to the leptin resistance observed in obesity (Loh et 
al, 2011; Myers et al., 2008). 

3.3.3 SH2 domain-containing PTP 2 (SHP2) 

The SH2-domain containing PTPs (SHPs) are a subfamily of non-transmembrane PTPs 
comprising two vertebrate members, SHP1 and SHP2. While SHP1 expression is restricted 
to cells of the haematopoietic system, SHP2 is ubiquitously expressed. Both proteins contain 
two N-terminal SH2 domains (N-SH2 and C-SH2) and a C-terminal catalytic PTP domain. 
As such, both proteins have the unique ability to function as PTPs, dephosphorylating 
signaling components and thus inhibiting signal transduction, whilst also serving as adapter 
molecules via their SH2 domains to recruit further adapter molecules and activate 
downstream signaling (Heinrich et al., 2003; Neel et al., 2003). Both SHP1 and SHP2 appear 
to have non-redundant roles since homozygous deletion of either gene in mice results in 
death at 2-3 weeks due to severe inflammation. The SHP1-null phenotype is termed 
“motheaten” because of the patchy hair loss caused by sterile dermal abscesses (Neel et al., 
2003) while SHP2 deletion produces embryonic lethality due to defective gastrulation or 
mesodermal differentiation (Neel et al., 2003). Thus, one SHP does not appear to 
compensate for the other in these phenotypes. The functional differences between SHP1 and 
SHP2 appear to be due to the differences in SH2 domain-mediated protein interactions, as 
well as differences in the PTP domains of both proteins (Salmond & Alexander, 2006).  

The finding that ERK1,2 activation by IL-6 is inhibited in either knock-in mice expressing a 
Tyr759Phe-mutated gp130  (gp130F759/F759) or cells transfected with a mutated Tyr759Phe 
gp130 construct, establishes a positive regulatory role of SHP2 on the ERK1,2 pathway (Kim 
& Baumann, 1999; Ohtani et al., 2000). Indeed, studies on growth factor receptor signaling, 
including EGF, insulin and platelet-derived growth factor (PDGF) signaling have each 
demonstrated a positive regulatory role of SHP2 on ERK1,2 signaling and gene expression 
(e.g. Yamauchi et al., 1995). In contrast to these positive effects, gp130F759/F759 mice and cells 
transfected with a Tyr759Phe-mutated gp130 demonstrate impaired SHP2 activation, 
prolonged STAT3 and STAT1 activation and enhanced acute-phase protein gene induction, 
suggesting a negative role of SHP2 on the STAT pathway (Ohtani et al., 2000; Schaper et al., 
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1998). In support of this negative regulatory role, the gp130F759/F759 mouse displays 
splenomegaly, lymphadenopathy and an enhanced acute phase reaction (Ohtani et al., 
2000). However, these results are complicated by the findings that SOCS3 binds to the same 
PTyr site on gp130 as SHP2 (De Souza et al., 2002) and could therefore potentially contribute 
towards these negative effects. To address this issue, studies have employed catalytically 
inactive dominant-negative SHP2 mutants in gp130 signaling. Expression of these mutants 
result in increased gp130, JAK and STAT3 phosphorylation as well as elevated gene 
induction (Lehmann et al., 2003; Symes et al., 1997), thus confirming the involvement of 
SHP2 in the negative regulation of the STAT pathway activated by gp130. 

These negative effects of SHP2 on gp130 signaling may be receptor-specific as they do not 
appear to be observed for signaling from the leptin receptor ObRb, since mutation of SHP2 
binding site Tyr985 of ObRb has no effect on STAT activation (Li & Friedman, 1999). Also, 
using dominant negative SHP2 strategies in COS-1 cells, SHP2 was shown not to have an 
effect on STAT3 phosphorylation or STAT3-mediated gene transcription from the SOCS3 
promoter (Bjorbaek et al., 2001). However, these studies demonstrated no effect of SHP2 on 
STAT activation and STAT-dependent promoter activity following 15 minutes and 6 hours 
of leptin treatment respectively. Further research by this group has demonstrated that 
following 24 hours of leptin treatment, STAT-mediated transcription was enhanced in cells 
expressing mutated Tyr985Phe ObRb (Bjorbaek et al., 2001) and suggested that the induction 
of SOCS3 by leptin over prolonged leptin treatment could account for the enhanced STAT3 
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signaling by acting as an adapter protein, wherein SHP2 becomes recruited to PTyr residues 
on activated cytokine receptors and following activation, associates with the adapter protein 
Grb2, which is bound to the Ras GDP-GTP exchange factor Sos. The membrane-localised 
Grb2/Sos complex can then go on to activate the Ras-Raf-MAK-ERK pathway (Li et al., 
1994). With regards to gp130 signaling, it has been proposed that the SHP2-Grb2/Sos mode 
of ERK activation is adopted (Heinrich et al., 2003). However, in addition to this model, 
Grb2-associated binder-1 (Gab1) has also been shown to become tyrosine phosphorylated to 
associate with SHP2 and phosphatidylinositol 3-kinase (PI3K) to activate ERK in response to 
IL-6 (Takahashi-Tezuka et al., 1998). Alternatively, SHP2 may act as a PTP, thus 
dephosphorylating and inactivating specific substrates that normally suppress ERK1,2 
activation. For example, SHP2 has been shown to dephosphorylate tyrosine residues on 
EGFR required for RasGAP recruitment to the receptor, thereby inhibiting phosphorylation-
dependent translocation of RasGAP to the plasma membrane and thereby maintain Ras-
GTP levels to sustain ERK1,2 activation (Agazie & Hayman, 2003).  

Finally a model has been proposed whereby the binding of SHP2 to PTyr residues has been 
shown to activate its PTP activity via either of two mechanisms (Barford & Neel, 1998); (1) 
the SH2 domains can bind to PTyr motifs on activated receptors such as pTyr759 on gp130, 
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which leads to unfolding of the protein and subsequent activation of phosphatase activity, 
or (2) the SH2 domains can bind to PTyr542 and 580 on the C-terminal tail of SHP2 itself and 
cause conformational changes leading to activation. If PTyr binding does not occur, SHP2 
remains in an inactive state whereby the N terminal SH2 (N-SH2) domain sterically hinders 
access of phosphorylated substrates to the PTP domain, as demonstrated by its crystal 
structure (Hof et al., 1998). Therefore, the N-SH2 domain of SHP2 can either bind and inhibit 
the phosphatase, or bind to PTyr residues on substrates to activate the enzyme. 
Interestingly, in the human autosomal dominant disorder Noonan Syndrome, 
approximately 50% of all cases are caused by mutations in the SHP2 gene PTPN11, and 
specifically in portions of the amino N-SH2 domain. These mutations lock SHP2 in its active 
conformation and subsequently cause excessive SHP2 activity (Tartaglia et al., 2001). 
Noonan Syndrome is characterised by short stature, cardiac defects, facial dysmorphia and 
an increased risk of developing leukaemia (Salmond & Alexander, 2006). Interestingly this 
syndrome displays aberrant hyperactivation of the ERK1,2 pathway (Bentires-Alj et al., 
2006). Thus, Noonan Syndrome demonstrates an involvement of SHP2 in regulating ERK 
activation in human disease although further research is required to better understand the 
exact mechanisms involved. 

Likewise, the mechanisms by which SHP2 negatively or positively regulates STAT 
activation are not well understood and the relative contribution of both SHP2 and SOCS on 
gp130 or ObRb signaling is still unclear. There are reports showing that SHP2 can act 
directly as a STAT phosphatase (Chen et al., 2003) and STAT3/SHP2 complexes have been 
detected in cells (Gunaje & Bhat, 2001). A large body of evidence supporting a negative role 
of SHP2 in gp130-mediated STAT activation exists, whereas conversely, SHP2 has been 
shown to have no effects on ObRb-mediated STAT3 phosphorylation (Bjorbaek et al., 2001). 
Therefore the possibility exists that SHP2 acts as an indirect positive regulator of STAT3 by 
impeding SOCS3 recruitment at PTyr985 (Bjorbaek et al., 2001). 

4. Cross-regulation of signaling pathways via SOCS proteins 
Cells are typically exposed to a changing milieu of cytokines and other extracellular 
regulators. Therefore to produce an appropriate response, effective crosstalk between 
distinct signaling pathways is essential. In terms of cytokine receptor signaling, the levels at 
which such crosstalk can occur are now beginning to be revealed, and here we will discuss 
two recently characterized examples of this type of regulation. 

4.1 Regulation of SOCS3 expression by cAMP/Epac1 

Many studies have shown that prototypical second messenger cAMP exerts profound anti-
inflammatory and immunosuppressive effects on many target cell types, including vascular 
endothelial cells, neutrophils,  monocytes, CD4 T cells and regulatory T cells (Mosenden & 
Tasken, 2011). Many of these effects are mediated via defined gene transcription 
programmes, which include the up-regulation of protective molecules, such as the 
immunosuppressive cytokine IL-10, while down-regulating pro-inflammatory molecules 
such as TNF and IL-1 (e.g. Wall et al., 2009). A large body of research has identified 
members of the cAMP-response element binding (CREB) protein family as the principal 
mediators of changes in gene expression in response to cAMP following their 
phosphorylation by PKA. However, observations of cAMP-mediated induction of specific 
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genes occurring via PKA-independent mechanisms have demonstrated that other mechanisms 
must also exist. For example, we have demonstrated that cAMP elevation is capable of 
inducing the SOCS3 gene via a PKA-independent mechanism that requires Epac1 (Sands et al., 
2006; Woolson et al., 2009). Epac1 and Epac2 were originally identified as guanine nucleotide 
exchange factors (GEFs) for the Rap 1 and Rap2 small GTPases. Each has several important 
structural features, including a cyclic nucleotide binding domain (Epac2 has two such 
domains), a DEP (Dishevelled, Egl, Pleckstrin) domain, a REM (Ras exchanger motif) domain 
and a Cdc25 homology domain that exhibits GEF activity (Borland et al., 2009b). Identification 
of SOCS3 as an Epac-regulated target gene revealed a new mechanism by which cAMP could 
inhibit signaling from specific SOCS3-targeted cytokine receptors, such as the leptin receptor 
ObRb and gp130 (Sands et al., 2006; Fukuda et al., 2011). The mechanism of SOCS3 induction 
is mimicked by expression of a constitutively active Val12 mutant of Rap1a and is blocked by 
either siRNA-mediated depletion of Rap1 or overexpression of RapGAPII, suggesting that the 
ability of Epac1 to stimulate the accumulation of GTP-bound active Rap1 is essential (Yarwood 
et al., 2008). Rap1 then activates phospholiase C  to generate intracellular sn 1,2-diacylglycerol 
(DAG) and mobilize intracellular calcium, resulting in the activation of specific protein kinase 
C isoforms (Borland et al., 2009a), although exactly how PKC regulates SOCS3 transcription is 
unclear. 

We have also identified the transcription factor(s) targeted by Epac1, demonstrating that Epac1 
activation increases the binding of the CCAAT/enhancer binding protein  (C/EBP to a 
region within the human SOCS-3 promoter enriched in C/EBP-responsive elements in 
vascular endothelial cells in situ. In addition, overexpression of specific C/EBP isoforms in 
endothelial cells can potentiate Epac-mediated induction of SOCS-3, while selective 
knockdown of either C/EBP or C/EBP abolishes induction. Similar experiments performed 
on C/EBP knockout murine embryonic fibroblasts have confirmed these findings. 
Interestingly, SOCS3 induction in response to cAMP requires activation of the ERK1,2 
pathway, which triggers phosphorylation of C/EBP on Thr225. The importance of this event 
is demonstrated by the ability of Thr225Ala-mutated C/EBP to function as a dominant-
negative inhibitor of SOCS3 induction (Borland et al., 2009a). However, siRNA-mediated 
depletion of Epac1 fails to diminish cAMP-stimulated ERK1,2 phosphorylation, which occurs 
via a PKA-independent mechanism, suggesting that an additional PKA-independent pathway 
is involved in C/EBP-mediated SOCS3 induction (Woolson et al., 2009). 

While a role for specific transcription factors has yet to be addressed, characterisation of the 
induction of the pro-glucagon and AQP2 genes in response to cAMP has revealed some 
similarities to the induction of SOCS3. In each case, induction by cAMP-elevating agents is 
resistant to inhibition of PKA and can be mimicked by selective activation of Epac by the 
Epac-selective activator 8CPT-2’-O-Me-cAMP. There also appears to be a requirement for 
activation of the ERK1,2 pathway by cAMP (Lotfi et al., 2006; Umenishi  et al., 2006). These 
similarities would suggest that the PKA-independent mechanisms by which the pro-
glucagon, AQP2 and SOCS3 genes are induced in response to cAMP may be related and 
presumably apply to other yet to be identified  Epac-inducible genes. 

4.2 Regulation of multiple steps within the NF-B pathway by SOCS proteins 

Given that SOCS family members each contain an SH2 domain, it is not surprising that their 
influence on cellular processes have been found to extend beyond classical JAK-STAT 
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2006). Thus, Noonan Syndrome demonstrates an involvement of SHP2 in regulating ERK 
activation in human disease although further research is required to better understand the 
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activation are not well understood and the relative contribution of both SHP2 and SOCS on 
gp130 or ObRb signaling is still unclear. There are reports showing that SHP2 can act 
directly as a STAT phosphatase (Chen et al., 2003) and STAT3/SHP2 complexes have been 
detected in cells (Gunaje & Bhat, 2001). A large body of evidence supporting a negative role 
of SHP2 in gp130-mediated STAT activation exists, whereas conversely, SHP2 has been 
shown to have no effects on ObRb-mediated STAT3 phosphorylation (Bjorbaek et al., 2001). 
Therefore the possibility exists that SHP2 acts as an indirect positive regulator of STAT3 by 
impeding SOCS3 recruitment at PTyr985 (Bjorbaek et al., 2001). 
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Cells are typically exposed to a changing milieu of cytokines and other extracellular 
regulators. Therefore to produce an appropriate response, effective crosstalk between 
distinct signaling pathways is essential. In terms of cytokine receptor signaling, the levels at 
which such crosstalk can occur are now beginning to be revealed, and here we will discuss 
two recently characterized examples of this type of regulation. 

4.1 Regulation of SOCS3 expression by cAMP/Epac1 

Many studies have shown that prototypical second messenger cAMP exerts profound anti-
inflammatory and immunosuppressive effects on many target cell types, including vascular 
endothelial cells, neutrophils,  monocytes, CD4 T cells and regulatory T cells (Mosenden & 
Tasken, 2011). Many of these effects are mediated via defined gene transcription 
programmes, which include the up-regulation of protective molecules, such as the 
immunosuppressive cytokine IL-10, while down-regulating pro-inflammatory molecules 
such as TNF and IL-1 (e.g. Wall et al., 2009). A large body of research has identified 
members of the cAMP-response element binding (CREB) protein family as the principal 
mediators of changes in gene expression in response to cAMP following their 
phosphorylation by PKA. However, observations of cAMP-mediated induction of specific 
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genes occurring via PKA-independent mechanisms have demonstrated that other mechanisms 
must also exist. For example, we have demonstrated that cAMP elevation is capable of 
inducing the SOCS3 gene via a PKA-independent mechanism that requires Epac1 (Sands et al., 
2006; Woolson et al., 2009). Epac1 and Epac2 were originally identified as guanine nucleotide 
exchange factors (GEFs) for the Rap 1 and Rap2 small GTPases. Each has several important 
structural features, including a cyclic nucleotide binding domain (Epac2 has two such 
domains), a DEP (Dishevelled, Egl, Pleckstrin) domain, a REM (Ras exchanger motif) domain 
and a Cdc25 homology domain that exhibits GEF activity (Borland et al., 2009b). Identification 
of SOCS3 as an Epac-regulated target gene revealed a new mechanism by which cAMP could 
inhibit signaling from specific SOCS3-targeted cytokine receptors, such as the leptin receptor 
ObRb and gp130 (Sands et al., 2006; Fukuda et al., 2011). The mechanism of SOCS3 induction 
is mimicked by expression of a constitutively active Val12 mutant of Rap1a and is blocked by 
either siRNA-mediated depletion of Rap1 or overexpression of RapGAPII, suggesting that the 
ability of Epac1 to stimulate the accumulation of GTP-bound active Rap1 is essential (Yarwood 
et al., 2008). Rap1 then activates phospholiase C  to generate intracellular sn 1,2-diacylglycerol 
(DAG) and mobilize intracellular calcium, resulting in the activation of specific protein kinase 
C isoforms (Borland et al., 2009a), although exactly how PKC regulates SOCS3 transcription is 
unclear. 

We have also identified the transcription factor(s) targeted by Epac1, demonstrating that Epac1 
activation increases the binding of the CCAAT/enhancer binding protein  (C/EBP to a 
region within the human SOCS-3 promoter enriched in C/EBP-responsive elements in 
vascular endothelial cells in situ. In addition, overexpression of specific C/EBP isoforms in 
endothelial cells can potentiate Epac-mediated induction of SOCS-3, while selective 
knockdown of either C/EBP or C/EBP abolishes induction. Similar experiments performed 
on C/EBP knockout murine embryonic fibroblasts have confirmed these findings. 
Interestingly, SOCS3 induction in response to cAMP requires activation of the ERK1,2 
pathway, which triggers phosphorylation of C/EBP on Thr225. The importance of this event 
is demonstrated by the ability of Thr225Ala-mutated C/EBP to function as a dominant-
negative inhibitor of SOCS3 induction (Borland et al., 2009a). However, siRNA-mediated 
depletion of Epac1 fails to diminish cAMP-stimulated ERK1,2 phosphorylation, which occurs 
via a PKA-independent mechanism, suggesting that an additional PKA-independent pathway 
is involved in C/EBP-mediated SOCS3 induction (Woolson et al., 2009). 

While a role for specific transcription factors has yet to be addressed, characterisation of the 
induction of the pro-glucagon and AQP2 genes in response to cAMP has revealed some 
similarities to the induction of SOCS3. In each case, induction by cAMP-elevating agents is 
resistant to inhibition of PKA and can be mimicked by selective activation of Epac by the 
Epac-selective activator 8CPT-2’-O-Me-cAMP. There also appears to be a requirement for 
activation of the ERK1,2 pathway by cAMP (Lotfi et al., 2006; Umenishi  et al., 2006). These 
similarities would suggest that the PKA-independent mechanisms by which the pro-
glucagon, AQP2 and SOCS3 genes are induced in response to cAMP may be related and 
presumably apply to other yet to be identified  Epac-inducible genes. 

4.2 Regulation of multiple steps within the NF-B pathway by SOCS proteins 

Given that SOCS family members each contain an SH2 domain, it is not surprising that their 
influence on cellular processes have been found to extend beyond classical JAK-STAT 
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signaling processes. These include the inhibition of insulin signaling due to SOCS3-
mediated ubiquitylation and degradation of IRS1 and/or IRS2 (Kawazoe et al., 2001; Rui et 
al., 2002), and the regulation of FAK1 (Liu et al., 2003; Stevenson et al., 2010). Importantly, 
many studies have also revealed that SOCS proteins are able to regulate the NF-B pathway 
at several levels, providing a key mechanism by which JAK-STAT-mobilising cytokines can 
control pro-inflammatory responses. 

Members of the TLR family of receptors and the receptor for IL-1 trigger an inflammatory 
response via a conserved mechanism. The cytosolic region of these receptors contains a 
Toll/IL-1 receptor (TIR) domain that interacts with a panel of adaptor molecules to activate 
defined intracellular signaling cascades, including p38 and c-Jun N-terminal kinase MAP 
kinase pathways and the NF-B pathway (O’Neill, 2009). While several TIR domain-
interacting proteins have been identified, the best characterized are MyD88 (myeloid 
differentiation  primary response gene 88), Mal (MyD88 adaptor-like), TRIF (TIR domain-
containing domain that induced IFN) and TRAM (TRIF-related adaptor molecule). All 
TLRs activate the NF-B pathway but different receptors utilize specific subsets of adaptors 
to achieve this; for example, both TRAM and TRIF have been shown to be required for 
activation of IRF3/7 and NF-B by TLR4, while the absence of Mal abolishes TLR2- and 
TLR4-stimulated pro-inflammatory cytokine production (O’Neill, 2009; Brikos & O’Neill, 
2008). The requirement for Mal is thought to be due to an interaction with TRAF6 that 
promotes phosphorylation of the RelA subunit of NF-B on Ser536, which is required for 
binding of transcriptional co-activators, rather than any effect on transcription factor 
translocation to the nucleus from the cytosol (Verstak et al., 2009). The ability of SOCS1 to 
regulate TLR-mediated responses has been reported by multiple investigators, but no one 
unifying mechanism has emerged. One study has demonstrated that activation of either 
TLR2 or TLR4 with selective agonists can trigger the proteasomal degradation of Mal but 
not MyD88 (Mansell et al., 2006). Further characterization of this phenomenon revealed that 
this process required the Tyr phosphorylation of Mal by Bruton’s tyrosine kinase (BTK), 
which is also activated by TLRs. Upon SOCS1 induction in response to TLR activation, the 
SOCS1 SH2 domain is thought to bind phosphorylated Mal. Once bound, SOCS1 functions 
as an E3 ubiquitin ligase to catalyse the Lys48 polyubiquitylation of Mal, thereby targeting it 
for degradation by the proteasome, blocking RelA phosphorylation and turning off NF-B-
mediated gene transcription (Mansell et al., 2006) (Fig. 4). However it should be noted that 
others have found that SOCS3 plays an important role in the suppression of IL-1 signaling 
by binding and inhibiting TAK1, a kinase which is required for IL-1 receptor-mediated 
initiation of MAP kinase and NF-B pathways (Frobøse et al., 2006). The significance of this 
interaction for SOCS-mediated suppression of TLR signaling has yet to be investigated. 

Several recent studies have also shown that SOCS1-mediated negative regulation of NF-B 
is not restricted to activation by TIR domain-containing receptors due to its incorporation 
into a multimeric complex by COMMD1 (copper metabolism gene MURR1 domain-
containing protein 1) (Maine & Burstein, 2007). The defining ~70 residue domain conserved 
within all 10 members of the COMMD family is located at their C-termini, and mutation of 
conserved residues within this domain has been shown to ablate inhibition of NF-B. 
Interestingly, COMMD1 appears to associate with the RelA component of NF-B complexes 
on target gene promoters, i.e. after translocation of NF-B from the cytoplasm to the nucleus 
(Maine et al., 2007; Geng et al., 2009). Current research suggests that RelA-bound COMMD1 
then recruits a SOCS1-elongin B/C-Cul2-Rbx1 E3 ubiquitin ligase complex which promotes 
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the polyubiquitylation and proteasomal degradation of RelA, thus turning off NF-B-
mediated target gene transcription (Fig. 4). Accordingly, COMMD1 deficiency results in a 
sustained nuclear accumulation of RelA without affecting nuclear entry of NF B (Maine et 
al., 2007; Geng et al., 2009). 

 
Fig. 4. Control of the NF-B pathway at multiple levels by a elongin-cullin-SOCS1 (ECSSOCS1) 
ubiquitin E3 ligase complex. 

5. Implications for therapeutic strategies to treat chronic inflammatory 
diseases and cancers   
Over the last decade, the importance of chronic inflammation to the pathophysiology of 
non-infectious diseases, including cancers, cardiovascular disease and diabetes mellitus, has 
been established (O'Shea & Murray, 2008). In parallel with these developments, genome 
wide association studies have identified polymorphisms in cytokine receptors and their 
associated signaling molecules associated with autoimmune diseases such as type 1 diabetes 
and inflammatory bowel syndrome (e.g. Rossin et al., 2011), while new therapies have been 
approved deriving from our understanding of how pro-inflammatory signaling drives 
pathology (e.g. anti-TNF and IL-6 antibodies for RA and other indications) and several more 
are in development (e.g. JAK inhibitors) (Taylor & Feldmann, 2009;  Ding et al., 2009; 
Quintás-Cardama et al., 2011). 

5.1 Polycythaemia Vera (PV) and other myoproliferative neoplasms 

Myoproliferative neoplasms arise from either haematopoietic stem or progenitor cells, and 
are characterized by the proliferation of terminally differentiated myeloid cells (Quintás-
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within all 10 members of the COMMD family is located at their C-termini, and mutation of 
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Cardama et al., 2011). Along with essential thrombocythaemia (ET) and primary 
myelofibrosis (PMF), polycythaemia vera (PV) represents one of the most studied classes 
of myoproliferative neoplasms, with patients displaying hyperactivation and proliferation 
of haematopoietic stem cells in bone marrow, resulting in increased production of 
platelets, white and red blood cells (Quintás-Cardama et al., 2011). The importance of 
JAK2 in haematopoiesis had already been established from studies demonstrating that 
homozygous JAK2 deletion produces embryonic lethality due to insufficient 
erythropoeisis. This arises due to the pivotal role of JAK2 activation downstream of 
receptors for cytokines that drive this process, including Epo, thrombopoietin (Tpo), G-
CSF, and GM-CSF (Rane & Reddy, 2002). It was subsequently found that approximately 
95% of patients presenting with PV have a G-to-T substitution at position 1849 of the JAK2 
gene that results in a Val617Phe dominant gain-of-function mutation within the JH2 
domain (JAK2V617F) (Baxter et al., 2005; James et al., 2005; Kralovics et al., 2005; Levine et 
al., 2005) (Fig. 1). As mentioned previously, a recent study demonstrating that the JH2 
domain functions as a dual specificity kinase module has shown that the ability of the JH2 
domain to suppress JAK2 Tyr kinase activity is disrupted by the Val617Phe mutation due 
to a reduced JH2-mediated regulatory phosphorylation of Ser523 and Tyr570 (Ungureanu 
et al., 2011). Additional studies examining those PV patients who are JAK2V617F-negative 
have found that the phenotype is associated with additional mutations within exon 12 of 
the JAK2 gene. Thus, essentially all cases of PV appear to be driven by somatic activating 
mutations within the JAK2 gene. 

Not surprisingly, expression of Val617PheJAK2 activates signaling pathways that drive 
proliferation and resistance to apoptosis in a cytokine-independent manner. STAT3 and 
STAT5, as well as the ERK1,2 and PI3K pathways, are the main effectors of JAK2 activation 
responsible for the PV phenotype. However it has also recently been proposed that 
Val617PheJAK2 is resistant to the suppressive effects of SOCS induction. In fact, SOCS3 
appears to specifically enhance downstream activation of STAT5 in Epo receptor- and 
Val617PheJAK2-expressing cells (Hookham  et al., 2007). The mutated JAK2 was also found 
to enhance the Tyr phosphorylation of SOCS3, and this has been proposed as the 
mechanism by which SOCS3 is rendered incapable of blocking signaling from the Epo 
receptor and activated Val617PheJAK2. Conversely, others have found that both SOCS1 and 
SOCS3 are still capable of binding and regulating Val617PheJAK2 expression levels by 
targeting it for degradation: indeed the mutated constitutively active JAK2 was found to 
have a reduced stability compared with WT JAK2 (Haan et al., 2009). Furthermore, the 
authors found that Val617PheJAK2 expression levels have to exceed a minimum threshold 
before cytokine-independent constitutive activation of downstream signaling is observed, 
and they propose that such a scenario may explain progression to homozygocity in 
myoproliferative neoplasms such as PV (Haan et al., 2009). Perhaps related to this 
observation, the expression ratio of mutated to wild-type JAK2 seems to modulate the 
phenotypic manifestations of myoproliferative neoplasms, with high ratios favouring the 
development of a PV-like phenotype and low ratios inducing an ET-like phenotype 
(Kralovics et al., 2005). In this context, the hypermethylation-mediated  silencing of SOCS 
gene induction seen in idiopathic myelofibrosis (Fourouclas et al., 2008) would be predicted 
to play an important role in determining pathological severity arising from somatic 
activating JAK2 mutations. 
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Given their role in disease and their ability to recapitulate disease phenotypes in mouse 
models, mutated JAK2 proteins represent attractive targets for drugs to treat myoplastic 
neoplasms. Incyte’s ruxolitinib, an orally available non-selective JAK1/JAK2 inhibitor and 
one of the first of these agents to be developed, has been shown to improve symptoms such 
as itching and reduce spleen size in PMF patients but without producing observable 
remission (Verstovsek et al. 2010; Tefferi et al., 2011). Remarkably, these effects occur 
regardless of whether the JAK2V617F allele is present. Therefore, determining exactly how this 
class of drugs can exert its effects is necessary if clinical efficacy is to be improved. It has 
been suggested that the lack of selectivity of ruxolitinib may be responsible for its limited 
efficacy in PMF, but comparable studies with more selective inhibitors such as LY3009104 
(Lilly, currently in phase II trials for RA), which is approximately 40-fold more selective for 
JAK2 versus JAK1, will be required to address this issue. Tofacitinib (Pfizer, currently in 
phase III trials for multiple immune/inflammatory disorders including psoriasis and RA) 
was initially developed as part of a strategy to develop JAK3-selective inhibitors but upon 
detailed characterization was also shown to have significant activity against JAK1 and JAK2. 
Encouragingly, JAK inhibitors such as tofacitinib have shown efficacy in several models of 
JAK2V617F–mediated proliferation (Manshouri et al., 2008) and therefore may prove useful if 
ultimately approved for their primary indications. 

However, as with almost all kinase inhibitors currently used for treatment of 
hyperproliferative disorders such as chronic myelogenous leukaemia (Diamond & Melo, 
2011), there is the strong possibility of drug resistance developing following chronic drug 
administration. Thus, new drug-resistant activating JAK2 point mutations will likely emerge 
and alternative signaling pathways able to drive proliferation and resistance to apoptosis 
may be up-regulated to bypass drug-mediated inhibition of JAK2 (Deshpande et al., 2011). 
As a result, there will undoubtedly be a need to develop additional therapeutics for 
myeloproliferative disorders to account for these possibilities once first generation JAK 
inhibitor drugs have been approved. 

5.2 RA and other autoimmune disorders 

RA is a chronic, systemic autoimmune/inflammatory disease that predominantly results in 
the deterioration of synovial joints, although other tissues may be affected. The disease 
process often typically leads to the destruction of articular cartilage and ankylosis of the 
joints, resulting in discomfort and pain for affected individuals. Key cytokines involved in 
driving pathogenesis include TNF, IL-1 and IL-6, which exert their effects on immune cells 
and synovial fibroblasts (Feldman et al., 1996). Up until approximately ten years ago, the 
treatment options for RA were limited to disease-modifying anti-rheumatic drugs 
(DMARDs) such as methotrexate, sulphasalazine and leflunomide. While DMARDs are 
effective for the majority of patients, a significant proportion display adverse reactions to 
chronic administration, including renal and hepatotoxic effects. This has led to the 
development of several biological drugs designed to block cytokine receptor activation by 
binding and sequestering free cytokine to prevent engagement with the cognate receptor, 
and each is typically administered either as part of a combination therapeutic regimen with 
one or more DMARDs or as monotherapy in patients not able to tolerate DMARD therapy 
or for whom it has proven ineffective. They include TNF blockers (e.g. etanercept, 
infliximab and adalimumab, the first fully human antibody drug to be FDA approved) and 
IL-1 blockers (e.g. anakinra) (Taylor & Feldmann, 2009; Gabay et al., 2010). 
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One of the more recently approved biological therapies is the humanized antibody 
tocilizumab, which blocks IL-6 signaling by binding to the IL-6R to prevent receptor 
activation (Ding et al., 2009). The development of IL-6 blockers came from a wealth of 
research implicating this pleiotropic cytokine in the progression of RA and other 
autoimmune conditions at several levels. Seminal studies demonstrated that patients with 
RA, but not osteoarthritis, had elevated levels of synovial IL-6, thereby linking the cytokine 
to an autoimmune syndrome (Hirano et al., 1988). Studies of knock-in mice expressing a 
Tyr759Phe-mutated gp130 resistant to SOCS3-mediated inhibition and incapable of 
activating ERK1,2 demonstrated that these animals spontaneously developed an RA-like 
autoimmune disease, implicating IL-6 activation of STAT3 as a key mediator of the 
pathology (Atsumi et al., 2002). Additionally, IL-6 via activation of STAT3 can induce the 
expansion of Th17 cells, which are intimately involved in the development of several 
autoimmune diseases including RA. In addition, IL-17A can trigger the induction of IL-6 in 
synovial fibroblasts, thereby creating a positive feedback loop that sustains the chronic pro-
inflammatory state (Ogura et al., 2008). IL-6 has also been found to suppress generation of 
Treg cells, which restrain effector T cell responses (Hirano, 2010). The balance between these 
two subsets is critical for maintaining homeostasis, and so the ability of IL-6 to drive the 
balance in favour of Th17 cell dominance is likely to be a be a major cause of pathology in 
RA and other disorders. Interestingly, it was also found that Tyr759Phe-mutated gp130 
must be present in non-haematopoietic cells, and that in response to IL-6 stimulation non-
haematopoietic cells expressing Tyr759Phe-mutated gp130 show enhanced production of IL-
7, leading to the activation and proliferation of CD4+ T cells (Sawa et al., 2006). These 
observations demonstrate that IL-6-regulated immune and non-immune cell interactions are 
critical in the development of RA, and suggest that such interactions may play a similar 
etiological role in other autoimmune diseases in which IL-6 plays an integral role such as 
psoriasis, uveitis and inflammatory bowel disease. 

5.3 STAT3 activation and tumour development 

Mutational activation of proto-oncogenes, coupled with the mutational inactivation of  
tumor suppressors, are critical events in pathogenesis of cancers (Hanahan & Weinberg, 
2011). However several genes that play pivotal roles in the development of malignancies are 
not activated by mutation. These include the STATs (particularly STAT3) and NF-B 
transcription factors, which are activated by extracellular stimuli generated within the 
tumor microenvironment (Grivennikov & Karin, 2010). As described earlier in this chapter, 
STATs are typically activated transiently due to the existence of multiple negative feedback 
mechanisms that act at several levels to terminate signaling, and the same is true for 
activation of both the canonicical and non-canonical NF-B pathways (Liu & Chen, 2011). 
Thus, activated nuclear STAT3 is found in many cancers, including breast, colon and 
prostate among others (Grivennikov et al., 2009; Marotta et al. 2011; Hedvat et al., 2009). 
Hyperactivation of STAT3 in infiltrating immune cells and stromal cells is due to the 
presence of multiple STAT3-activating stimuli, including IL-6 and other cytokine capable of 
utilizing gp130, IL-10 family members and also receptor tyrosine kinases for VEGF and EGF. 
Importantly, several of the STAT3-inducible gene products generated by these stimuli, 
including IL-6 itself, IL-10, IL-23, sphingosine-1-phosphate receptor S1P1, and angiogenic 
growth factor VEGF, perpetuate a positive feedback loop that promotes sustained 
pathogenic STAT3 activation within the tumour (Yu et al., 2009; Lee et al., 2010). In 
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conditions such as hepatocellular carcinoma, malignant melanoma, prostate cancer and 
others, this STAT3 activation loop can be amplified further due to methylation of the CpG 
island within the SOCS3 gene promoter, thereby blocking its induction (Niwa  et al., 2005; 
Fourouclas et al., 2008; Pierconti et al., 2011). Indeed, SOCS3 hypermethylation has been 
shown to be associated with prostate cancer tumours with a high Gleason score, suggesting 
a causative role in pathogenesis (Pierconti et al., 2011). 

Importantly, while STAT3 and NF-B trigger distinct gene expression programmes in 
various cell types, many gene products are induced by both, including IL-6, VEGF, 
chemokines CCL2 and CXCL2, anti-apoptotic proteins Bcl-XL and Bcl-2, and SOCS3 (Yu et 
al., 2009). The different mechanisms by which STAT3 and NF-B (predominantly the 
RelA/p50 heterodimer) interact to enhance target gene transcription have been shown to be 
context-dependent but typically result in enhanced target gene induction. For example, 
Tyr705-phosphorylated STAT3 has been shown to bind promoter-bound RelA to facilitate 
the recruitment of the transcriptional co-activator p300, thereby triggering RelA acetylation. 
As a result, interaction with IB is inhibited, resulting in reduced export of 
RelA/p50/IB complexes and thereby prolonging its nuclear localization and potentially 
its transcriptional capacity even if upstream IKK-mediated signaling is only weakly 
activated (Lee et al., 2009). Other groups have identified a different mechanism whereby 
non-phosphorylated STAT3 can displace IB from inactive RelA/p50 complexes in the 
cytoplasm, thereby facilitating nuclear entry in the absence of IKK activation and the 
subsequent induction of a subset of B-responsive genes such as the chemokine RANTES 
(Yang et al., 2007). Interestingly, evidence suggests that NF-B/STAT3 complexes are 
capable of binding to target sequences distinct from those utilized by either transcription 
factor in isolation (Yang et al., 2007; Yang & Stark, 2008). While this phenomenon has only 
been studied in detail for the serum amyloid A gene mobilized as part of the acute phase 
response, it raises the possibility that NF-B/STAT3 complexes may be able to initiate a 
unique transcriptional programme, although any role in tumour progression is still unclear. 

Despite strong evidence that targeting STAT3 might be a useful therapeutic strategy to 
suppress tumour formation, one major limitation stems from its importance in stromal as 
well as haematopoietic cell function. As a result, while pharmacological inhibition of STAT3 
in the former may exert anti-tumourigenic effects, inhibition in the latter may actually 
enhance tumourigenesis, with the net result being limited efficacy. For example, 
homozygous deletion of the murine STAT3 gene in enterocytes has been shown to block the 
development of colitis-associated colon cancer (Grivennikov et al., 2009), whereas its 
deletion in macrophages and neutrophils results in the development of enterocolitis due to 
the inability of IL-10 to suppress myeloid cell function via STAT3 (Takeda et al., 1999). 
Moreover STAT3 has important pro-survival functions in healthy tissues and is central to 
immune cell homeostasis, making it difficult to predict the consequences of chronic global 
inhibition of function. Thus, alternative strategies might include specifically targeting 
tumourigenic cytokines that utilize STAT3, such as IL-6 or IL-23, which would spare the 
protective anti-inflammatory/immunosuppressive functions of STAT3-mobilising cytokines 
such as IL-10. Related to this point, it is been demonstrated in a mouse model of colitis-
associated cancer that TGF-β-dependent suppression of T cell stimulation could enhance IL-
6 expression. A concomitant reduction in membrane-bound IL-6R on epithelial cells coupled 
with an increase in ADAM17 in stromal tissue resulted in the generation of sIL-6R and 
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subsequent trans-signaling (Becker et al., 2004). Tumour growth could be suppressed by the 
administration of sgp130Fc, which specifically blocks trans-signaling by sIL-6R/IL-6 but 
not classical IL-6 signaling through membrane-bound IL-6R. Given that a similar loss of IL-
6R and upregulation of ADAM17 has been described in human colon cancer (Becker et al., 
2007), selective inhibition of IL-6 trans-signaling using sgp130Fc or related therapeutics 
might prove a useful approach to arrest the development of colon cancer and other tumours 
in which a pathophysiological role for IL-6 trans-signaling could be identified. 

6. Conclusions 
Progress in our understanding of the molecular basis of cytokine signaling and the 
subsequent identification of the importance of JAK mutations and hyperactivation of STAT3 
in disease states has improved our understanding of the pathogenesis of RA, PV and several 
cancers. A direct result of this progress has been the development and introduction of JAK 
inhibitors and anti-IL-6 therapies for several inflammatory and autoimmune conditions. 
However our understanding of JAK-STAT signaling, particularly its integration with the 
NF-B and cyclic AMP signaling pathways to regulate immune and inflammatory 
responses, remain incomplete. Moreover, new insights continue to emerge into roles both 
for nuclear-localised JAKs in chromatin remodeling and cell cycle regulation (Zouein et al., 
2011) and links with Rho kinase that control actomyosin contractility, cell migration and 
even STAT3 activation (Sanz-Moreno et al., 2011). Consequently it is likely that the first 
wave of therapies targeting cytokine-activated JAK-STAT pathways is the beginning of 
several new approaches with which to treat the wide range of diseases in which they play a 
critical role. 
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subsequent trans-signaling (Becker et al., 2004). Tumour growth could be suppressed by the 
administration of sgp130Fc, which specifically blocks trans-signaling by sIL-6R/IL-6 but 
not classical IL-6 signaling through membrane-bound IL-6R. Given that a similar loss of IL-
6R and upregulation of ADAM17 has been described in human colon cancer (Becker et al., 
2007), selective inhibition of IL-6 trans-signaling using sgp130Fc or related therapeutics 
might prove a useful approach to arrest the development of colon cancer and other tumours 
in which a pathophysiological role for IL-6 trans-signaling could be identified. 

6. Conclusions 
Progress in our understanding of the molecular basis of cytokine signaling and the 
subsequent identification of the importance of JAK mutations and hyperactivation of STAT3 
in disease states has improved our understanding of the pathogenesis of RA, PV and several 
cancers. A direct result of this progress has been the development and introduction of JAK 
inhibitors and anti-IL-6 therapies for several inflammatory and autoimmune conditions. 
However our understanding of JAK-STAT signaling, particularly its integration with the 
NF-B and cyclic AMP signaling pathways to regulate immune and inflammatory 
responses, remain incomplete. Moreover, new insights continue to emerge into roles both 
for nuclear-localised JAKs in chromatin remodeling and cell cycle regulation (Zouein et al., 
2011) and links with Rho kinase that control actomyosin contractility, cell migration and 
even STAT3 activation (Sanz-Moreno et al., 2011). Consequently it is likely that the first 
wave of therapies targeting cytokine-activated JAK-STAT pathways is the beginning of 
several new approaches with which to treat the wide range of diseases in which they play a 
critical role. 
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1. Introduction 
Cell signaling is known to be involved in the development and activation of many cancers, 
and has been the subject of abundant research in the field of cancer (Levitzki & Klein, 2010; 
Robinson-White & Stratakis, 2002). In response to extracellular and intracellular stimuli, 
protein kinase mediated pathways orchestrate the activation of cell signaling cascades to 
control cell growth, proliferation, differentiation and survival. However, there is 
tremendous complexity in tumor cell signaling (Iqbal et al., 2010). Signaling experiments 
have demonstrated that many different stimuli may activate the same pathways and many 
pathways interact (“cross talk”) to modify and influence the outcome of a specific 
extracellular signal. In particular, the protein kinase A (PKA) pathway has been viewed as 
the central hub in the mediation of signals in endocrine tumorigenesis (Robinson-White & 
Stratakis, 2002). Depending on the species, tissue, cell type and ligand involved, the PKA 
hub interacts with high versatility with the mitogen activated protein kinase (MAPK), 
protein kinase B (akt/PKB), protein kinase C (PKC) and Wnt pathways to promote 
endocrine and other tumor cell development and progression (Almeida et al., 2010; 
Robinson-White & Stratakis, 2002). The purpose of this review is to highlight recent findings 
on the involvement of the PKA cell signaling pathway in endocrine tumorigenesis, and to 
define current clinical strategies and future perspectives for the treatment of endocrine and 
other tumors. 

2. The cell signaling pathways 
2.1 Description of the PKA pathway 

PKA is a major factor in eukaryotic cell signaling. The PKA holoenzyme, in its inactive state, 
consists of two PKA isoforms (type I and type II), each in a tetramer of two homo or 
heterodimer regulatory subunits (RI, RI, RII and RII ). Each R-subunit is bound to one 
of four catalytic subunits (C, C, C, and Prkx) (Azevedo & Stratakis, 2011). The regulatory 
subunits contain a dimerization/docking domain at their amino terminus and two tandem 
binding domains for cyclic AMP (cAMP) at their carboxyl terminus, and a linker region that 
contains a main docking site for the catalytic subunit (Zawadzki & Taylor, 2004). PKA may 
be activated (Figure 1A) indirectly by ligand binding to a heterotrimeric G-protein coupled 
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2.1 Description of the PKA pathway 

PKA is a major factor in eukaryotic cell signaling. The PKA holoenzyme, in its inactive state, 
consists of two PKA isoforms (type I and type II), each in a tetramer of two homo or 
heterodimer regulatory subunits (RI, RI, RII and RII ). Each R-subunit is bound to one 
of four catalytic subunits (C, C, C, and Prkx) (Azevedo & Stratakis, 2011). The regulatory 
subunits contain a dimerization/docking domain at their amino terminus and two tandem 
binding domains for cyclic AMP (cAMP) at their carboxyl terminus, and a linker region that 
contains a main docking site for the catalytic subunit (Zawadzki & Taylor, 2004). PKA may 
be activated (Figure 1A) indirectly by ligand binding to a heterotrimeric G-protein coupled 
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receptor (GPCR), and/or by activation of  adenyl cyclase (AC) and ATP, which stimulate the 
production of cAMP via the GS subunit of the G-protein (e.g. GS, Bγ); or directly by 
endogenous cAMP. CAMP binds to the PKA regulatory subunit leading to its subsequent 
activation. This, in turn, promotes dissolution of the holoenzyme and release of the catalytic 
subunits. The free catalytic subunits then go on to phosphorylate downstream targets that 
regulate effector enzymes, ion channels and transcription factors for specific genes that 
regulate cell growth and differentiation (Pearce et al., 2010); for example, CREB, CREM, NF-
kB and other nuclear receptors (Robinson-White & Stratakis, 2002). 

  
Fig. 1. General overview of the major signal transduction pathways in mammalian cells. 
Signal transduction in mammalian cells is controlled by five major signaling pathways (A-
E), which upon activation, control gene expression and a cells’ response (e.g. proliferation, 
differentiation, apoptosis, survival). Each pathway is independent, yet interacts in a 
complex manner with other pathways. An explanation of each pathway is given in the 
text.(A) Protein kinase A (PKA) pathway. (B) Mitogen-activated protein kinase (MAPK) 
pathway. (C) Protein kinase B (PKB) pathway. (D) Protein kinase C (PKC) pathway. (E) Wnt 
Pathway. 

2.2 Description of other major cell signaling pathways in endocrine tissue 

2.2.1 MAP-kinase signaling pathway 

The MAP kinase proteins are signal transduction enzymes that mediate diverse cellular 
processes (i.e. cell proliferation, differentiation, apoptosis, survival and cytokine production) 
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(Robinson-White & Stratakis, 2002). The family includes more than a dozen members, 
arranged in separate but interacting cascades, based on sequence homology and function. 
These include ERK (extracellular signal-regulated kinase), JNK/SAPK (c-Jun N terminal 
kinase/stress activated protein kinase), and p38 MAPK. Each cascade consists of a three-
core module, MKKK (MAPKK kinase), MKK (MAPK kinase) and MAPK. Upon cell 
activation (Figure 1B), the first core member activates the succeeding member in a serial 
manner (Garrington & Johnson, 1999). The final activated core member then regulates gene 
expression through the phosphorylation and activation of nuclear transcription factors 
(Cargnello & Roux, 2011)  The best studied MAPK is ERK1/ERK2 (ERK1/2), 44- and 42-kDa 
proteins that are stimulated by a wide range of ligands (e.g. serum, growth factors, cytokine 
stresses, other mitogens). Upon ligand-induced stimulation of receptor tyrosine kinase 
(RTK) activity, adapter molecules (Grb2, SoS) bind to the receptors to enhance the activation 
of the Ras GTP-binding protein. Activated Ras binds to the first core member of the cascade, 
ubiquitous Raf-1 (MKKK, one of three Raf isoforms: A-Raf, B-Raf and c-Raf-1), or rap, which 
activates B-Raf, and transports the isoform to the plasma membrane for activation by other 
protein kinases (e.g. Src, PKC, PAK). Active Raf-1 or B-Raf dissociates from the Ras complex 
and phosphorylates its substrate and the second core member, MEK1/2 (MKK). Activated 
MEK1/2 then phosphorylates and activates the final core member, ERK1/2, which 
phosphorylates and activates its downstream substrates and various transcription factors 
(elk-1, c-fos, c/n-Myc) for expression of early response genes leading to a cell response (e.g. 
cell proliferation, differentiation, survival and apoptosis)). Other MAPK subfamilies, not as 
well characterized as the ERK1/2 family are the JNK/SAPK (46- and 54 kDa proteins, 
isoforms JNK1, JNK2 and JKN3) and p38 kinases (isoforms p38, -, δ, γ) . These kinases are 
often activated by inflammatory cytokines and cellular stresses (e.g. ionizing radiation, heat 
shock). They are associated with promotion of apoptosis and cytokine production 
(Robinson-White Stratakis, 2002).  

2.2.2 PKB signaling pathway 

PKB, a serine/threonine kinase, is named so because of its structural similarity to protein 
kinases A and C (Coffer & Woodgett, 1991). Its activation (Figure 1C) can occur at the 
plasma membrane by growth factors, cytokines and neurotrophic factors. The activated 
receptor phosphorylates a key regulatory protein (through monomeric Ras or Ras-related 
protein, R-RP), phoshatidylinositol-3 kinase (PI3K). PI3K, a heterodimer of both regulatory 
and catalytic subunits, has molecular masses of 85 kDa (p85) and 110 kDa (p110), 
respectively. Each subunit has at least five isoforms. PI3K is activated when p85 and p110 
form a heterodimer that interacts with an activator protein. Binding of the activator protein 
causes a conformational change in the heterodimer, leading to its activation. PI3K has both 
lipid and protein kinase activity. It has the ability to activate several proteins such as PKB, 
PKC phosphoinositide-dependent kinase-1 (PDK-1), Ras and Rac cd42. It is then activated in 
two major steps: first, its pleckstrin homology domain binds with the main products of a 
PI3K, Ptdlns P and Ptdlns P2 catalyzed lipid reaction. Second, it is phosphorylated by PDK-
1 kinase. Activated PKB acts to preferentially control anti-apoptotic mechanisms. It acts 
through several independent mechanisms: 1), it phosphorylates BAD to prevent its binding 
to antiapoptotic Bcl-2; 2) it inhibits caspase protease activity; and 3) it directly 
phosphorylates and activates cAMP-induced ribosomal protein S6 kinase (p70S6k), a key 
player in the PI3K/mTor/p70S6k pathway. PKB also directly phosphorylates glycogen 
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receptor (GPCR), and/or by activation of  adenyl cyclase (AC) and ATP, which stimulate the 
production of cAMP via the GS subunit of the G-protein (e.g. GS, Bγ); or directly by 
endogenous cAMP. CAMP binds to the PKA regulatory subunit leading to its subsequent 
activation. This, in turn, promotes dissolution of the holoenzyme and release of the catalytic 
subunits. The free catalytic subunits then go on to phosphorylate downstream targets that 
regulate effector enzymes, ion channels and transcription factors for specific genes that 
regulate cell growth and differentiation (Pearce et al., 2010); for example, CREB, CREM, NF-
kB and other nuclear receptors (Robinson-White & Stratakis, 2002). 

  
Fig. 1. General overview of the major signal transduction pathways in mammalian cells. 
Signal transduction in mammalian cells is controlled by five major signaling pathways (A-
E), which upon activation, control gene expression and a cells’ response (e.g. proliferation, 
differentiation, apoptosis, survival). Each pathway is independent, yet interacts in a 
complex manner with other pathways. An explanation of each pathway is given in the 
text.(A) Protein kinase A (PKA) pathway. (B) Mitogen-activated protein kinase (MAPK) 
pathway. (C) Protein kinase B (PKB) pathway. (D) Protein kinase C (PKC) pathway. (E) Wnt 
Pathway. 

2.2 Description of other major cell signaling pathways in endocrine tissue 

2.2.1 MAP-kinase signaling pathway 

The MAP kinase proteins are signal transduction enzymes that mediate diverse cellular 
processes (i.e. cell proliferation, differentiation, apoptosis, survival and cytokine production) 
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(Robinson-White & Stratakis, 2002). The family includes more than a dozen members, 
arranged in separate but interacting cascades, based on sequence homology and function. 
These include ERK (extracellular signal-regulated kinase), JNK/SAPK (c-Jun N terminal 
kinase/stress activated protein kinase), and p38 MAPK. Each cascade consists of a three-
core module, MKKK (MAPKK kinase), MKK (MAPK kinase) and MAPK. Upon cell 
activation (Figure 1B), the first core member activates the succeeding member in a serial 
manner (Garrington & Johnson, 1999). The final activated core member then regulates gene 
expression through the phosphorylation and activation of nuclear transcription factors 
(Cargnello & Roux, 2011)  The best studied MAPK is ERK1/ERK2 (ERK1/2), 44- and 42-kDa 
proteins that are stimulated by a wide range of ligands (e.g. serum, growth factors, cytokine 
stresses, other mitogens). Upon ligand-induced stimulation of receptor tyrosine kinase 
(RTK) activity, adapter molecules (Grb2, SoS) bind to the receptors to enhance the activation 
of the Ras GTP-binding protein. Activated Ras binds to the first core member of the cascade, 
ubiquitous Raf-1 (MKKK, one of three Raf isoforms: A-Raf, B-Raf and c-Raf-1), or rap, which 
activates B-Raf, and transports the isoform to the plasma membrane for activation by other 
protein kinases (e.g. Src, PKC, PAK). Active Raf-1 or B-Raf dissociates from the Ras complex 
and phosphorylates its substrate and the second core member, MEK1/2 (MKK). Activated 
MEK1/2 then phosphorylates and activates the final core member, ERK1/2, which 
phosphorylates and activates its downstream substrates and various transcription factors 
(elk-1, c-fos, c/n-Myc) for expression of early response genes leading to a cell response (e.g. 
cell proliferation, differentiation, survival and apoptosis)). Other MAPK subfamilies, not as 
well characterized as the ERK1/2 family are the JNK/SAPK (46- and 54 kDa proteins, 
isoforms JNK1, JNK2 and JKN3) and p38 kinases (isoforms p38, -, δ, γ) . These kinases are 
often activated by inflammatory cytokines and cellular stresses (e.g. ionizing radiation, heat 
shock). They are associated with promotion of apoptosis and cytokine production 
(Robinson-White Stratakis, 2002).  

2.2.2 PKB signaling pathway 

PKB, a serine/threonine kinase, is named so because of its structural similarity to protein 
kinases A and C (Coffer & Woodgett, 1991). Its activation (Figure 1C) can occur at the 
plasma membrane by growth factors, cytokines and neurotrophic factors. The activated 
receptor phosphorylates a key regulatory protein (through monomeric Ras or Ras-related 
protein, R-RP), phoshatidylinositol-3 kinase (PI3K). PI3K, a heterodimer of both regulatory 
and catalytic subunits, has molecular masses of 85 kDa (p85) and 110 kDa (p110), 
respectively. Each subunit has at least five isoforms. PI3K is activated when p85 and p110 
form a heterodimer that interacts with an activator protein. Binding of the activator protein 
causes a conformational change in the heterodimer, leading to its activation. PI3K has both 
lipid and protein kinase activity. It has the ability to activate several proteins such as PKB, 
PKC phosphoinositide-dependent kinase-1 (PDK-1), Ras and Rac cd42. It is then activated in 
two major steps: first, its pleckstrin homology domain binds with the main products of a 
PI3K, Ptdlns P and Ptdlns P2 catalyzed lipid reaction. Second, it is phosphorylated by PDK-
1 kinase. Activated PKB acts to preferentially control anti-apoptotic mechanisms. It acts 
through several independent mechanisms: 1), it phosphorylates BAD to prevent its binding 
to antiapoptotic Bcl-2; 2) it inhibits caspase protease activity; and 3) it directly 
phosphorylates and activates cAMP-induced ribosomal protein S6 kinase (p70S6k), a key 
player in the PI3K/mTor/p70S6k pathway. PKB also directly phosphorylates glycogen 
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synthetase kinase (GSK-3) to decrease its activity and prevent the induction of apoptosis. 
Lastly, PKB phosphorylates the winged-helix family of transcription factors, forkhead 
(FKHR) (Robinson-White & Stratakis, 2002). 

2.2.3 PKC signaling pathway 

PKC presents a large super family of protein kinases that comprise at least ten members or 
isozymes. Each isozyme has a distinct tissue distribution and functional pattern. They are 
grouped according to their activation requirements. Conventional PKCs (PKC-, -BI,-BII and 
γ) are activated by phosphatidyl serine, Ca2+ and diacylglycerol (DAG). Novel PKCs (PKC-δ, 
-ε, -η, and -φ) do not require Ca2+, while atypical PKCs (PKC-ζ and -λ) require only 
phosphatidyl serine. Other isozymes, the protein kinase C-related kinases (PRKs) are 
insensitive to Ca2+, DAG and phorbol esters (Robinson-White & Stratakis, 2002). Stimulation 
of the PKC pathway (Figure 1D), by various agents (e.g. mitogenic growth factors, 
hormones), leads to the breakdown of plasma membrane phospholipid (PIP2) by 
phospholipase C (PLC). The resultant hydrolysis generates inositol triphosphate (IP3) and 
membrane located DAG. IP3 causes the release of Ca2+ from the endoplasmic reticulum (ER). 
DAG production is transient and is frequently followed by a more sustained release 
following hydrolysis of phosphatidylcholine (PC) by phospholipase D. Ca2+ mobilization 
then causes PKC to bind to the plasma membrane cytosolic leaf where it is activated by 
DAG. PKC activation results in the activation of cell-specific transcription factors (e.g. c-Fos, 
c-Jun, NF-kB) for an array of cell responses (Lodish et al., 2000).  

2.2.4 Wnt signaling pathway 

Wnt (wingless and integration site growth factor) signal transduction is induced by lipid-
modified and secreted Wnt glycoproteins. Nineteen Wnt family members and ten 7-
transmembrane Frizzled (FZ) receptors exist in humans. Wnt proteins bind to receptors of 
the FZ family to activate both the canonical (canonical-Wnt/B-Catenin) and non-canonical 
pathways (Figure 1E), of which the disheveled scaffolding protein (DVL) acts as the central 
hub (Hu &Li, 2010). In the cytoplasm, in the absence of Wnt protein activation, B-Catenin 
forms a multi-protein destruction complex with adenomatous polyposis coli (APC), axin 
and glycogen synthase kinase -3 (GSK3-), which leads to proteasomal degradation 
through -Trep-mediated ubiquitination. Upon Wnt protein binding to activate the 
canonical pathway, DVL is activated. The destruction complex is disassembled, leaving free 
and stable B-Catenin in the cytosol. B-Catenin travels to the nucleus and forms a 
heterodimer with the TCF/LEF transcription factor for activation of target genes, e.g. c-myc, 
to regulate cell proliferation, stem cell maintenance or cell differentiation. Wnt proteins also 
stimulate B-Catenin -independent non-canonical pathways. These pathways are called the 
Wnt/jun N-terminal kinase (JNK) and Wnt/calcium pathways. The Wnt/JNK pathway 
involves the activation of small GTPases of the rho family (e.g. rac, cdc42) and downstream 
protein kinases such as JNK or rho kinase. JNK activates c-Jun, which goes into the nucleus 
to regulate polarized cell movement. Activation of the Wnt/calcium pathway occurs when 
Wnt proteins bind to FZ receptors to activate DVL and heterotrimic G-proteins that activate 
PLCγ and IP3 and cause the release of Ca2+ from the endoplasmic reticulum. Released Ca2+ 
then activates calcium-dependent enzymes, calcium/calmodulin-dependent kinase, 
CaMKII, PKC or calcineurin. Calcineurin activates NFAT transcription factor and gene 
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expression for cardiac development and hypertrophy. CaMKII activation can lead to 
activation of a nemo-like kinase (NLK), which prevents -Catenin intranuclear signaling 
(Hu & Li, 2010; Roa & Khul, 2010). 

2.3 Interaction of PKA with other signaling pathways in endocrine tissue 

Signaling pathways “talk” to each other forming a complicated network of interactions that 
amplify and/ or dampen the activation of extracellular and intracellular signals. PKA plays 
the role of the central hub in endocrine signal transduction. Depending on the species, 
tissue, cell type and cell type involved, PKA can mediate and communicate cAMP effects to 
MAPK, PKC, PKB, and other pathways to modify and influence a cellular response 
(Robinson-White & Stratakis, 2002). We present here examples of cAMP/PKA signaling 
pathway interactions in endocrine tissue. 

2.3.1 The hypothalamic-pituitary axis signal transduction 

The hypothalamic-pituitary axis (Figure 2A) is regulated via the stimulation of 
gonadotropin releasing hormone (GnRH) receptors (GnRHR) and the activation of multiple 
G-proteins by GnRH, from hypothalamic neurosecretory cells. GnRHRs couple to 
heterotrimeric G-proteins and can activate PKC, PKA and MAPK simultaneously. GnRHRs 
activate PKC through extracellular Ca2+ via the G-protein Gq/11, and activates PKA via 
GS and cAMP. GnRHRs also activate GBγ-mediated PI3K and Src. While both PKC and 
PKA can independently activate c-Raf-1 of MAPK, PI3K can activate Ras to affect MAPK. 
The γ subunit released by activation of Gi also stimulates adenyl cyclase (AC) to produce 
cAMP. Thus, GnRHR activation of MAPK is mediated by Gs, Gq/11, Gi and Gγ (Cuny 
et al., 2011; Robinson-White & Stratakis, 2002). Therefore, in pituitary somatolactotroph 
cells, both the PKA and PKC pathways converge to activate MAPK for the regulation of 
gonadotropin hormone secretion and for cell proliferation. Recent studies in mouse AtT-20 
corticotroph pituitary cells (not shown), suggest that PKA and the canonical Wnt signaling 
pathway interact to induce tumorigenesis. PKA alters the GSK-3B phosphorylation status at 
phosphor-GSK-3B (Ser9) thereby altering B-Catenin degradation and controlling cell 
proliferation (Khattak et al., 2010).  

2.3.2 Thyroid Signal Transduction 

In normal thyroid follicular cells, the PKA, PKC signaling pathways and protein tyrosine 
kinase (PTK) predominate (Figure 2B1). Thyrotrophic stimulating hormone (TSH) stimulates 
the thyroid via a GPCR mediated increase in cAMP levels, and activates PKA for cell 
differentiation. The phorbol ester, 12-O tetradecanoylphorbol 13-acetate (TPA), activates 
protein kinase C, and inhibits PKA to stimulate cell proliferation. Epidermal growth factor-1 
(EGF-1), acting on a receptor tyrosine kinase (RTK) activates the PKC signaling pathway to 
induce cell proliferation. The PKA and PKC pathways interact with a high degree of 
antagonism and coordination. PKA inhibits thyroid cell proliferation as induced by EGF, 
and PKC inhibits PKA induced differentiation. Upon TSH stimulation, cAMP 
simultaneously stimulates PKA and influences the selection of the Ras effector (i.e. PI3K vs. 
c-Raf-1), by which PI3K is selected over c-Raf-1 as the effector. Thus, in normal thyroid, 
MAPK appears to be minimally (or not) involved in cell signaling. Signal transduction in the 
control of human thyroid carcinoma, presents a different picture (Figure 2B2). Human  
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synthetase kinase (GSK-3) to decrease its activity and prevent the induction of apoptosis. 
Lastly, PKB phosphorylates the winged-helix family of transcription factors, forkhead 
(FKHR) (Robinson-White & Stratakis, 2002). 

2.2.3 PKC signaling pathway 

PKC presents a large super family of protein kinases that comprise at least ten members or 
isozymes. Each isozyme has a distinct tissue distribution and functional pattern. They are 
grouped according to their activation requirements. Conventional PKCs (PKC-, -BI,-BII and 
γ) are activated by phosphatidyl serine, Ca2+ and diacylglycerol (DAG). Novel PKCs (PKC-δ, 
-ε, -η, and -φ) do not require Ca2+, while atypical PKCs (PKC-ζ and -λ) require only 
phosphatidyl serine. Other isozymes, the protein kinase C-related kinases (PRKs) are 
insensitive to Ca2+, DAG and phorbol esters (Robinson-White & Stratakis, 2002). Stimulation 
of the PKC pathway (Figure 1D), by various agents (e.g. mitogenic growth factors, 
hormones), leads to the breakdown of plasma membrane phospholipid (PIP2) by 
phospholipase C (PLC). The resultant hydrolysis generates inositol triphosphate (IP3) and 
membrane located DAG. IP3 causes the release of Ca2+ from the endoplasmic reticulum (ER). 
DAG production is transient and is frequently followed by a more sustained release 
following hydrolysis of phosphatidylcholine (PC) by phospholipase D. Ca2+ mobilization 
then causes PKC to bind to the plasma membrane cytosolic leaf where it is activated by 
DAG. PKC activation results in the activation of cell-specific transcription factors (e.g. c-Fos, 
c-Jun, NF-kB) for an array of cell responses (Lodish et al., 2000).  

2.2.4 Wnt signaling pathway 

Wnt (wingless and integration site growth factor) signal transduction is induced by lipid-
modified and secreted Wnt glycoproteins. Nineteen Wnt family members and ten 7-
transmembrane Frizzled (FZ) receptors exist in humans. Wnt proteins bind to receptors of 
the FZ family to activate both the canonical (canonical-Wnt/B-Catenin) and non-canonical 
pathways (Figure 1E), of which the disheveled scaffolding protein (DVL) acts as the central 
hub (Hu &Li, 2010). In the cytoplasm, in the absence of Wnt protein activation, B-Catenin 
forms a multi-protein destruction complex with adenomatous polyposis coli (APC), axin 
and glycogen synthase kinase -3 (GSK3-), which leads to proteasomal degradation 
through -Trep-mediated ubiquitination. Upon Wnt protein binding to activate the 
canonical pathway, DVL is activated. The destruction complex is disassembled, leaving free 
and stable B-Catenin in the cytosol. B-Catenin travels to the nucleus and forms a 
heterodimer with the TCF/LEF transcription factor for activation of target genes, e.g. c-myc, 
to regulate cell proliferation, stem cell maintenance or cell differentiation. Wnt proteins also 
stimulate B-Catenin -independent non-canonical pathways. These pathways are called the 
Wnt/jun N-terminal kinase (JNK) and Wnt/calcium pathways. The Wnt/JNK pathway 
involves the activation of small GTPases of the rho family (e.g. rac, cdc42) and downstream 
protein kinases such as JNK or rho kinase. JNK activates c-Jun, which goes into the nucleus 
to regulate polarized cell movement. Activation of the Wnt/calcium pathway occurs when 
Wnt proteins bind to FZ receptors to activate DVL and heterotrimic G-proteins that activate 
PLCγ and IP3 and cause the release of Ca2+ from the endoplasmic reticulum. Released Ca2+ 
then activates calcium-dependent enzymes, calcium/calmodulin-dependent kinase, 
CaMKII, PKC or calcineurin. Calcineurin activates NFAT transcription factor and gene 
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expression for cardiac development and hypertrophy. CaMKII activation can lead to 
activation of a nemo-like kinase (NLK), which prevents -Catenin intranuclear signaling 
(Hu & Li, 2010; Roa & Khul, 2010). 

2.3 Interaction of PKA with other signaling pathways in endocrine tissue 

Signaling pathways “talk” to each other forming a complicated network of interactions that 
amplify and/ or dampen the activation of extracellular and intracellular signals. PKA plays 
the role of the central hub in endocrine signal transduction. Depending on the species, 
tissue, cell type and cell type involved, PKA can mediate and communicate cAMP effects to 
MAPK, PKC, PKB, and other pathways to modify and influence a cellular response 
(Robinson-White & Stratakis, 2002). We present here examples of cAMP/PKA signaling 
pathway interactions in endocrine tissue. 

2.3.1 The hypothalamic-pituitary axis signal transduction 

The hypothalamic-pituitary axis (Figure 2A) is regulated via the stimulation of 
gonadotropin releasing hormone (GnRH) receptors (GnRHR) and the activation of multiple 
G-proteins by GnRH, from hypothalamic neurosecretory cells. GnRHRs couple to 
heterotrimeric G-proteins and can activate PKC, PKA and MAPK simultaneously. GnRHRs 
activate PKC through extracellular Ca2+ via the G-protein Gq/11, and activates PKA via 
GS and cAMP. GnRHRs also activate GBγ-mediated PI3K and Src. While both PKC and 
PKA can independently activate c-Raf-1 of MAPK, PI3K can activate Ras to affect MAPK. 
The γ subunit released by activation of Gi also stimulates adenyl cyclase (AC) to produce 
cAMP. Thus, GnRHR activation of MAPK is mediated by Gs, Gq/11, Gi and Gγ (Cuny 
et al., 2011; Robinson-White & Stratakis, 2002). Therefore, in pituitary somatolactotroph 
cells, both the PKA and PKC pathways converge to activate MAPK for the regulation of 
gonadotropin hormone secretion and for cell proliferation. Recent studies in mouse AtT-20 
corticotroph pituitary cells (not shown), suggest that PKA and the canonical Wnt signaling 
pathway interact to induce tumorigenesis. PKA alters the GSK-3B phosphorylation status at 
phosphor-GSK-3B (Ser9) thereby altering B-Catenin degradation and controlling cell 
proliferation (Khattak et al., 2010).  

2.3.2 Thyroid Signal Transduction 

In normal thyroid follicular cells, the PKA, PKC signaling pathways and protein tyrosine 
kinase (PTK) predominate (Figure 2B1). Thyrotrophic stimulating hormone (TSH) stimulates 
the thyroid via a GPCR mediated increase in cAMP levels, and activates PKA for cell 
differentiation. The phorbol ester, 12-O tetradecanoylphorbol 13-acetate (TPA), activates 
protein kinase C, and inhibits PKA to stimulate cell proliferation. Epidermal growth factor-1 
(EGF-1), acting on a receptor tyrosine kinase (RTK) activates the PKC signaling pathway to 
induce cell proliferation. The PKA and PKC pathways interact with a high degree of 
antagonism and coordination. PKA inhibits thyroid cell proliferation as induced by EGF, 
and PKC inhibits PKA induced differentiation. Upon TSH stimulation, cAMP 
simultaneously stimulates PKA and influences the selection of the Ras effector (i.e. PI3K vs. 
c-Raf-1), by which PI3K is selected over c-Raf-1 as the effector. Thus, in normal thyroid, 
MAPK appears to be minimally (or not) involved in cell signaling. Signal transduction in the 
control of human thyroid carcinoma, presents a different picture (Figure 2B2). Human  
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Fig. 2. Cell Signaling in Endocrine Organs. The PKA signaling pathway interacts in a 
complex manner with other signaling pathways in endocrine tissue (A-F), and acts as a 
central hub in endocrine signal transduction. An explanation of these interactions is given in 
the text. (A). Hypothalamic/Pituitary Axis Signal Transduction. (B) Thyroid Signal 
Transduction; Normal and Mutant tissue. (C) Adrenal Signal Transduction. (D) Ovarian 
Signal Transduction. (E) Testicular Signal Transduction (F) Pancreas Signal Transduction 

thyroid papillary carcinoma cells were treated with TSH, forskolin (Fsk), 8-Br-cAMP (cAMP 
analogue and PKA stimulant) and the B-adrenergic receptor agonists, norepinephrine (NE), 
epinephrine (EPI) and isoproterenol (ISO). There was no effect on proliferation by TSH, or 
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on the accumulation of cAMP. Fsk decreased cell growth, but had no effect on cAMP 
accumulation. The B-adrenergic agonists induced cAMP accumulation, and reduced cell 
growth via an unknown kinase. Other studies with the specific B-adrenergic receptor (B-AR) 
agonist, CGP-12177, showed that thyroid carcinoma cells have B-ARs that have high 
sensitivity to the growth inhibitory effects of cAMP (Robinson-White & Stratakis, 2002). The 
mechanism of this inhibition by PKA is yet to be determined. 

2.3.3 Adrenocortical signal transduction 

In adrenocortical signaling (Figure 2C), MAPK (ERK1/2), plays a large part in signal 
transduction and interacts with the PKA and PKB pathways, as seen in mouse Y1 (G0/G1 
cell cycle–arrested) adrenocortical tumor cells, in normal human cortical tissue and in 
primary pigmented nodular adrenocortical (PPNAD) tumors. A full discussion on PPNAD 
will occur in later sections. In mouse Y1 cells, PKA is stimulated by GPCR activation 
through adrenocorticotropin (ACTH) and adenyl cyclase. Fibroblast growth factor-2 (FGF-2) 
acting through a receptor tyrosine kinase (RTK) activates ERK1/2 of MAPK for cell 
proliferation, as well as activates PI3K. PI3K causes the activation of PKB. ACTH also has a 
small and transitory effect on ERK1/2 early in G1, but has a large negative mitogenic effect 
on PKB. PKA inhibits PKB activity and its effect on ERK1/2. A similar effect on ERK1/2, to 
that in mouse, has been seen in normal and mutant human adrenocortical tissue (PPNAD, 
see Figure 3B). Therefore, PKA and PKB interact in adrenocortical tissue to either inhibit or 
enhance cell proliferation via ERK1/2, depending on the tissue tumor status (Robinson-
White et al., 2006a; Robinson-White & Stratakis, 2002). 

2.3.4 Ovarian signal transduction 

Rat ovarian follicle growth and the differentiation of ovarian granulosa cells depend on 
sequential stimulation by FSH and LH. FSH regulates granulosa cell proliferation in small 
follicles. As follicles mature, FSH induces the expression of genes that encode P450 
aromatase and the LH receptor. During granulosa cell development (Figure 2D), FSH and 
LH bind to GPCRs and stimulate the production of cAMP. CAMP then acts as a molecular 
switch to control several signaling pathways:   In addition to the stimulation of PKA activity 
for the induction of transcription, it stimulates PI3K via cAMP-GEF/Ras/Rap. This action 
can be abolished by myristate acetate (PMA) stimulation of PKC. Insulin-like growth factor-
1 (IGF-1) can also act in ovarian cells to mediate the activation of PKB, via PI3K and PDKI 
PKA interacts with MAPK in ovarian cells and tissues. PMA abolishes FSH, but not IGF-1 
mediated PKB phosphorylation. Rap can induce the three Raf isoforms to activate the 
MAPK, p38, which is then inhibited by FSH/LH induced PKA activity (Robinson-White & 
Stratakis, 2002). 

2.3.5 Testicular signal transduction 

In the testis (Figure 2E), FSH stimulates PKA via the production of cAMP, to induce cell 
proliferation. In rat Sertoli cells, most cAMP-dependent activity is mediated by the RII 
PKA subunit, although other subunits (RI, RII, RII, C) have been found. It has been 
shown that TPA induces PKC to inhibit both FSH-stimulated cAMP formation and 
androgen aromatization. TPA can transiently stimulate RI and RII mRNA with no effects 
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Fig. 2. Cell Signaling in Endocrine Organs. The PKA signaling pathway interacts in a 
complex manner with other signaling pathways in endocrine tissue (A-F), and acts as a 
central hub in endocrine signal transduction. An explanation of these interactions is given in 
the text. (A). Hypothalamic/Pituitary Axis Signal Transduction. (B) Thyroid Signal 
Transduction; Normal and Mutant tissue. (C) Adrenal Signal Transduction. (D) Ovarian 
Signal Transduction. (E) Testicular Signal Transduction (F) Pancreas Signal Transduction 

thyroid papillary carcinoma cells were treated with TSH, forskolin (Fsk), 8-Br-cAMP (cAMP 
analogue and PKA stimulant) and the B-adrenergic receptor agonists, norepinephrine (NE), 
epinephrine (EPI) and isoproterenol (ISO). There was no effect on proliferation by TSH, or 
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on the accumulation of cAMP. Fsk decreased cell growth, but had no effect on cAMP 
accumulation. The B-adrenergic agonists induced cAMP accumulation, and reduced cell 
growth via an unknown kinase. Other studies with the specific B-adrenergic receptor (B-AR) 
agonist, CGP-12177, showed that thyroid carcinoma cells have B-ARs that have high 
sensitivity to the growth inhibitory effects of cAMP (Robinson-White & Stratakis, 2002). The 
mechanism of this inhibition by PKA is yet to be determined. 

2.3.3 Adrenocortical signal transduction 

In adrenocortical signaling (Figure 2C), MAPK (ERK1/2), plays a large part in signal 
transduction and interacts with the PKA and PKB pathways, as seen in mouse Y1 (G0/G1 
cell cycle–arrested) adrenocortical tumor cells, in normal human cortical tissue and in 
primary pigmented nodular adrenocortical (PPNAD) tumors. A full discussion on PPNAD 
will occur in later sections. In mouse Y1 cells, PKA is stimulated by GPCR activation 
through adrenocorticotropin (ACTH) and adenyl cyclase. Fibroblast growth factor-2 (FGF-2) 
acting through a receptor tyrosine kinase (RTK) activates ERK1/2 of MAPK for cell 
proliferation, as well as activates PI3K. PI3K causes the activation of PKB. ACTH also has a 
small and transitory effect on ERK1/2 early in G1, but has a large negative mitogenic effect 
on PKB. PKA inhibits PKB activity and its effect on ERK1/2. A similar effect on ERK1/2, to 
that in mouse, has been seen in normal and mutant human adrenocortical tissue (PPNAD, 
see Figure 3B). Therefore, PKA and PKB interact in adrenocortical tissue to either inhibit or 
enhance cell proliferation via ERK1/2, depending on the tissue tumor status (Robinson-
White et al., 2006a; Robinson-White & Stratakis, 2002). 

2.3.4 Ovarian signal transduction 

Rat ovarian follicle growth and the differentiation of ovarian granulosa cells depend on 
sequential stimulation by FSH and LH. FSH regulates granulosa cell proliferation in small 
follicles. As follicles mature, FSH induces the expression of genes that encode P450 
aromatase and the LH receptor. During granulosa cell development (Figure 2D), FSH and 
LH bind to GPCRs and stimulate the production of cAMP. CAMP then acts as a molecular 
switch to control several signaling pathways:   In addition to the stimulation of PKA activity 
for the induction of transcription, it stimulates PI3K via cAMP-GEF/Ras/Rap. This action 
can be abolished by myristate acetate (PMA) stimulation of PKC. Insulin-like growth factor-
1 (IGF-1) can also act in ovarian cells to mediate the activation of PKB, via PI3K and PDKI 
PKA interacts with MAPK in ovarian cells and tissues. PMA abolishes FSH, but not IGF-1 
mediated PKB phosphorylation. Rap can induce the three Raf isoforms to activate the 
MAPK, p38, which is then inhibited by FSH/LH induced PKA activity (Robinson-White & 
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2.3.5 Testicular signal transduction 

In the testis (Figure 2E), FSH stimulates PKA via the production of cAMP, to induce cell 
proliferation. In rat Sertoli cells, most cAMP-dependent activity is mediated by the RII 
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on other PKA subunits. Rat testicular cells treated with both 8-CPTcAMP and TPA showed 
additive effects on stimulation of RI mRNA and on inhibition of RII mRNA levels. 
However, treatment with cycloheximide (a protein synthesis inhibitor) completely blocked 
the effect of TPA on RII mRNA, but not on RI. Therefore the inhibitory effect of PKC on 
RII was dependent on ongoing protein synthesis. Although the precise site(s) of PKC-PKA 
interaction has not been determined, these data indicate that multiple and distant 
mechanisms are involved in the stimulation and inhibition of RI, RIIPKA subunit activity, 
respectively (Robinson-White & Stratakis, 2002). 

2.3.6 Pancreatic signal transduction  

Insulin secretion from the pancreas (Figure 2F) is potentiated by hormones and 
neurotransmitters that activate PKA and PKC through cAMP and phospholipase C (PLC), 
respectively, as well as via myosin light chain kinase (MLCK). High glucose concentrations 
generate an elevated intracellular ATP/ADP ratio that leads to closure of K+ channels, and 
the subsequent opening of Ca2+channels via phosphorylation by PKA, which leads to an 
increased intracellular Ca2+ load. Other potentiators of insulin secretion cause IP3 to release 
Ca2+ from intracellular stores for the activation of PKC. Increased PKC activity induces 
MLCK and insulin granules to travel to the cells periphery. At the periphery, PKA plays a 
role in insulin secretion. Therefore release of insulin from secretory granules is orchestrated 
by PKA, PKC, and MLCK (Robinson-White & Stratakis, 2002). 

3. PKA and apoptosis 
3.1 Programmed cell death 

Due to advancements in our knowledge of cell signaling pathways, programmed cell death 
(PCD), has recently been expanded from the inclusion of only a single cell death module 
(apoptosis) to include both necrosis and autophagic cell death as additional modules. Each 
cell death type is characterized by distinct morphological features and is regulated by 
different signaling pathways. Of these, necrosis is the least studied and least understood 
module. Necrosis was originally defined as accidental cell death that does not require gene 
activity. It is now recognized as a genetically controlled event  (Taylor et al., 2008). It 
involves cell swelling, organelle dysfunction and cell lysis, caused by stress that is 
incompatible with cell survival. Necrotic cells trigger the immune system due to the release 
of danger-associated molecular patterns (DAMOs or alarmins) that stimulate recognition 
receptors in immune cells (Bialik et al., 2010; Degterev & Yuan, 2008). The immune system 
interprets the presence of necrotic cells as danger and a signal for activation of its response. 
In contrast to necrotic cell death, our understanding of autophagy cell death is more 
advanced, but not yet complete. It has been described as a pro-survival pathway that is 
essential for cell homeostasis and stress responses. It is mediated by ATG genes in which 
damaged or dysfunctional intracellular contents are engulfed by autophagosomes and 
degraded by lysosomal enzymes. For the purposes of this review, however, we will 
concentrate on the third and best studied module of PCD, apoptosis. Apoptosis is 
characterized by chromatin condensation and fragmentation, membrane blebbing and 
disintegration of the cell into smaller apoptotic bodies. It is a multistep process and involves 
two separate pathways, the intrinsic mitochondrial-induced pathway and the extrinsic 
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death receptor dependent pathway. The intrinsic pathway is activated by a variety of 
stimuli within the cell (e.g. glucocorticords and staurosporin) that provoke cell stress or 
damage. The B cell CLL/lymphoma-2 (BCL-2) protein family is involved in this pathway. It 
consists of three types of proteins, anti-apoptotic proteins (e.g. BCL-2, BCL-XL, and MC-1), 
pro-apoptotic proteins (e.g. BAK, BAD and BAX) and BH3–only proteins (e.g. BID, BIM and 
PUMA). The pro-apoptotic members act on the mitochondria to cause the release of 
intramembrane space proteins, such as cytochrome C, for the formation of an apoptosome 
complex (i.e. 7 molecules of APAF-1 and 7 caspase-9 homodimers). Active caspase-9 then 
causes a proteolytic cascade of further effector caspase activation events which carry out cell 
“demolition” events, i.e. cell blebbing, nuclear condensation and cell fragmentation (Bialik et 
al., 2010). The extrinsic pathway is activated by a family of transmembrane death receptors 
of the tumor necrosis factor family (e.g. Fas/CD95, Fas/APO-1 and 2) (Walazak & Krammer, 
2000). The Fas ligand binds to the receptor and Fas-associated death domain (FADD; an 
adaptor molecule) is recruited, followed by the recruitment of Caspase -8 and the formation 
of a death inducing complex (DISC). Caspase -8 then autoactivates and initiates apoptosis by 
the cleavage of downstream pro-caspase effector molecules (caspase-3, caspase-6 and 
caspase-7) as mentioned above (Bialik et al., 2010; Zimmerman et al., 2001). 

3.2 Effect of PKA and its interaction with other signaling pathways on apoptosis in 
endocrine tissue  

In endocrine tissue, PKA plays a role in regulating PCD through its effects on apoptosis. 
Although other modules of PCD exist in endocrine tissue, because of the high complexity of 
cell signaling networks and variation in pathways present in different endocrine tissue, we 
present examples of the interaction of PKA with other signaling pathways and the action of 
PKA alone only on apoptosis. PKA appears to act on apoptosis at both its upstage induction 
stage and downstage effector (demolition) stage. However, due to a lack of experimentation, 
the data does not reveal the precise molecular points of interaction of PKA within the 
apoptotic pathways of endocrine tissue. 

3.2.1 Apoptosis in adrenal tissue 

In the normal human adrenal cortex, evidence suggests that endogenous ligands 
(neuropeptides, NPB and NPW) of two G-protein coupling receptors, GPR7 and GPR8, 
stimulate glucocorticoid secretion by activating PKA and PKC signaling pathways. To 
study human adrenal functional regulation, human adrenocortical carcinoma-derived 
NCI-H29 (H295R) cells, the main model cell system for human adrenocortical tumors 
(Groussin et al., 2000), were employed. In H295R cells, mRNA for GPR7 and GPR8 was 
expressed. However, NPB and NPW did not affect secretion. Yet, both peptides enhanced 
cell growth by increasing proliferation and inhibiting apoptosis via stimulation of MAPK 
and not through PKA or PKC. The authors conclude that although GPR7 and GPR8 are 
expressed in H295R cells, they are a variation of those found in normal adrenal cells and 
may be uncoupled to PKA and PKC (Andreis et al., 2005). ACTH, the major regulator of 
adrenal cortex, function acts mainly through PKA (Kirschner, 2002). However, because of 
increasing evidence that the pro-apoptotic tumor necrosis factor-a (TNF-) is involved in 
the regulation of adrenal control and function (Gonzalez-Hernandez et al. ,1996), the 
interaction of PKA with TNF- on adrenocortical cell proliferation and apoptosis was 



 
Advances in Protein Kinases 

 

48
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studied. Activation of PKA by dibutyl cAMP [(Bu)2 cAMP] inhibited proliferation and 
increased TNF--induced apoptosis. (Bu)2 cAMP also increased the expression of the 
transcription factor c-Myc. Thus, PKA may augment TNF--induced apoptosis in H295R 
cells through increased c-Myc expression (Liu et al., 2004). In several other studies, PKA 
was shown to affect apoptosis in adrenal tissue. In mutant tissue, a dysregulation of the 
balance of the regulatory PKA subunits, RI and RII may be involved in adrenal 
tumorigenesis (Robinson-White et al, 2003). The impact of this imbalance on cell 
proliferation and on apoptosis was investigated using the specific cAMP site selective 
analogues, 8-Chloro cyclic-adenosine -monophosphate (8-Cl-cAMP) and 8-(4-
chlorophenylthio) cAMP (8-CPT-cAMP). 8-Cl-cAMP activates both RI and RII, while 8-
CPT-cAMP activates only RII. Studies showed that by targeting the PKA RII regulatory 
subunit, the balance between RI and RII is disturbed. This disturbance influences cyclin 
B accumulation, inactivation of CDC2 kinase, cell cycle progression at G2 phase cell cycle 
arrest, and induces apoptosis (Bouizar et al, 2010). In another study, the effect of 
inactivation of the RI PKA subunit on the interaction of the PKA and TGFB (stimulates 
SMAD proteins through type I and type II serine/threonine kinase receptors) pathways, 
and on apoptosis was investigated. PRKAR1A (specifics of which will, be given in later 
sections), the gene encoding the RI subunit of PKA was silenced by siRNA. Silencing 
PRKAR1A stimulated PKA activity and increased transcriptional activity of a PKA 
reporter construct and expression of the endogenous PKA target, NR22. PRKAR1A 
inactivation also decreased SMAD3 mRNA and protein levels, thus altering the cells 
response to TGFB. Since TGFB normally stimulates apoptosis in H295R cells, this effect 
was counteracted by the inactivation of PRKAR1A. Thus, PKA and TGFB signaling 
pathways interact in endocrine tumorigenesis (Ragazzon et al, 2009). In another species, in 
mouse Y1 cells, which possess an over expressed c-Ki-Ras proto-oncogene and exhibits 
high constitutive levels of Ras-GTP, FGF2 can up-regulate Ras-GTP, activate PI3K and 
promote PKB phosphorylation and deactivation. This induces a mitogenic, anti-apoptotic 
effect in Y1 cells. ACTH activates PKA to cause a rapid dephosphorylation of PKB and a 
downstream de-regulation of the c-Myc protein. This data presents one mechanism of the 
blocking of G1-S transition in Y1 cells and induction of apoptosis (Robinson-White & 
Stratakis, 2002). 

3.2.2 Apoptosis in thyroid tissue 

Thyroid cells are highly resistant to apoptosis, which is actively suppressed by cell signaling 
pathways. CAMP is known to rescue cells from apoptosis as stimulated by diverse stimuli, 
yet the survival pathways activated by cAMP are poorly understood. The role of cAMP in 
thyroid cell survival was investigated in Wistar rat thyroid (WRT) follicular cells. In WRT, 
cAMP activates multiple signaling pathways (e.g. PKA, PI3K, p70S6k and  Rap1), and 
multiple pathways modulate thyroid cell survival. Inhibition of cAMP -stimulated p70S6k, 
but not PI3K, abolished survival. Treatment with PKA inhibitors (H89 and RI209K) 
stimulated apoptosis and enhanced cell death after treatment with sodium nitroprusside 
(SNP). Cells expressing an activated Rap1A mutant also showed enhanced sensitivity to 
SNP-induced apoptosis. However, cells expressing dominant negative Rap1A were resistant 
to apoptosis. Although the exact mechanism has not been ascertained, these results show 
that PKA and Rap1 and PI3K/mTor/p70S6k pathways are involved in anti-apoptotic effects 
in WRT cells (Saavedra et al, 2002).  
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3.2.3 Apoptosis in ovarian tissue 

Human ovarian surface epithelial (OSE) and Caov-3 (derived from an ovarian adenoma) 
cells were used to determine the involvement of PKA in the protection of ovarian cancer 
cells from apoptosis. Fas binds to the CD95 receptor, to stimulate the extrinsic apoptotic 
pathway in the ovary to subsequently activate caspase-3. Co-treatment of cells with 
luteinizing hormone (LH) (stimulates PKA activity) and Fas, reduced the number of 
apoptotic cells in a transient manner. However, LH alone had no effect on apoptosis or on 
proliferation. The cell permeable cAMP analogue 8-CPT-cAMP mimicked the effect of LH. 
This finding suggests that the PKA signaling pathway is involved in protecting OSE cells 
from Fas-induced apoptosis (Slot et al., 2006). Thrombopoietin (TPO), a hormone/growth 
factor/cytokine plays an essential role in stimulating homatopoietic stem cell function, 
differentiation, megakariocytosis and platelet production. It also plays a role in controlling 
ovarian function through various signaling pathways (JAK/STAT, MAPK and PKA). 
Studies with cultured porcine ovarian follicles determined that TPO regulates proliferation, 
apoptosis and secretion in ovarian cells and identified intracellular mediators (possibly 
PKA). Results showed a TPO-induced increase in PCNA (associated with proliferation), 
BAX (pro-apoptosis), Tyrosine kinase, cdc2/p34, PKA activity and CREB-1. The PKA 
blocker, KT5720 given alone, reduced BAX and TGF-2B expression and augmented PKA, 
CREB and oxytocin expression. TPO and K5720 together prevented/reversed the action of 
TPO on PKA and CREB, but not on BAX. The data suggest that PKA has a role in mediating 
the effect of TPO on proliferation and apoptosis in the ovary. However, the exact 
mechanism involved is yet to be determined (Sirotkin et al., 2004). It is well established that 
leptin, a product of adipose tissue, has direct effects on the control of ovarian 
steroidogenesis, prostaglandin secretion and IGFBP-3 and IGG-1 release. Leptin also 
controls the effects of LH-RH on reproduction. The role of leptin on proliferation, apoptosis 
and PKA was uncertain. Studies in human ovarian granulosa cells showed that leptin 
stimulates ovarian cell cycle proteins (PCNA and cyclin B), Bax and PKA activity. This data 
represents the first evidence of leptins' involvement in the control of the ovarian cell cycle, 
and that PKA is a potential target of leptin and mediator of ovarian cell function (i.e. 
proliferation and apoptosis) (Sirotkin et al, 2008). 

3.2.4 Apoptosis in testicular tissue 

The putative Leydig cell receptor, peripheral-type benzodiazepine (PBR), modulates 
steriodogenesis in the testis. Since benzodiazepines are extensively used in regional 
anesthetics, a determination was made of their peripheral effects on Leydig cell 
steriodogenesis and underlying transduction pathways. The effect of the benzodiazepine, 
Midazolam (MDZ), on primary mouse Leydig cells and MA-10 Leydig tumor cells was 
assessed. MDZ stimulated steriodogenesis in both cell types and induced the expression of 
PBR and StAR (steroidogenesis acute regulatory protein) proteins. Inhibition of PKA (by 
H89) and PKC (by GF109203X) decreased MDZ-induced steroid production, indicating that 
MDZ stimulates steroidogenesis in mouse Leydig cells and the expression of PBR and StAR 
proteins via PKA and PKC. Also, at high MDZ concentrations, cell round-up, membrane 
blebbing and later, cell death occurred in MA-10 cells. The authors conclude that MDZ can 
induce steriodogenesis in both cell types, and at high doses can induce apoptosis in Leydig 
tumor cells. Thus PKA and PKC may play a role in the induction of apoptosis in Leydig 
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tumor cells (So et al., 2010). A growing interest exits in the regulation of mammalian 
fertility, by the endogenous ligand of the cannabinoid CB1 and CB2 receptors, 
endoicannobinoid anandamide N-arachidonoylethanolamine (AEA). Evidence has shown 
that endogenous cannabinoids can interfere with critical functions of mammalian and 
nonmammalian reproduction (e.g. regulation of embryo development, oviduct transport and 
implantation) in females, through apoptosis. However, since the impact of AEA on fertility 
in the male remained to be elucidated, a study using mouse primary Sertoli cells was 
performed to determine the effect of AEA on proliferation/apoptosis. It was shown that 
FSH stimulates PKA to enhance the activity of the AEA hydrolase, fatty acid amide 
hydrolase (FAAH), resulting in the hydrolysis of AEA. Thus, Sertoli cells are protected from 
the pro-apoptotic action of AEA. FSH also triggers PI3K signaling, which is required for the 
stimulation of cytochrome P450-aromatase expression (ARO). ARO can irreversibly 
transform androgens into estrogens and plays a large role in male reproduction (e.g. 
spermatogenesis). FSH appears to be responsible for total number of sperm produced and 
not the quality of the sperm. Stimulation of FAAH activity was abrogated by inhibition of 
PKA by the PKA inhibitor, myristoylated amide 14-22 and the cytochrome P450 inhibitor 4-
androsten-4-ol-3, 17-dione, and by the interaction of the PKC pathway with FSH-induced 
cAMP activity (see Figure 2E). The effects of FSH were reproduced with the PKA stimulant, 
(Bu)2 cAMP  and by estrogen. The data showed that PKA and estrogen mediate the 
protective effect of FSH on Sertoli cells, and may prevent apoptosis. The action of FSH via 
PKA and estrogen may be a means for modifying male infertility and Sertoli cell number, 
respectively, and points to AEA as a critical regulator of male fertility (Rossi et al., 2007). 

3.2.5 Apoptosis in pancreatic tissue 

Postprandial insulin secretion is regulated by hormonal factors (i.e. incretin hormones) 
released from the gut in response to nutrient ingestion. One hormone, glucose-dependent 
insulinotropic polypeptide (GIP) causes the release of insulin from pancreatic Beta cells in 
the presence of glucose via its G-protein coupled receptor. The activated GIP receptor 
induces stimulation of membrane bound adenyl cyclase which results in insulin secretion, 
influx of Ca2+ and cAMP production (Volz et al, 1995). Other studies showed that GIP and 
glucose act synergistically as anti-apoptotic factors in B-cells. Using a well differentiated B-
cell line, INS-1, it was shown that mitogenic and anti-apoptotic signaling in INS-1 cells 
occurs in response to the synergism of GIP and glucose via multiple interacting signaling 
pathways (PKA, PI3K, MAPK, and PKB). The release of intracellular Ca2+ appeared to be at 
the hub of signaling. Using a panel of various pathway inhibitors, many interacting signals 
were seen: 1) stimulation of PKA/CREB, MAPK, and PI3K/PKB; 2) inhibition of PKA by 
MEK1/2 of MAPK; 3) activation of ERK1/2 of MAPK by PI3K and PKA and; 4) activation of 
PKB by MAPK and PKA. This study showed that GIP functions as a mitogenic and anti-
apoptotic factor for B-cells by activating a tightly woven network of excitatory and 
inhibitory “cross-talk” of signaling pathways (Trumper et al., 2002). 

4. Bilateral adrenal hyperplasia: Involvement of PKA 
Bilateral adrenal hyperplasia (BAH), an adrenocorticotropin-independent form of 
adrenocortical disease that leads to Cushing Syndrome has been divided into two groups of 
disorders, micronodular and macronodular hyperplasia, based on the size of the associated 
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nodules. The size criteria have biological significance since a continuum in the same patient 
is rarely found. Most patients have either micronodular or macronodular hyperplasia, and 
rarely both. The PKA signaling pathway and its interaction with other signaling pathways is 
involved in the pathogenesis of both types. Both types are, therefore, presented, however, 
with an emphasis on the PKA associated micronodular syndromes. 

4.1 Bilateral micronodular hyperplasia  

Micronodular hyperplasias consists of diseases of the adrenal cortex with multiple nodules 
of less than 1 cm in diameter and can be divided into 3 groups, i.e. primary pigmented 
nodular adrenocortical disease (c-PPNAD), usually found in the context of Carney Complex 
(CNC), isolated primary pigmented nodular adrenocortical disease (i-PPNAD, and isolated 
micronodular adrenocortical disease (i-MAD) (Stratakis, 2007; Lodish & Stratakis, 2010a). 

4.1.1 Carney complex  

Endocrine tumors can present as sporadic events, or as part of an inherited tumor 
syndrome. One such syndrome, CNC, will be highlighted in this review. CNC is a unique 
and relatively rare autosomal dominant multiple endocrine neoplasia syndrome first 
described by Dr. J. Aidan Carney and co-workers at the Mayo Clinic, is characterized by 
spotty skin tumors and pigmented lesions (lentigenosis), myxomas, endocrine over activity 
and schwannomas (Carney et al, 1986). Endocrine tumors associated with CNC include 
primary pigmented adrenocortical disease (PPNAD), growth hormone secreting pituitary 
tumors, large cell–calcifying Sertoli cell tumors, Leydig cell tumors and thyroid follicular 
adenomas. The clinical manifestations and molecular genetics of CNC have been well 
described elsewhere (Rothenbuhler & Stratakis, 2010). Genetic linkage analysis has 
identified two independent loci for CNC, CNC1 located on chromosome 17p22-24 and 
CNC2, located on chromosome 2p16 (Stratakis et al., 1996). Most cases (> 60%) of CNC are 
caused by inactivating mutations in the gene encoding the PKA regulatory subunit, RI 
(PRKAR1A), located on chromosome 17p22-24 (Kirschner et al., 2000b) The gene responsible 
for CNC at locus 2p16 is as yet unknown. However, this locus is thought to contain genes 
responsible for at least some CNC patients, or the progression of the complex (Stratakis et 
al., 1996). 

4.1.2 PPNAD  

PPNAD is a rare bilateral adrenal disease and is the most frequent endocrine manifestation 
in CNC patients. From 80 to 90 % of PPNAD cases are associated with CNC. However, it 
may also occur independently of CNC. PPNAD received its name (Primary Pigmented 
Adrenocortical Disease) from the macroscopic appearance of the adrenal glands, 
characterized by small cortisol-producing, pigmented micronodules (black or brown, 
~6mm-1 cm in diameter) set in a usually atropic adrenal cortex. The micronodules secrete 
cortisol independently of pituitary signaling. Adrenal atrophy is pathognomonic and 
reflects the autonomic function of the nodules and suppressed levels of ACTH. The 
combination of atrophy and nodularity gives the gland an abnormal appearance (though 
commonly normal in size) that is highly diagnostic. PPNAD occurs mostly in children and 
young adults, and peaks in the second decade. It is rare under the age of 4 years and after 
the age of 40. In rare cases, one or both glands may be large and contain adenomas with a 
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tumor cells (So et al., 2010). A growing interest exits in the regulation of mammalian 
fertility, by the endogenous ligand of the cannabinoid CB1 and CB2 receptors, 
endoicannobinoid anandamide N-arachidonoylethanolamine (AEA). Evidence has shown 
that endogenous cannabinoids can interfere with critical functions of mammalian and 
nonmammalian reproduction (e.g. regulation of embryo development, oviduct transport and 
implantation) in females, through apoptosis. However, since the impact of AEA on fertility 
in the male remained to be elucidated, a study using mouse primary Sertoli cells was 
performed to determine the effect of AEA on proliferation/apoptosis. It was shown that 
FSH stimulates PKA to enhance the activity of the AEA hydrolase, fatty acid amide 
hydrolase (FAAH), resulting in the hydrolysis of AEA. Thus, Sertoli cells are protected from 
the pro-apoptotic action of AEA. FSH also triggers PI3K signaling, which is required for the 
stimulation of cytochrome P450-aromatase expression (ARO). ARO can irreversibly 
transform androgens into estrogens and plays a large role in male reproduction (e.g. 
spermatogenesis). FSH appears to be responsible for total number of sperm produced and 
not the quality of the sperm. Stimulation of FAAH activity was abrogated by inhibition of 
PKA by the PKA inhibitor, myristoylated amide 14-22 and the cytochrome P450 inhibitor 4-
androsten-4-ol-3, 17-dione, and by the interaction of the PKC pathway with FSH-induced 
cAMP activity (see Figure 2E). The effects of FSH were reproduced with the PKA stimulant, 
(Bu)2 cAMP  and by estrogen. The data showed that PKA and estrogen mediate the 
protective effect of FSH on Sertoli cells, and may prevent apoptosis. The action of FSH via 
PKA and estrogen may be a means for modifying male infertility and Sertoli cell number, 
respectively, and points to AEA as a critical regulator of male fertility (Rossi et al., 2007). 

3.2.5 Apoptosis in pancreatic tissue 

Postprandial insulin secretion is regulated by hormonal factors (i.e. incretin hormones) 
released from the gut in response to nutrient ingestion. One hormone, glucose-dependent 
insulinotropic polypeptide (GIP) causes the release of insulin from pancreatic Beta cells in 
the presence of glucose via its G-protein coupled receptor. The activated GIP receptor 
induces stimulation of membrane bound adenyl cyclase which results in insulin secretion, 
influx of Ca2+ and cAMP production (Volz et al, 1995). Other studies showed that GIP and 
glucose act synergistically as anti-apoptotic factors in B-cells. Using a well differentiated B-
cell line, INS-1, it was shown that mitogenic and anti-apoptotic signaling in INS-1 cells 
occurs in response to the synergism of GIP and glucose via multiple interacting signaling 
pathways (PKA, PI3K, MAPK, and PKB). The release of intracellular Ca2+ appeared to be at 
the hub of signaling. Using a panel of various pathway inhibitors, many interacting signals 
were seen: 1) stimulation of PKA/CREB, MAPK, and PI3K/PKB; 2) inhibition of PKA by 
MEK1/2 of MAPK; 3) activation of ERK1/2 of MAPK by PI3K and PKA and; 4) activation of 
PKB by MAPK and PKA. This study showed that GIP functions as a mitogenic and anti-
apoptotic factor for B-cells by activating a tightly woven network of excitatory and 
inhibitory “cross-talk” of signaling pathways (Trumper et al., 2002). 

4. Bilateral adrenal hyperplasia: Involvement of PKA 
Bilateral adrenal hyperplasia (BAH), an adrenocorticotropin-independent form of 
adrenocortical disease that leads to Cushing Syndrome has been divided into two groups of 
disorders, micronodular and macronodular hyperplasia, based on the size of the associated 
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nodules. The size criteria have biological significance since a continuum in the same patient 
is rarely found. Most patients have either micronodular or macronodular hyperplasia, and 
rarely both. The PKA signaling pathway and its interaction with other signaling pathways is 
involved in the pathogenesis of both types. Both types are, therefore, presented, however, 
with an emphasis on the PKA associated micronodular syndromes. 

4.1 Bilateral micronodular hyperplasia  

Micronodular hyperplasias consists of diseases of the adrenal cortex with multiple nodules 
of less than 1 cm in diameter and can be divided into 3 groups, i.e. primary pigmented 
nodular adrenocortical disease (c-PPNAD), usually found in the context of Carney Complex 
(CNC), isolated primary pigmented nodular adrenocortical disease (i-PPNAD, and isolated 
micronodular adrenocortical disease (i-MAD) (Stratakis, 2007; Lodish & Stratakis, 2010a). 

4.1.1 Carney complex  

Endocrine tumors can present as sporadic events, or as part of an inherited tumor 
syndrome. One such syndrome, CNC, will be highlighted in this review. CNC is a unique 
and relatively rare autosomal dominant multiple endocrine neoplasia syndrome first 
described by Dr. J. Aidan Carney and co-workers at the Mayo Clinic, is characterized by 
spotty skin tumors and pigmented lesions (lentigenosis), myxomas, endocrine over activity 
and schwannomas (Carney et al, 1986). Endocrine tumors associated with CNC include 
primary pigmented adrenocortical disease (PPNAD), growth hormone secreting pituitary 
tumors, large cell–calcifying Sertoli cell tumors, Leydig cell tumors and thyroid follicular 
adenomas. The clinical manifestations and molecular genetics of CNC have been well 
described elsewhere (Rothenbuhler & Stratakis, 2010). Genetic linkage analysis has 
identified two independent loci for CNC, CNC1 located on chromosome 17p22-24 and 
CNC2, located on chromosome 2p16 (Stratakis et al., 1996). Most cases (> 60%) of CNC are 
caused by inactivating mutations in the gene encoding the PKA regulatory subunit, RI 
(PRKAR1A), located on chromosome 17p22-24 (Kirschner et al., 2000b) The gene responsible 
for CNC at locus 2p16 is as yet unknown. However, this locus is thought to contain genes 
responsible for at least some CNC patients, or the progression of the complex (Stratakis et 
al., 1996). 

4.1.2 PPNAD  

PPNAD is a rare bilateral adrenal disease and is the most frequent endocrine manifestation 
in CNC patients. From 80 to 90 % of PPNAD cases are associated with CNC. However, it 
may also occur independently of CNC. PPNAD received its name (Primary Pigmented 
Adrenocortical Disease) from the macroscopic appearance of the adrenal glands, 
characterized by small cortisol-producing, pigmented micronodules (black or brown, 
~6mm-1 cm in diameter) set in a usually atropic adrenal cortex. The micronodules secrete 
cortisol independently of pituitary signaling. Adrenal atrophy is pathognomonic and 
reflects the autonomic function of the nodules and suppressed levels of ACTH. The 
combination of atrophy and nodularity gives the gland an abnormal appearance (though 
commonly normal in size) that is highly diagnostic. PPNAD occurs mostly in children and 
young adults, and peaks in the second decade. It is rare under the age of 4 years and after 
the age of 40. In rare cases, one or both glands may be large and contain adenomas with a 
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calcified center. Macronodules, larger than 10 mm may also occur in older patients 
(Rothenbuhler et al., 2010; Stratakis, 2007). PPNAD patients present with 
adrenocorticotropic hormone (ACTH)-independent Cushing Syndrome (CS), which may be 
subclinical or cyclic, but often present with a variant CS called “Atypical” Cushing 
Syndrome (ACS) (Sarlis et al., 1997). Up to 90 % of CNC cases present with CS, due to 
PPNAD. Hypercortisolism develops progressively over years in PPNAD, or there may be a 
rapid outburst of excess cortisol that spontaneously regresses (Groussin et al., 2005). The 6-
day Liddle test is used to establish a diagnosis in PPNAD, where patients show a 
“paradoxical” increase in 24-hour urinary free cortisol (UFC) and/or 17-hydroxysteroids. 
The increase is progressive and peaks on day 2 of high–dose dexamethasone administration 
in patients with CS. Patients with ACS tend to have normal or near normal 24-hour UFC 
production with an occasional interruption of days or weeks of hypercortisolism (Lodish & 
Stratakis, 2010a; Rothenbuhler & Stratakis, 2010; Stratakis, 2007). Most Patients with PPNAD 
have germline mutations in PRKAR1A and in some cases mutations in genes encoding the 
cAMP-binding phosphodiesterases (PDEs), PDE11A and PDE8B. It should be noted that 
PRKAR1A and the PDE genes PDE11A and PDE8B control the action and levels of cAMP in 
the cell with a final impact on cell proliferation (Horvath et al., 2006, 2008a). 

4.1.3 Isolated PPNAD (i-PPNAD) 

PPNAD, typically observed in CNC, can also present as a sporadic and isolated disease (i-
PPNAD). It occurs in children and young and middle aged adults. It is characterized by 
micro-adrenomatous hyperplasia with mostly internodular atrophy and nodular pigment 
(lipofusin). It is autosomal dominant but is not associated with CNC nor does it present any 
other CNC manifestations. It also has no obvious family history, which would be suggestive 
of CNC. In a minority of patients, however, other familial cases of PPNAD are known, 
suggesting a genetic cause (Bourdeau et al., 2003). It is caused by inactivating mutations in 
PRKAR1A of chromosome 17p22-24, and possibly mutations of gene(s) found in the 2p12-16 
locus. Inactivating mutations of phosphodiesterase 11A4 (PDE11A) are also involved. In 
most cases (~ 65%), these are de novo mutations, which explains the lack of family history 
(Rothenbuhler et al., 2010; Stratakis, 2007).  

4.1.4 Isolated Micronodular Adrenal Disease (i-MAD) 

I-MAD occurs mostly in children and young adults. It occurs with hyperplasia of the 
surrounding zona fasciculate with absent or limited nodular pigment. It is autosomal 
dominant and isolated and does not occur in the context of CNC. I-MAD is caused by 
mutations in PDE11A and PDE8B and possibly genes of the 2p12-p16 locus (Stratakis, 2007). 
It was initially thought that i-MAD patients were CNC patients, but it is now clear that it is 
not the same as PPNAD (Gunther et al., 2004).  

4.2 Bilateral macronodular hyperplasia 

Bilateral macronodular hyperplasia, another form of BAH, also causes Cushing Syndrome, 
but has no other clinical findings. Macronodular hyperplasia is characterized by multiple 
adrenocortical nodules of greater than 1Cm each, and can be divided into three groups. The 
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first two groups include bilateral macro-adrenomatous hyperplasia (BMAH) and BMAH of 
childhood (c-BMAH). BMAH occurs in middle age and c-BMAH occurs in infants, and very 
young children. In both groups, adenomas (~2-3) with intranodular atrophy and an 
occasional microadenoma can be seen in histological preparations. BMAH is caused by 
mutations in menin (the ubiquitous nuclear protein coded for by the MEN1 gene), APC, 
(Adematous Polyposis Coli tumor suppressor gene), GNAS (codes for GS Gs protein 
subunit), and FH (codes for the tricarboxylic acid cycle enzyme fumarate hydralase). C-
BMAD is caused by mutation in GNAS (Stratakis, 2007). The third group, ACTH-
independent macronodular adrenocortical hyperplasia (AIMAH) is also known as massive 
macronodular disease (MMAD; AIMAH/MMAD) occurs always in middle age. It is a cause 
of CS due to large bilateral cortisol secreting macronodules. The nodules cause a large 
increase in the size (up to 100 times the normal size) and weight of the adrenal glands 
(Stratakis et al., 2001). In this group, adenomatous hyperplasia with internodule hyperplasia 
of the zona fasciculate has been observed. MMAD is autosomal dominant and isolated. It is 
associated with ectopic GPCRs, WISP-2 and Wnt–signaling, and genes of the chromosome 
17q22-24 locus (Stratakis et al., 2007). 

5. Pituitary tumors in CNC 
Pituitary adenoma is a benign neoplasia with excess proliferation of each subtype of 
pituitary cell. The tumors can give rise to severe illness due to hormonal excess or to visual 
disturbance due to mass effect. This tumor can present as an isolated event or as part of an 
inherited syndrome (Tichomirowa et al., 2009; Zhang & Nose, 2011). Currently, at least 5% 
of all patients with pituitary adenoma have been found to have a family history, mainly due 
to multiple endocrine neoplasia type 1 (MEM1) and CNC (Tichomirowa et al., 2009). These 
patients have growth Hormone (GH) as well as prolactin (PRL) secreting adenomas, 
however, PRL-secreting adenomas predominate in MEM1. In CNC, GH-producing tumors 
are seen in ~10% of patients. Acromegaly with elevated Insulin-like growth factor (IGF1) 
and GH levels, and subtle hyperprolactinemia, can be seen in up to 75 % of patients. 
However, clinical acromegaly is rare (Rothenbuhler et al., 2010; Zhang & Nose, 2011). 
Lesions in the pituitary gland range from pituitary cell hyperplasia to multiple 
microadenomas to invasive macroadenomas. CNC-related acromegaly is distinguished 
microscopically by multifocal hyperplasia of somatomammotropic cells (Zhang & Nose 
2011, Pack et al., 2000; Stergiopoulos et al., 2004). Studies with a tissue-specific knockout 
(KO) mouse, pointed to the Prkar1a gene as the causative agent. These studies showed that 
complete loss of Prkar1a allows the formation of pituitary tumors and abnormalities of the 
GH-axis, with close analogy to tumors in human patients with CNC (Zhirong et al., 2007). 

6. PKA mutations  
6.1 PRKAR1A 

The gene that codes for the RI subunit of PKA is a key component of the cAMP/PKA 
signaling pathway, located in the q22-24 region of chromosome 17. The finding of tumor 
specific loss of heterozygosity (LOH) within the q22-24 locus (Krischner et. al, 2000a) and 
the complete or partial loss of RI in CNC tumors suggested that PRKAR1A is a tumor 
suppressor gene (Kirschner et al., 2000a). PRKAR1A is mutated in almost half of CNC 
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calcified center. Macronodules, larger than 10 mm may also occur in older patients 
(Rothenbuhler et al., 2010; Stratakis, 2007). PPNAD patients present with 
adrenocorticotropic hormone (ACTH)-independent Cushing Syndrome (CS), which may be 
subclinical or cyclic, but often present with a variant CS called “Atypical” Cushing 
Syndrome (ACS) (Sarlis et al., 1997). Up to 90 % of CNC cases present with CS, due to 
PPNAD. Hypercortisolism develops progressively over years in PPNAD, or there may be a 
rapid outburst of excess cortisol that spontaneously regresses (Groussin et al., 2005). The 6-
day Liddle test is used to establish a diagnosis in PPNAD, where patients show a 
“paradoxical” increase in 24-hour urinary free cortisol (UFC) and/or 17-hydroxysteroids. 
The increase is progressive and peaks on day 2 of high–dose dexamethasone administration 
in patients with CS. Patients with ACS tend to have normal or near normal 24-hour UFC 
production with an occasional interruption of days or weeks of hypercortisolism (Lodish & 
Stratakis, 2010a; Rothenbuhler & Stratakis, 2010; Stratakis, 2007). Most Patients with PPNAD 
have germline mutations in PRKAR1A and in some cases mutations in genes encoding the 
cAMP-binding phosphodiesterases (PDEs), PDE11A and PDE8B. It should be noted that 
PRKAR1A and the PDE genes PDE11A and PDE8B control the action and levels of cAMP in 
the cell with a final impact on cell proliferation (Horvath et al., 2006, 2008a). 

4.1.3 Isolated PPNAD (i-PPNAD) 

PPNAD, typically observed in CNC, can also present as a sporadic and isolated disease (i-
PPNAD). It occurs in children and young and middle aged adults. It is characterized by 
micro-adrenomatous hyperplasia with mostly internodular atrophy and nodular pigment 
(lipofusin). It is autosomal dominant but is not associated with CNC nor does it present any 
other CNC manifestations. It also has no obvious family history, which would be suggestive 
of CNC. In a minority of patients, however, other familial cases of PPNAD are known, 
suggesting a genetic cause (Bourdeau et al., 2003). It is caused by inactivating mutations in 
PRKAR1A of chromosome 17p22-24, and possibly mutations of gene(s) found in the 2p12-16 
locus. Inactivating mutations of phosphodiesterase 11A4 (PDE11A) are also involved. In 
most cases (~ 65%), these are de novo mutations, which explains the lack of family history 
(Rothenbuhler et al., 2010; Stratakis, 2007).  

4.1.4 Isolated Micronodular Adrenal Disease (i-MAD) 

I-MAD occurs mostly in children and young adults. It occurs with hyperplasia of the 
surrounding zona fasciculate with absent or limited nodular pigment. It is autosomal 
dominant and isolated and does not occur in the context of CNC. I-MAD is caused by 
mutations in PDE11A and PDE8B and possibly genes of the 2p12-p16 locus (Stratakis, 2007). 
It was initially thought that i-MAD patients were CNC patients, but it is now clear that it is 
not the same as PPNAD (Gunther et al., 2004).  

4.2 Bilateral macronodular hyperplasia 

Bilateral macronodular hyperplasia, another form of BAH, also causes Cushing Syndrome, 
but has no other clinical findings. Macronodular hyperplasia is characterized by multiple 
adrenocortical nodules of greater than 1Cm each, and can be divided into three groups. The 
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first two groups include bilateral macro-adrenomatous hyperplasia (BMAH) and BMAH of 
childhood (c-BMAH). BMAH occurs in middle age and c-BMAH occurs in infants, and very 
young children. In both groups, adenomas (~2-3) with intranodular atrophy and an 
occasional microadenoma can be seen in histological preparations. BMAH is caused by 
mutations in menin (the ubiquitous nuclear protein coded for by the MEN1 gene), APC, 
(Adematous Polyposis Coli tumor suppressor gene), GNAS (codes for GS Gs protein 
subunit), and FH (codes for the tricarboxylic acid cycle enzyme fumarate hydralase). C-
BMAD is caused by mutation in GNAS (Stratakis, 2007). The third group, ACTH-
independent macronodular adrenocortical hyperplasia (AIMAH) is also known as massive 
macronodular disease (MMAD; AIMAH/MMAD) occurs always in middle age. It is a cause 
of CS due to large bilateral cortisol secreting macronodules. The nodules cause a large 
increase in the size (up to 100 times the normal size) and weight of the adrenal glands 
(Stratakis et al., 2001). In this group, adenomatous hyperplasia with internodule hyperplasia 
of the zona fasciculate has been observed. MMAD is autosomal dominant and isolated. It is 
associated with ectopic GPCRs, WISP-2 and Wnt–signaling, and genes of the chromosome 
17q22-24 locus (Stratakis et al., 2007). 

5. Pituitary tumors in CNC 
Pituitary adenoma is a benign neoplasia with excess proliferation of each subtype of 
pituitary cell. The tumors can give rise to severe illness due to hormonal excess or to visual 
disturbance due to mass effect. This tumor can present as an isolated event or as part of an 
inherited syndrome (Tichomirowa et al., 2009; Zhang & Nose, 2011). Currently, at least 5% 
of all patients with pituitary adenoma have been found to have a family history, mainly due 
to multiple endocrine neoplasia type 1 (MEM1) and CNC (Tichomirowa et al., 2009). These 
patients have growth Hormone (GH) as well as prolactin (PRL) secreting adenomas, 
however, PRL-secreting adenomas predominate in MEM1. In CNC, GH-producing tumors 
are seen in ~10% of patients. Acromegaly with elevated Insulin-like growth factor (IGF1) 
and GH levels, and subtle hyperprolactinemia, can be seen in up to 75 % of patients. 
However, clinical acromegaly is rare (Rothenbuhler et al., 2010; Zhang & Nose, 2011). 
Lesions in the pituitary gland range from pituitary cell hyperplasia to multiple 
microadenomas to invasive macroadenomas. CNC-related acromegaly is distinguished 
microscopically by multifocal hyperplasia of somatomammotropic cells (Zhang & Nose 
2011, Pack et al., 2000; Stergiopoulos et al., 2004). Studies with a tissue-specific knockout 
(KO) mouse, pointed to the Prkar1a gene as the causative agent. These studies showed that 
complete loss of Prkar1a allows the formation of pituitary tumors and abnormalities of the 
GH-axis, with close analogy to tumors in human patients with CNC (Zhirong et al., 2007). 

6. PKA mutations  
6.1 PRKAR1A 

The gene that codes for the RI subunit of PKA is a key component of the cAMP/PKA 
signaling pathway, located in the q22-24 region of chromosome 17. The finding of tumor 
specific loss of heterozygosity (LOH) within the q22-24 locus (Krischner et. al, 2000a) and 
the complete or partial loss of RI in CNC tumors suggested that PRKAR1A is a tumor 
suppressor gene (Kirschner et al., 2000a). PRKAR1A is mutated in almost half of CNC 
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patients. Mutant PRKAR1A codes for the only PKA subunit that has been shown to lead to 
human disease. Its genomic region is approximately 21 kb-long, and the open reading frame 
contains 11 exons that code for a protein that has 384 amino acids. Over one hundred 
disease causing pathogenic sequence variants have been identified (Rothenbuhler & 
Stratakis, 2010). These have been extensively recorded elsewhere (Horvath et al., 2010). Most 
PRKAR1A mutations are small deletions and insertions, rearrangements, or base 
substitutions (Rothenbuhler & Stratakis, 2010). Large deletions can also occur, however, 
rarely (Horvath et al., 2008b). However, the most frequently found PRKAR1A mutation is a 
2 bp deletion at position 578 in exon 4B of PRKAR1A (c-578delTG). Over 70 % of CNC 
patients have a classical phenotype with a PRKAR1A mutation that leads to a premature 
stop codon and subsequently non-sense mediated mRNA decay (NMD), and thus 
PRKAR1A haploinsufficiency (Bertherat et al., 2009; Kirschner et al., 2000a; Stratakis et al., 
2001). Less frequently, mutations do escape NMD, causing the expression of abnormal RI 
proteins (Groussin et al., 2006; Meoli et al., 2008). PRKAR1A haploinsufficiency leads to 
excess cAMP/PKA signaling in affected tissues, and increased cell proliferation and 
survival (Robinson-White et al., 2006b), through an increase in total cAMP-stimulated PKA 
activity. Two mechanisms have been proposed to explain the increase in signaling: 1) RI- 
haploinsufficiency leads to a higher intracellular C to R subunit ratio, and therefore, 
increased availability of the free catalytic subunits that phosphorylate downstream targets. 
2). RI- haploinsufficiency leads to an upregulation of other PKA subunits including 
PRKAR1B and PRKAR2A or PRKAR2B, depending on the tissue type. It is also possible that 
the other regulatory subunits do not act as effectively as RI in controlling cAMP signaling 
(Rothenbuhler, 2010). 

6.2 M1V PRKAR1A 

Another mutation has recently been found in the PRKAR1A gene, M1V PRKAR1A, caused 
by a mutation in the initiation codon of PRKAR1A. This mutation results in a phenotype 
characterized by PPNAD alone, and sometimes mild ACS. There is significant variation in 
age of onset and clinical severity, but no other classical manifestations of CNC. Mutant 
mRNA is expressed equally with wild type levels. However, the mutant protein is not 
expressed in cells. In a cell free system, the RI regulatory subunit was shorter than the wild 
type protein. This observation has highly significant implications for RI’s role in adrenal 
function and tumorigenesis (Pereira et al., 2010). 

7. Mechanism of action of mutant PRKAR1A in endocrine tumorigenesis 

The Mechanism of action of PRKAR1A inactivation was investigated using a model cell 
system, endocrine tissue and mouse models, to determine the manner in which mutant 
PRKAR1A affects cell proliferation, cell survival and apoptosis, leading to tumorigenesis. 

7.1 A Cellular Model System 

In varied cell types, including B and T-lymphocytes (Robinson-White et al., 2003), RI  type 
PKA interacts with the ERK1/2 cascade of MAPK at c-Raf-1, causing a cell-type specific 
inhibition of MAPK and of cell proliferation. Since RI is present in B-lymphocytes of CNC 
patients (Kirschner et al., 2000b), and these cells carry the c.578delTG inactivating PRKAR1A 
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mutation, B-lymphocytes from CNC patients were used as a model cell system (Figure 3A) 
to determine if a MAPK/PKA interaction could be responsible for CNC tumorigenesis. In 
PRKAR1A-mutant cells (Mutant), PKA activity, both at baseline and after stimulation with 
cAMP was increased. Quantitative mRNA analysis indicated that type I PKA subunits (RI 
and RI) were the main subunits expressed in both normal and mutant cells. However, RI 
was decreased in mutant cells. The cell and pathway specific stimulant, lysophosphatidic 
acid (LPA), stimulated ERK1/2 levels in both cell types with greater stimulation in mutant 
cells. Forskolin (Fsk; activates adenyl cyclase for the production of cAMP) and Isoproternol 
(ISO) stimulated PKA activity, inhibited LPA-induced ERK1/2 activity and cell proliferation 
in normal cells, but stimulated these parameters in mutant cells. These data were replicated 
in a pituitary tumor cell line carrying the c.578delTG mutation and in COS-7 cells 
transfected with an in vitro construct bearing the RI 184-236 mutation that leads to 
increased PKA-mediated physphorylation (Robinson-White et al., 2003). The differences in 
the effect of PKA stimulants on normal and mutant B-lymphocytes, was postulated to occur 
due to the sensitivity of the Raf isoforms to PKA. In cells having both B and c-Raf-1, PKA 
inhibits c-Raf-1 and stimulates B-Raf to inhibit and stimulate cell proliferation, respectively, 
through ERK1/2 (Erhardt et al., 1995). The action of PKA on B-Raf, in some cells, is through 
activation of the G-protein, Rap1 (Vossler et al., 1997). In normal cells, a balance exists 
between the stimulation and inhibition of ERK1/2 activity by PKA, with inhibition being 
more dominant. This dominance is due to the presence of a greater number (70-80%) of the 
type I PKA isoform than the type II isoform (20-25 %) in lymphocytes (Schmitd & Stork, 
2000), and a higher affinity of cAMP for the RI subunit (Amieux et al., 1997). In RI-
haploinsufficient (PRKAR1A-mutant) lymphocytes, as in CNC-affected cells, the balance is 
thought to shift towards activation of another PKA subunit (perhaps the RI subunit) 
(Robinson-White et al., 2003). Thus, the underlying mechanism was suggested to be through 
biochemical compensation or substitution of one subunit (e.g. RIα) for another (e.g. RI), as 
seen in other cell systems (Amieux et al., 1997), which may lead to cell proliferation instead 
of inhibition, as seen in normal cells (Robinson-White et al., 2003). The data suggested that 
PKA acts to inhibit ERK1/2 activity (through inhibition of c-Raf-1) and cell proliferation in 
normal cells, but stimulate ERK1/2 activity (through B-Raf) and cell proliferation in mutant 
cells. The authors hypothesized that the reversal of PKA-mediated inhibition of MAPK by 
mutant-PRKAR1A may contribute to CNC tumorigenesis (Figure 3A). These studies were 
extended to confirm the previous data and to determine the depth of the interaction of the 
PKA and MAPK signaling pathways in CNC cells. An analysis of the effect of PKA 
stimulation on components of the ERK1/2 cascade (B and C-Raf-1, and MEK1); on the 
ERK1/2 activating transcription factor c-Myc, on cell cycle progression and proliferation 
and on apoptosis was performed. Data in mutant cells was compared to that in normal cells 
from matched controls. Both Fsk and ISO inhibited cell proliferation in normal cells, but 
stimulated proliferation in mutant cells. Analysis of the phosphorylation patterns of B and c-
Raf-1 in mutant cells upon stimulation by both Fsk and ISO showed that phosphorylation of 
B-Raf is increased, whereas phosphorylation of c-Raf-1 is inhibited. In normal cells, both B 
and c-Raf-1 phosphorylation is inhibited. This implied a switch from inhibition to 
stimulation of ERK1/2 in mutant cells. Likewise, in mutant cells, phosphorylation of 
MEK1/2 was also increased (Robinson-White et al., 2006b), possibly due to high levels of 
phosphorylated B-Raf in mutant cells. Fsk also increased LPA-induced stimulation of c-Myc 
in mutant cells, but c-Myc phosphorylation was inhibited in normal cells. The increased 
phosphorylation of B-Raf, MEK1/2, ERK1/2 and c-Myc in mutant cells suggested that 
PRKAR1A inactivation leads to c-Myc activation. C-Myc can respond to mitogenic signals  
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patients. Mutant PRKAR1A codes for the only PKA subunit that has been shown to lead to 
human disease. Its genomic region is approximately 21 kb-long, and the open reading frame 
contains 11 exons that code for a protein that has 384 amino acids. Over one hundred 
disease causing pathogenic sequence variants have been identified (Rothenbuhler & 
Stratakis, 2010). These have been extensively recorded elsewhere (Horvath et al., 2010). Most 
PRKAR1A mutations are small deletions and insertions, rearrangements, or base 
substitutions (Rothenbuhler & Stratakis, 2010). Large deletions can also occur, however, 
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2 bp deletion at position 578 in exon 4B of PRKAR1A (c-578delTG). Over 70 % of CNC 
patients have a classical phenotype with a PRKAR1A mutation that leads to a premature 
stop codon and subsequently non-sense mediated mRNA decay (NMD), and thus 
PRKAR1A haploinsufficiency (Bertherat et al., 2009; Kirschner et al., 2000a; Stratakis et al., 
2001). Less frequently, mutations do escape NMD, causing the expression of abnormal RI 
proteins (Groussin et al., 2006; Meoli et al., 2008). PRKAR1A haploinsufficiency leads to 
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2). RI- haploinsufficiency leads to an upregulation of other PKA subunits including 
PRKAR1B and PRKAR2A or PRKAR2B, depending on the tissue type. It is also possible that 
the other regulatory subunits do not act as effectively as RI in controlling cAMP signaling 
(Rothenbuhler, 2010). 

6.2 M1V PRKAR1A 

Another mutation has recently been found in the PRKAR1A gene, M1V PRKAR1A, caused 
by a mutation in the initiation codon of PRKAR1A. This mutation results in a phenotype 
characterized by PPNAD alone, and sometimes mild ACS. There is significant variation in 
age of onset and clinical severity, but no other classical manifestations of CNC. Mutant 
mRNA is expressed equally with wild type levels. However, the mutant protein is not 
expressed in cells. In a cell free system, the RI regulatory subunit was shorter than the wild 
type protein. This observation has highly significant implications for RI’s role in adrenal 
function and tumorigenesis (Pereira et al., 2010). 

7. Mechanism of action of mutant PRKAR1A in endocrine tumorigenesis 

The Mechanism of action of PRKAR1A inactivation was investigated using a model cell 
system, endocrine tissue and mouse models, to determine the manner in which mutant 
PRKAR1A affects cell proliferation, cell survival and apoptosis, leading to tumorigenesis. 

7.1 A Cellular Model System 

In varied cell types, including B and T-lymphocytes (Robinson-White et al., 2003), RI  type 
PKA interacts with the ERK1/2 cascade of MAPK at c-Raf-1, causing a cell-type specific 
inhibition of MAPK and of cell proliferation. Since RI is present in B-lymphocytes of CNC 
patients (Kirschner et al., 2000b), and these cells carry the c.578delTG inactivating PRKAR1A 
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mutation, B-lymphocytes from CNC patients were used as a model cell system (Figure 3A) 
to determine if a MAPK/PKA interaction could be responsible for CNC tumorigenesis. In 
PRKAR1A-mutant cells (Mutant), PKA activity, both at baseline and after stimulation with 
cAMP was increased. Quantitative mRNA analysis indicated that type I PKA subunits (RI 
and RI) were the main subunits expressed in both normal and mutant cells. However, RI 
was decreased in mutant cells. The cell and pathway specific stimulant, lysophosphatidic 
acid (LPA), stimulated ERK1/2 levels in both cell types with greater stimulation in mutant 
cells. Forskolin (Fsk; activates adenyl cyclase for the production of cAMP) and Isoproternol 
(ISO) stimulated PKA activity, inhibited LPA-induced ERK1/2 activity and cell proliferation 
in normal cells, but stimulated these parameters in mutant cells. These data were replicated 
in a pituitary tumor cell line carrying the c.578delTG mutation and in COS-7 cells 
transfected with an in vitro construct bearing the RI 184-236 mutation that leads to 
increased PKA-mediated physphorylation (Robinson-White et al., 2003). The differences in 
the effect of PKA stimulants on normal and mutant B-lymphocytes, was postulated to occur 
due to the sensitivity of the Raf isoforms to PKA. In cells having both B and c-Raf-1, PKA 
inhibits c-Raf-1 and stimulates B-Raf to inhibit and stimulate cell proliferation, respectively, 
through ERK1/2 (Erhardt et al., 1995). The action of PKA on B-Raf, in some cells, is through 
activation of the G-protein, Rap1 (Vossler et al., 1997). In normal cells, a balance exists 
between the stimulation and inhibition of ERK1/2 activity by PKA, with inhibition being 
more dominant. This dominance is due to the presence of a greater number (70-80%) of the 
type I PKA isoform than the type II isoform (20-25 %) in lymphocytes (Schmitd & Stork, 
2000), and a higher affinity of cAMP for the RI subunit (Amieux et al., 1997). In RI-
haploinsufficient (PRKAR1A-mutant) lymphocytes, as in CNC-affected cells, the balance is 
thought to shift towards activation of another PKA subunit (perhaps the RI subunit) 
(Robinson-White et al., 2003). Thus, the underlying mechanism was suggested to be through 
biochemical compensation or substitution of one subunit (e.g. RIα) for another (e.g. RI), as 
seen in other cell systems (Amieux et al., 1997), which may lead to cell proliferation instead 
of inhibition, as seen in normal cells (Robinson-White et al., 2003). The data suggested that 
PKA acts to inhibit ERK1/2 activity (through inhibition of c-Raf-1) and cell proliferation in 
normal cells, but stimulate ERK1/2 activity (through B-Raf) and cell proliferation in mutant 
cells. The authors hypothesized that the reversal of PKA-mediated inhibition of MAPK by 
mutant-PRKAR1A may contribute to CNC tumorigenesis (Figure 3A). These studies were 
extended to confirm the previous data and to determine the depth of the interaction of the 
PKA and MAPK signaling pathways in CNC cells. An analysis of the effect of PKA 
stimulation on components of the ERK1/2 cascade (B and C-Raf-1, and MEK1); on the 
ERK1/2 activating transcription factor c-Myc, on cell cycle progression and proliferation 
and on apoptosis was performed. Data in mutant cells was compared to that in normal cells 
from matched controls. Both Fsk and ISO inhibited cell proliferation in normal cells, but 
stimulated proliferation in mutant cells. Analysis of the phosphorylation patterns of B and c-
Raf-1 in mutant cells upon stimulation by both Fsk and ISO showed that phosphorylation of 
B-Raf is increased, whereas phosphorylation of c-Raf-1 is inhibited. In normal cells, both B 
and c-Raf-1 phosphorylation is inhibited. This implied a switch from inhibition to 
stimulation of ERK1/2 in mutant cells. Likewise, in mutant cells, phosphorylation of 
MEK1/2 was also increased (Robinson-White et al., 2006b), possibly due to high levels of 
phosphorylated B-Raf in mutant cells. Fsk also increased LPA-induced stimulation of c-Myc 
in mutant cells, but c-Myc phosphorylation was inhibited in normal cells. The increased 
phosphorylation of B-Raf, MEK1/2, ERK1/2 and c-Myc in mutant cells suggested that 
PRKAR1A inactivation leads to c-Myc activation. C-Myc can respond to mitogenic signals  
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Fig. 3. Mechanism of action of Mutant-PRKAR1A in Endocrine Tumorigenesis. (A). 
Signaling in normal and PRKAR1A-mutant B Lymphocytes. Lysophosphatidic acid (LPA), 
and isoproterenol (ISO) stimulate G-protein coupled receptors (GPCRs) in B- lymphocytes. 
LPA activates cytosolic protein tyrosine kinase (PTK) via γ G-proteins, to stimulate Ras, 
followed by the activation of B-Raf and c-Raf-1. ISO, via GS and adenyl cyclase (AC) 
activates cAMP/PKA, or AC is activated directly by forskolin (Fsk). In normal lymphocytes, 
PKA inhibits the ERK1/2 signaling pathway at c-Raf-1, but stimulates Rap/B-raf in 
PRKAR1A- mutant cells, to inhibit and stimulate the cell cycle and proliferation, 
respectively. ERK1/2, in both cell types, phosphorylates and inhibits BAD of the intrinsic 
apoptotic pathway. ERK1/2 due to the enhanced ERK1/2 activity in mutant cells, inhibition 
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of apoptosis is greater in these cells. Line thickness indicates degree of action. (B) 
Hypothetical Signaling Mechanism in PPNAD Adrenocortical Tissue. 1) In both normal 
and PRKAR1A-mutant adrenocortical tissue, fibroblast growth factor2 (FGF2) activates 
receptor tyrosine kinase (RTK) to stimulate Ras, followed by the sequential activation of B-
Raf and c-Raf-1, MEK1/2 and ERK1/2 of the MAPK signaling pathway. Activated ERK1/2 
then activates c-Myc, leading to cell proliferation. ERK1/2 is also transiently activated by 
ACTH, at a point upstream of MEK1/2. 2) Ras stimulates PI3K, which phosphorylates/ 
activates the PKB pathway. PKB, to a small extent, then inhibits B-Raf and c-Raf-1 in mutant 
tissue, but inhibits these isoforms to a larger extent (mostly c-Raf-1) in normal tissue. 3) 
ACTH, via a GS type G-protein and adenyl cyclase (AC), stimulates cAMP production and 
PKA activity. In normal tissue, PKA inhibits PKB, c-Raf-1 and B-Raf. A different effect 
occurs in mutant tissue. PKA greatly inhibits PKB, but has a large stimulatory effect on Rap, 
which overrides the inhibitory effect that PKB has on the ERK1/2 cascade. PKA, thus, 
greatly enhances the activity of the ERK1/2 cascade and cell proliferation in mutant tissue. 
4) The phosphorylation/deactivation of GSK3 by PKB is reduced in mutant tissue due to a 
less active PKB, allowing more c-Myc to be targeted for degradation by the ubiquitin 
proteosome system (UPS). Line thickness indicates degree of activity. (C) Signaling in a 
Prkar1a mouse model 1) Wnt proteins bind to a 7-transmembrane Fizzled (FZ) receptor to 
activate the canonical Wnt pathway. Upon binding of Wnt, the disheveled scaffolding 
protein (DVL) is activated, causing the disassembly of the destruction complex (GSK3, Axin, 
B-catenin and APC). Free -catenin travels to the nucleus to activate target genes for cell 
proliferation. 2) PKA stimulates the ERK1/2 cascade of MAP kinase. PKA, in PRKAR1A- 
haploinsufficient cells, stimulates ERK1/2 (at rap/B-raf) to increase c-Fos and c-Myc activity 
and to promote activation of cell cycle cyclin D1, cdk4 and E2f (Go/G1 of the cell cycle) and 
facilitates cell cycle progression. -catenin and ERK1/2 may act synergistically to promote 
cell proliferation. 

and move cells from Go to G1 and/or from G1 to S phases of the cell cycle. Cell cycle 
analysis by Flow Cytometry indicated an increased rate of cell cycle transition by 
synchronized mutant cells from Go/G1 to S phase, even in the absence of PKA stimulants. 
The data suggested that this fast transition rate leads to increased cell proliferation in 
mutant cells. Next, the possibility that apoptosis could account for the decrease in 
proliferation seen in normal cells was investigated. Staurosporin and CH11 were used as 
control stimulants for the intrinsic and extrinsic apoptotic pathways, respectively. Both 
normal and mutant cells were relatively resistant to staurosporin-induced apoptosis with 
significantly less apoptosis in mutant cells. On stimulation by ISO, apoptosis in mutant cells 
was again significantly less. The mediator of this decreased apoptosis was found to be the 
pro-apoptotic protein, BAD. Since ERK1/2 is known to phosphorylate/inactivate BAD, the 
data suggested that the higher levels of ERK1/2 in mutant cells induced by PRKAR1A 
deficiency resulted in a small but significant inhibition of the intrinsic apoptotic pathway, 
contributing to cell survival. The extrinsic apoptotic pathway was induced by the Fas/CD95 
receptor agonist CH11. Like staurosporin and ISO, apoptosis was less pronounced in 
mutant cells. This data was confirmed by increased levels of cleaved caspase-3 in normal 
versus mutant cells, indicating the increased ability of normal cells to activate the effector 
caspases leading to apoptosis. In general, this data indicated that the large decrease in cell 
proliferation in normal cells when stimulated by Fsk and ISO was not due to apoptosis or 
necrosis, but suggested that PRKAR1A inactivation leads to significant changes in both 
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of apoptosis is greater in these cells. Line thickness indicates degree of action. (B) 
Hypothetical Signaling Mechanism in PPNAD Adrenocortical Tissue. 1) In both normal 
and PRKAR1A-mutant adrenocortical tissue, fibroblast growth factor2 (FGF2) activates 
receptor tyrosine kinase (RTK) to stimulate Ras, followed by the sequential activation of B-
Raf and c-Raf-1, MEK1/2 and ERK1/2 of the MAPK signaling pathway. Activated ERK1/2 
then activates c-Myc, leading to cell proliferation. ERK1/2 is also transiently activated by 
ACTH, at a point upstream of MEK1/2. 2) Ras stimulates PI3K, which phosphorylates/ 
activates the PKB pathway. PKB, to a small extent, then inhibits B-Raf and c-Raf-1 in mutant 
tissue, but inhibits these isoforms to a larger extent (mostly c-Raf-1) in normal tissue. 3) 
ACTH, via a GS type G-protein and adenyl cyclase (AC), stimulates cAMP production and 
PKA activity. In normal tissue, PKA inhibits PKB, c-Raf-1 and B-Raf. A different effect 
occurs in mutant tissue. PKA greatly inhibits PKB, but has a large stimulatory effect on Rap, 
which overrides the inhibitory effect that PKB has on the ERK1/2 cascade. PKA, thus, 
greatly enhances the activity of the ERK1/2 cascade and cell proliferation in mutant tissue. 
4) The phosphorylation/deactivation of GSK3 by PKB is reduced in mutant tissue due to a 
less active PKB, allowing more c-Myc to be targeted for degradation by the ubiquitin 
proteosome system (UPS). Line thickness indicates degree of activity. (C) Signaling in a 
Prkar1a mouse model 1) Wnt proteins bind to a 7-transmembrane Fizzled (FZ) receptor to 
activate the canonical Wnt pathway. Upon binding of Wnt, the disheveled scaffolding 
protein (DVL) is activated, causing the disassembly of the destruction complex (GSK3, Axin, 
B-catenin and APC). Free -catenin travels to the nucleus to activate target genes for cell 
proliferation. 2) PKA stimulates the ERK1/2 cascade of MAP kinase. PKA, in PRKAR1A- 
haploinsufficient cells, stimulates ERK1/2 (at rap/B-raf) to increase c-Fos and c-Myc activity 
and to promote activation of cell cycle cyclin D1, cdk4 and E2f (Go/G1 of the cell cycle) and 
facilitates cell cycle progression. -catenin and ERK1/2 may act synergistically to promote 
cell proliferation. 

and move cells from Go to G1 and/or from G1 to S phases of the cell cycle. Cell cycle 
analysis by Flow Cytometry indicated an increased rate of cell cycle transition by 
synchronized mutant cells from Go/G1 to S phase, even in the absence of PKA stimulants. 
The data suggested that this fast transition rate leads to increased cell proliferation in 
mutant cells. Next, the possibility that apoptosis could account for the decrease in 
proliferation seen in normal cells was investigated. Staurosporin and CH11 were used as 
control stimulants for the intrinsic and extrinsic apoptotic pathways, respectively. Both 
normal and mutant cells were relatively resistant to staurosporin-induced apoptosis with 
significantly less apoptosis in mutant cells. On stimulation by ISO, apoptosis in mutant cells 
was again significantly less. The mediator of this decreased apoptosis was found to be the 
pro-apoptotic protein, BAD. Since ERK1/2 is known to phosphorylate/inactivate BAD, the 
data suggested that the higher levels of ERK1/2 in mutant cells induced by PRKAR1A 
deficiency resulted in a small but significant inhibition of the intrinsic apoptotic pathway, 
contributing to cell survival. The extrinsic apoptotic pathway was induced by the Fas/CD95 
receptor agonist CH11. Like staurosporin and ISO, apoptosis was less pronounced in 
mutant cells. This data was confirmed by increased levels of cleaved caspase-3 in normal 
versus mutant cells, indicating the increased ability of normal cells to activate the effector 
caspases leading to apoptosis. In general, this data indicated that the large decrease in cell 
proliferation in normal cells when stimulated by Fsk and ISO was not due to apoptosis or 
necrosis, but suggested that PRKAR1A inactivation leads to significant changes in both 
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apoptotic pathways that control enhancement of mutant cell survival. This study suggested 
that the balance between cell proliferation and death that occurs in tissue homeostasis 
(Fulda & Debatin, 2004) may be disturbed in PRKAR1A-defficent cells, and presents a 
model (Figure 2A) by which partial inactivation of PRKAR1A may increase cell cycle 
progression, proliferation and survival (Robinson-White et al., 2006b). 

7.2 Adrenal tissue 

An investigation was made to determine how PKA and its subunits act in the presence of 
PRKAR1A mutations in adrenocortical tissue. As a result of this investigation, a 
hypothetical cell proliferation pathway was designed (Figure 3B). This pathway was 
devised mainly from studies on the activity of PKA and its subunits, ERK1/2, other 
immunoassays and immunohistochemistry in adrenocortical samples from normal subjects 
and from patients with germline PRKAR1A mutations (Robinson-White et al., 2006a). 
Patient samples included multiple cortical–producing adenomas, single cortical-producing 
adenomas, micronodular hyperplasia, and i-PPNAD. However, the majority of samples 
were from patients with PPNAD or CNC. Data obtained from other studies on Y1 
adrenocortical tumor cells was also included in the formulation of the hypothetical 
pathway. Since, in many cell types (Jun et al., 1999), the PKB signaling pathway inhibits both 
the B and c-Raf-1 kinase activity of MAPK, data from PKB was included. Data in 
adrenocortical tissue showed increased total PKA activity that was associated with mutant 
PRKAR1A. Quantitative mRNA analysis and immunoblotting showed a 2-fold and 1.8-fold 
decrease in RI mRNA and protein expression, respectively; and an increase in levels of 
other PKA subunits. ERK1/2 immunoassays showed a 2-fold and 6-fold decrease in baseline 
ERK1/2 (unphosphorylated/non-activated ERK1/2) and corresponding increases in 
phosphorylated/activated ERK1/2 (p-ERK1/2) in mutant-PRKAR1A samples. Other 
components of the ERK1/2 cascade, i.e. basal B-raf kinase activity, phosphorylated-MEK1/2 
(p-MEK1) were increased in mutant tissue, as well as levels of the phosphorylated 
transcription factor c-Myc (p-c-Myc). There was no difference in levels of phosphorylated c-
Raf-1 (p-c-raf-1) in both tissue types. Likewise, levels of phosphorylated PKB (p-PKB) were 
not increased. These data were all supported by immunohistochemistry studies (Robinson-
White et al., 2006a). Data showed that Y1 cells possess an amplified and constitutively 
expressed c-Ki-Ras that elicits a mitogenic response to fibroblast growth factor2 (FGF-2) 
through a tyrosine kinase receptor (RTK). ERK1/2 is then rapidly activated for the induction 
of transcription factors (c-Fos and c-Jun), the phosphorylation of c-Myc, expression of 
cyclins D and E, and phosphorylation of the retinoblastoma protein; all leading to the 
activation of the cell cycle, DNA synthesis and cell proliferation. Phosphorylated PKB (p-
PKB) can enhance the mitogenic response to FGF2 by phosphorylating and inactivating 
glycogen synthetase kinase (GSK) and preventing the targeting of c-Myc for degradation by 
the ubiquitin proteasome system (UPS) (Lepique et al., 2004). PKB has also been shown to 
inhibit B-Raf and c-Raf-1 kinase activity in many mammalian cell types (Guan et al., 2000; 
Jun et al., 1999). However, basal B-Raf is normally 4-fold greater than basal c-Raf-1 (Mercer 
& Pritchard, 2003). Y1 cells can also exert a strong anti-mitogenic effect, mediated by PKA 
acting to dephosphorylate p-PKB. This releases PKBs' inhibitory effect on GSK3 (Lepique et 
al., 2004), leading to the degradation of c-Myc by UPS. Thus, FGF-2 S-phase entry can be 
blocked by a PKA-dependent process. S-phase entry may also be blocked by PKA in normal 
adrenocortical tissue through an inhibition by PKA of c-Raf-1 kinase, and a subsequent 
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decrease in phosphorylated MEK1/2, ERK1/2 and c-Myc, which may lead to a decrease in 
cell proliferation (Robinson-White et al., 2006a). Therefore, the collection of evidence 
presented suggested that cell proliferation in normal and mutant-PRKAR1A adrenocortical 
tissue results from the convergence of at least three signaling pathways, PKA, PKB and 
MAPK, and are consistent with data found in other human tissue with RI deficiency 
(Robinson-White et al., 2003; Robinson-White et al., 2006b; Vossler et al. 1997). In general, 
the following cell proliferation pathway was presented (Figure 3B 1 and 2):  1). In Normal 
and PRKAR1A-mutant tissues, FGF-2/RTK induced stimulation of ERK1/2 leads to cell 
proliferation through activation of the transcription factor c-Myc. In normal tissue (Figure 
3B 1), PKA (as activated by ACTH at a GPCR) inhibits PKB to a lesser degree than in 
mutant-PRKAR1A tissue, allowing activated PKB to inhibit ERK1/2 at B-Raf and c-Raf-1 
kinase levels, as well as to directly inhibit c-Raf-1. In mutant-PRKAR1A containing tissue 
(Figure 3B 2), PKA has a greater inhibitor effect on PKB than in normal tissue and a large 
stimulatory effect on Rap, which then directly activates B-Raf kinase, for the stimulation of 
ERK1/2. The net effect of these interactions is the stimulation of cell proliferation in mutant-
PRKAR1A tissues. 

7.3 Mouse models 

For a better understanding of the mechanism by which mutant PRKAR1A causes disease in 
CNC, several investigative approaches have been made using mouse model systems. 
Studies with RI knockout mice confirmed the role of RI as the key compensatory 
regulatory subunit of PKA activity in tissue where the three other regulatory subunits are 
expressed. RI knockout caused deficits in the morphogenesis of the embryonic germ layer, 
and early embryonic lethality due to failed cardiac morphogenesis. Embryonic germ layer 
failure could be rescued by crossing RI  with C knockout mice, suggesting that 
inappropriately regulated PKA C-subunit activity is responsible for the phenotype (Amieux 
& McKnight, 2002). In other studies, transgenic mice (tTA/X2AS), carrying an antisense 
transgene for the mouse Prkar1a exon 2(X2AS) developed thyroid follicular hyperplasia, 
adenomas, adrenocortical hyperplasia and other PPNAD-like features. Allelic loss of the 
mouse chromosome 11 Prkar1a locus, increase in type II PKA activity and greater RIIB 
protein levels were associated with these lesions. The authors conclude that the tTA/X2AS 
mouse, having a down-regulated Prkar1a gene, replicates findings in CNC patients. This 
data supports the role of RI as a tumor suppressor gene (Griffin et al., 2004). In another 
study, conventional and conditional null alleles for Prkar1a were developed in mice. 
Prkaria+/-mice developed a spectrum of tumors that overlapped those observed in CNC 
patients, e.g., those arising in cAMP-responsive tissues (bone, Schwann and thyroid 
follicular cells). This suggested that a complete loss of Prkar1a plays a role in tumorigenesis. 
Likewise, tissue specific ablation of Prkar1a from facial neural crest cells caused the 
formation of schwannomas, although with aberrant differentiation than those seen in CNC. 
Since data with the Prkar1a+/- mouse suggested the importance of increased cAMP/PKA 
signaling for tumor formation, in vitro studies were performed in Prkar1a -/- mouse 
embryonic fibroblasts and in transformed adrenal PRKAR1A-haploinsufficent cells. These 
studies showed that dysregulation of cyclins and E2F1 (cell cycle factors and mediators of 
proliferation via defective RI, respectively), were key changes in the process of 
immortalization of the two cell lines. These observations confirmed the identity of 
PRKAR1A as a tumor suppressor gene (Kirschner et al, 2005; Nadulla & Kirschner, 2005; 
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apoptotic pathways that control enhancement of mutant cell survival. This study suggested 
that the balance between cell proliferation and death that occurs in tissue homeostasis 
(Fulda & Debatin, 2004) may be disturbed in PRKAR1A-defficent cells, and presents a 
model (Figure 2A) by which partial inactivation of PRKAR1A may increase cell cycle 
progression, proliferation and survival (Robinson-White et al., 2006b). 

7.2 Adrenal tissue 

An investigation was made to determine how PKA and its subunits act in the presence of 
PRKAR1A mutations in adrenocortical tissue. As a result of this investigation, a 
hypothetical cell proliferation pathway was designed (Figure 3B). This pathway was 
devised mainly from studies on the activity of PKA and its subunits, ERK1/2, other 
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decrease in phosphorylated MEK1/2, ERK1/2 and c-Myc, which may lead to a decrease in 
cell proliferation (Robinson-White et al., 2006a). Therefore, the collection of evidence 
presented suggested that cell proliferation in normal and mutant-PRKAR1A adrenocortical 
tissue results from the convergence of at least three signaling pathways, PKA, PKB and 
MAPK, and are consistent with data found in other human tissue with RI deficiency 
(Robinson-White et al., 2003; Robinson-White et al., 2006b; Vossler et al. 1997). In general, 
the following cell proliferation pathway was presented (Figure 3B 1 and 2):  1). In Normal 
and PRKAR1A-mutant tissues, FGF-2/RTK induced stimulation of ERK1/2 leads to cell 
proliferation through activation of the transcription factor c-Myc. In normal tissue (Figure 
3B 1), PKA (as activated by ACTH at a GPCR) inhibits PKB to a lesser degree than in 
mutant-PRKAR1A tissue, allowing activated PKB to inhibit ERK1/2 at B-Raf and c-Raf-1 
kinase levels, as well as to directly inhibit c-Raf-1. In mutant-PRKAR1A containing tissue 
(Figure 3B 2), PKA has a greater inhibitor effect on PKB than in normal tissue and a large 
stimulatory effect on Rap, which then directly activates B-Raf kinase, for the stimulation of 
ERK1/2. The net effect of these interactions is the stimulation of cell proliferation in mutant-
PRKAR1A tissues. 

7.3 Mouse models 
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CNC, several investigative approaches have been made using mouse model systems. 
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adenomas, adrenocortical hyperplasia and other PPNAD-like features. Allelic loss of the 
mouse chromosome 11 Prkar1a locus, increase in type II PKA activity and greater RIIB 
protein levels were associated with these lesions. The authors conclude that the tTA/X2AS 
mouse, having a down-regulated Prkar1a gene, replicates findings in CNC patients. This 
data supports the role of RI as a tumor suppressor gene (Griffin et al., 2004). In another 
study, conventional and conditional null alleles for Prkar1a were developed in mice. 
Prkaria+/-mice developed a spectrum of tumors that overlapped those observed in CNC 
patients, e.g., those arising in cAMP-responsive tissues (bone, Schwann and thyroid 
follicular cells). This suggested that a complete loss of Prkar1a plays a role in tumorigenesis. 
Likewise, tissue specific ablation of Prkar1a from facial neural crest cells caused the 
formation of schwannomas, although with aberrant differentiation than those seen in CNC. 
Since data with the Prkar1a+/- mouse suggested the importance of increased cAMP/PKA 
signaling for tumor formation, in vitro studies were performed in Prkar1a -/- mouse 
embryonic fibroblasts and in transformed adrenal PRKAR1A-haploinsufficent cells. These 
studies showed that dysregulation of cyclins and E2F1 (cell cycle factors and mediators of 
proliferation via defective RI, respectively), were key changes in the process of 
immortalization of the two cell lines. These observations confirmed the identity of 
PRKAR1A as a tumor suppressor gene (Kirschner et al, 2005; Nadulla & Kirschner, 2005; 
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Nesterova et al., 2008). Prkar1a+/- mice, however, did not develop skin and other CNC 
tumors (e.g., heart myxomas and pituitary adenomas); therefore, an investigation was made 
to determine if the Prkar1a defect is a generic, but a weak tumorigenic signal that depends 
on tissue-specific or other factors. Since p53 (product of the Trp53 gene ) and Rb1 
(retinoblastoma; product of the Rb1 gene) are essential for cell cycle control, mouse models 
were bred to determine if the tumorigenic properties of Prkar1a-haploinsufficiency emulate 
more accurately the CNC phenotype in the background Trp53 or Rb1 (Almeida et al., 2010). 
Prkar1a mice were bred within the Trp53+/- or Rb1+/- background, or treated with a skin 
carcinogenic protocol, including 7, 12-dimethylbenz (a) anthracene (DMBA; causes 
irreversible activation of the HRas oncogene) and 12-O-tetradecanoylphorbol-13-acertate 
(TPA; promotes the formation of papillomas). The data showed that Prkaria+/- Trp53+/- and 
Prkar1a+/- Rb1+/- mice developed more sarcomas and endocrine tumors, respectively than 
Trp53+/- and Rb1+/- mice. The authors suggest that Prkaria-haploinsufficiency has a 
synergistic and not an additive effect when combined with Tr53+/- and Rb1+/- defects in 
mice. A genome wide transcriptome profiling of tumors, produced along with qRT-PCR 
arrays, immunohistochemistry and cell cycle analysis of siRNA down-regulation of cell 
cycle genes, indicated that Wnt-signaling is the main signaling pathway activated by 
abnormal cAMP/PKA signaling. They conclude that in the mouse, Prkar1a-
haploinsufficiency is a relatively weak tumorigenic signal that can act synergistically with 
other tumor suppressor gene defects or chemicals to induce tumors, mostly through Wnt-
signaling and cell cycle dysregulation (Figure 3C) (Almeida et al., 2010). From these studies 
in mice, Wnt signaling appears to be the major signaling pathway for PRKAR1A-induced 
tumorigenesis. However, since Wnt–induced cell proliferation has been shown to be 
mediated via the ERK pathway in mouse  NIH3T3 cells ( Kim & Choi, 2007), the possibility 
exist that inter-pathway crosstalk (above the level of the cell cycle) between 
PKA/MAPK/Wnt may also occur in mice and in PRKAR1A-mutant cells and tissues. 
Differences in pathway interactions may also occur in humans vs. mice, as well as between 
different cell and tissue types, bringing about a much more complex picture. 

8. Targeting PKA activity in endocrine and other cell types 
8.1 Effect of 8-Cl-cAMP and 8-Cl- Adenosine (8-Cl-ADO) on cell proliferation and 
apoptosis 

Recent investigations have provided a plethora of information on the pathophysiology and 
genetics of CNC tumors. However, effective treatment strategies for many tumors of CNC 
are not available. PKA affects cell proliferation in many CNC cell types and is thus a 
potential target for treatment of CNC tumors. PKA activity is stimulated by cAMP and its 
cAMP analogues. One such analogue, the 8-Cl- derivative of cAMP (8-Cl-CAMP), the most 
potent of the cAMP analogues initially tested (Katsaros et al., 1987), and its 
dephosphorylated metabolite, 8-Cl-ADO are known inhibitors of cancer cell proliferation. 
However, their mechanisms of action were debated. Questions asked were: 1) does 8-CL-
ADO have inhibitory effects on cell growth in human thyroid, HeLa and other tumor cell 
types; 2) does 8-Cl-ADO act on adenosine receptors to stimulate adenyl cyclase and PKA 
activity; 3) are the inhibitory effects of 8-Cl-cAMP due to its by-product 8-Cl-ADO; and 4) 
does 8-Cl-ADO exert its inhibitory effects by changing the RI to RII subunit ratio as has been 
suggested for 8-Cl-cAMP (Katsaros et al., 1987; Robinson-White et al., 2008). In [3H] 
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thymidine uptake and Cell Titer 96 AQ (MST) cell proliferation assays using human thyroid 
tumor cells (WRO), HeLa cells and other cancer cell types (colon carcinoma/ARO and 
melanoma/ NPA) both 8-CL-cAMP and 8-Cl-ADO inhibit cell growth and proliferation 
(IC50 values ranged from 0.5 M to 1.7 M for 8-CL-ADO and 0.55 M to 4.4 M with 8-Cl 
cAMP, depending on the cell type). The inhibition by 8-Cl-ADO was decreased with time 
(beginning on the 5th day of incubation). To determine if this decrease was due to 
intracellular or extracellular 8-CL-ADO metabolism, preincubation experiments were 
performed. When 8-Cl-ADO was preincubated without cells for 7 days (37oC), and cells 
were then incubated using the same previously preincubated solution for 5 days; or the 
culture was replenished with fresh drug on day 4, the decrease in inhibition was eliminated, 
with no difference seen in inhibition with the preincubated drug and the replenished drug. 
This suggested that 8-Cl-ADO is not metabolized in the media at 37oC (Robinson-White et 
al., 2008), but, as others have reported (Halgren et al., 1998; Langeveld et al., 1992) may be 
degraded within the cell with time, by intracellular adenosine deaminase to an inactive 
product, 8-Cl-inosine. Studies with adenosine receptor agonists (adenosine and NECA) 
showed no effect on cell proliferation and the adenosine receptor antagonists, XAC and 
MRS 1523, did not affect 8-Cl-ADO-induced inhibition, excluding the possibility that 8-Cl-
ADO’s effect is by an effect on adenosine receptors. The question as to whether 8-Cl-cAMP 
acts as a pro-drug and is metabolized to 8-Cl-ADO by extracellular phosphodiesterase and 
5’ nucleotidase, was addressed when cells were incubated with 8-Cl-ADO, 8-Cl-cAMP and 
8-Cl-cAMP plus the phosphodiesterase inhibitor 3-isobutytl-1-methylxanthaine (IBMX) in 
media containing serum or with 8-CL-cAMP in serum–free media. The inhibition by 8-Cl-
cAMP was greatly reduced by IBMX (to 62%) and further reduced in serum free media (to 
75%). This data suggested that 8-Cl-cAMP is metabolized to 8-Cl-ADO, and the inhibitory 
effect of 8-Cl-cAMP is due to its by-product, 8-Cl-ADO. The involvement of 8-Cl-ADO in 
PKA cell signaling was examined. 8-Cl-ADO altered PKA activity in cell types in a 
differential manner, with a small increase in activity in thyroid cells. No reduction occurred 
in the ratio of RI to RII subunits, in all, suggesting that PKA and the R subunits have no 
direct effect on the inhibition by 8-Cl-cAMP and 8-Cl-ADO. To examine the mechanism of 
the inhibition by the two drugs, the effect of 8-Cl-ADO on apoptosis and on the cell cycle 
was measured by Flow Cytometry using the Annexin V/7AAD assay and BrdU 
incorporation, respectively. Apoptosis was induced in all cell lines, in the rank order in cells 
matching the IC50 values in MTS assays. Both drugs also caused rapid and late 
apoptosis/necrosis. Cell cycle analysis showed that 8-Cl-ADO caused an arrest of the cell 
cycle with an accumulation of cells in G2/M (NPA) and G1/S (WRO and ARO) phases. The 
data suggested that 8-Cl-ADO (or 8-Cl-cAMP) may be a potent chemotherapeutic agent for 
the treatment of thyroid and other cancers and its’ effect will not depend on PKA signaling 
(Robinson-White et al., 2008).  

8.2 PKA-dependent and Independent effects of 8-Cl-ADO on proliferation and 
apoptosis 

Because PRKAR1A mutations are present in B-lymphocytes of CNC patients (Kirschner et al, 
2000b), B-lymphocytes from CNC patients and their normal matched controls were used in 
a multi-parametric approach (i.e. growth and proliferation assays, PKA and PKA subunit 
assays, cAMP and cAMP-binding assays and apoptosis assays) to study the effects of 8-Cl-
ADO on growth, cell proliferation and apoptosis; and on the relationship between these  
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Nesterova et al., 2008). Prkar1a+/- mice, however, did not develop skin and other CNC 
tumors (e.g., heart myxomas and pituitary adenomas); therefore, an investigation was made 
to determine if the Prkar1a defect is a generic, but a weak tumorigenic signal that depends 
on tissue-specific or other factors. Since p53 (product of the Trp53 gene ) and Rb1 
(retinoblastoma; product of the Rb1 gene) are essential for cell cycle control, mouse models 
were bred to determine if the tumorigenic properties of Prkar1a-haploinsufficiency emulate 
more accurately the CNC phenotype in the background Trp53 or Rb1 (Almeida et al., 2010). 
Prkar1a mice were bred within the Trp53+/- or Rb1+/- background, or treated with a skin 
carcinogenic protocol, including 7, 12-dimethylbenz (a) anthracene (DMBA; causes 
irreversible activation of the HRas oncogene) and 12-O-tetradecanoylphorbol-13-acertate 
(TPA; promotes the formation of papillomas). The data showed that Prkaria+/- Trp53+/- and 
Prkar1a+/- Rb1+/- mice developed more sarcomas and endocrine tumors, respectively than 
Trp53+/- and Rb1+/- mice. The authors suggest that Prkaria-haploinsufficiency has a 
synergistic and not an additive effect when combined with Tr53+/- and Rb1+/- defects in 
mice. A genome wide transcriptome profiling of tumors, produced along with qRT-PCR 
arrays, immunohistochemistry and cell cycle analysis of siRNA down-regulation of cell 
cycle genes, indicated that Wnt-signaling is the main signaling pathway activated by 
abnormal cAMP/PKA signaling. They conclude that in the mouse, Prkar1a-
haploinsufficiency is a relatively weak tumorigenic signal that can act synergistically with 
other tumor suppressor gene defects or chemicals to induce tumors, mostly through Wnt-
signaling and cell cycle dysregulation (Figure 3C) (Almeida et al., 2010). From these studies 
in mice, Wnt signaling appears to be the major signaling pathway for PRKAR1A-induced 
tumorigenesis. However, since Wnt–induced cell proliferation has been shown to be 
mediated via the ERK pathway in mouse  NIH3T3 cells ( Kim & Choi, 2007), the possibility 
exist that inter-pathway crosstalk (above the level of the cell cycle) between 
PKA/MAPK/Wnt may also occur in mice and in PRKAR1A-mutant cells and tissues. 
Differences in pathway interactions may also occur in humans vs. mice, as well as between 
different cell and tissue types, bringing about a much more complex picture. 

8. Targeting PKA activity in endocrine and other cell types 
8.1 Effect of 8-Cl-cAMP and 8-Cl- Adenosine (8-Cl-ADO) on cell proliferation and 
apoptosis 

Recent investigations have provided a plethora of information on the pathophysiology and 
genetics of CNC tumors. However, effective treatment strategies for many tumors of CNC 
are not available. PKA affects cell proliferation in many CNC cell types and is thus a 
potential target for treatment of CNC tumors. PKA activity is stimulated by cAMP and its 
cAMP analogues. One such analogue, the 8-Cl- derivative of cAMP (8-Cl-CAMP), the most 
potent of the cAMP analogues initially tested (Katsaros et al., 1987), and its 
dephosphorylated metabolite, 8-Cl-ADO are known inhibitors of cancer cell proliferation. 
However, their mechanisms of action were debated. Questions asked were: 1) does 8-CL-
ADO have inhibitory effects on cell growth in human thyroid, HeLa and other tumor cell 
types; 2) does 8-Cl-ADO act on adenosine receptors to stimulate adenyl cyclase and PKA 
activity; 3) are the inhibitory effects of 8-Cl-cAMP due to its by-product 8-Cl-ADO; and 4) 
does 8-Cl-ADO exert its inhibitory effects by changing the RI to RII subunit ratio as has been 
suggested for 8-Cl-cAMP (Katsaros et al., 1987; Robinson-White et al., 2008). In [3H] 
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thymidine uptake and Cell Titer 96 AQ (MST) cell proliferation assays using human thyroid 
tumor cells (WRO), HeLa cells and other cancer cell types (colon carcinoma/ARO and 
melanoma/ NPA) both 8-CL-cAMP and 8-Cl-ADO inhibit cell growth and proliferation 
(IC50 values ranged from 0.5 M to 1.7 M for 8-CL-ADO and 0.55 M to 4.4 M with 8-Cl 
cAMP, depending on the cell type). The inhibition by 8-Cl-ADO was decreased with time 
(beginning on the 5th day of incubation). To determine if this decrease was due to 
intracellular or extracellular 8-CL-ADO metabolism, preincubation experiments were 
performed. When 8-Cl-ADO was preincubated without cells for 7 days (37oC), and cells 
were then incubated using the same previously preincubated solution for 5 days; or the 
culture was replenished with fresh drug on day 4, the decrease in inhibition was eliminated, 
with no difference seen in inhibition with the preincubated drug and the replenished drug. 
This suggested that 8-Cl-ADO is not metabolized in the media at 37oC (Robinson-White et 
al., 2008), but, as others have reported (Halgren et al., 1998; Langeveld et al., 1992) may be 
degraded within the cell with time, by intracellular adenosine deaminase to an inactive 
product, 8-Cl-inosine. Studies with adenosine receptor agonists (adenosine and NECA) 
showed no effect on cell proliferation and the adenosine receptor antagonists, XAC and 
MRS 1523, did not affect 8-Cl-ADO-induced inhibition, excluding the possibility that 8-Cl-
ADO’s effect is by an effect on adenosine receptors. The question as to whether 8-Cl-cAMP 
acts as a pro-drug and is metabolized to 8-Cl-ADO by extracellular phosphodiesterase and 
5’ nucleotidase, was addressed when cells were incubated with 8-Cl-ADO, 8-Cl-cAMP and 
8-Cl-cAMP plus the phosphodiesterase inhibitor 3-isobutytl-1-methylxanthaine (IBMX) in 
media containing serum or with 8-CL-cAMP in serum–free media. The inhibition by 8-Cl-
cAMP was greatly reduced by IBMX (to 62%) and further reduced in serum free media (to 
75%). This data suggested that 8-Cl-cAMP is metabolized to 8-Cl-ADO, and the inhibitory 
effect of 8-Cl-cAMP is due to its by-product, 8-Cl-ADO. The involvement of 8-Cl-ADO in 
PKA cell signaling was examined. 8-Cl-ADO altered PKA activity in cell types in a 
differential manner, with a small increase in activity in thyroid cells. No reduction occurred 
in the ratio of RI to RII subunits, in all, suggesting that PKA and the R subunits have no 
direct effect on the inhibition by 8-Cl-cAMP and 8-Cl-ADO. To examine the mechanism of 
the inhibition by the two drugs, the effect of 8-Cl-ADO on apoptosis and on the cell cycle 
was measured by Flow Cytometry using the Annexin V/7AAD assay and BrdU 
incorporation, respectively. Apoptosis was induced in all cell lines, in the rank order in cells 
matching the IC50 values in MTS assays. Both drugs also caused rapid and late 
apoptosis/necrosis. Cell cycle analysis showed that 8-Cl-ADO caused an arrest of the cell 
cycle with an accumulation of cells in G2/M (NPA) and G1/S (WRO and ARO) phases. The 
data suggested that 8-Cl-ADO (or 8-Cl-cAMP) may be a potent chemotherapeutic agent for 
the treatment of thyroid and other cancers and its’ effect will not depend on PKA signaling 
(Robinson-White et al., 2008).  

8.2 PKA-dependent and Independent effects of 8-Cl-ADO on proliferation and 
apoptosis 

Because PRKAR1A mutations are present in B-lymphocytes of CNC patients (Kirschner et al, 
2000b), B-lymphocytes from CNC patients and their normal matched controls were used in 
a multi-parametric approach (i.e. growth and proliferation assays, PKA and PKA subunit 
assays, cAMP and cAMP-binding assays and apoptosis assays) to study the effects of 8-Cl-
ADO on growth, cell proliferation and apoptosis; and on the relationship between these  
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parameters and PKA signaling. Since adenosine (a structural analogue of 8-CL-ADO) is 
transported across the lymphocyte plasma membrane by specialized membrane nucleoside 
carrier proteins (equilibrate nucleoside transporters; ENTs) by facilitated diffusion for 
subsequent metabolism and to induce apoptosis, the possibility that 8-Cl-ADO is also 
transported across the plasma membrane to induce apoptosis was explored. 8-Cl-ADO 
inhibited cell proliferation in a time and concentration-dependent manner, with greater 
inhibition in mutant cells. IC50 values were higher (1M and 2M in normal and mutant 
cells, respectively) than those previously reported for other cell types. The manner in which 
8-Cl-ADO affects PKA signaling was explored. Cyclic AMP levels were increased, while 
[3H]-cAMP binding was decreased in both cell types. However, binding experiments 
suggested a time-required down-regulation of cAMP binding. PKA subunit levels were 
altered with an overall reduction in the RI/RII subunit ratio, whereas levels of the catalytic 
subunit C were 2-fold that of RII. Basal and cAMP-stimulated PKA activity was increased 
by 8-Cl-ADO (Robinson-White et al., 2009). These data suggested that 8-Cl-ADO can change 
the site selectivity of cAMP toward R-subunits, as shown for 8-Cl-cAMP (Ally et al., 1988; 
Rohlff et al., 1993). Experiments with the ENT protein inhibitor dipyridamole (DIP) and 8-
Cl-ADO indicated a competition between 8-Cl-ADO and DIP for the ENT protein and 
suggested that 8-Cl-ADO is transported into lymphocytes by facilitated diffusion. Also, an 
analysis of components of the intracellular adenosine metabolic pathway, as affected by 8-
Cl-ADO, showed that adenosyl-homocysteine (ADOHcy, the main product of adenosine 
metabolism) alone inhibited cell proliferation, while the inhibition by 8-Cl-ADO in both cell 
types was increased. This inhibition was greater in mutant cells. Likewise, 8-Cl-ADO also 
increases levels of p53, another component of adenosine metabolism. Since adenosine 
metabolism results in apoptosis, whether or not 8-CL-ADO induces apoptosis in B-
lymphocytes and if this apoptosis is reversed by DIP was explored. Apoptosis was induced 
by 8-Cl-ADO, was reversed by DIP and was greater in mutant cells. As in proliferation 
studies, the effect indicated a competition by DIP and 8-Cl-ADO for the ENT protein. 
Together, the data suggested that 8-Cl-ADO is transported in and metabolized to ADOHcy 
to induce apoptosis in B-lymphocytes. Data also indicated that other cancer cell types (e.g. 
MCF-7 breast carcinoma and SW-13 adrenal cortex carcinoma cells, HeLa, NPA, WRO, and 
ARO) transport 8-Cl-ADO via ENTs and may indicate a general mechanism of action of 8-
CL-ADO on cell proliferation. 8-Cl-ADO also inhibits ISO-induced GPCR activation of cell 
proliferation, LPA-stimulation of RTK-induced proliferation, as well as pERK1/2 levels in 
lymphocytes, but had only a small and nonspecific inhibitory effect on A1, A2a, and A2b 
adenosine receptors, and no effect on A3 receptors, suggesting that 8-Cl-ADO can also 
inhibit proliferation induced by different GPCRs and proliferation induced by other 
receptor types (e.g. RTK). The authors present a hypothesis (Figure 4) for the mechanism of 
action of 8-Cl-ADO on cell proliferation. The inhibition may be due to: 1) stimulation of an 
ENT protein to transport 8-Cl-ADO intracellularly for metabolism to adenosyl-
homocysteine (ADOHcy) to induce apoptosis; 2), intracellular 8-Cl-ADO may stimulate 
PKA activity. However, the ability of transported 8-Cl-ADO to inhibit proliferation would 
depend on the cell’s ability to use the PKA signaling pathway to induce proliferation 
(Robinson-White et al, 2008); 3) PKA activity may be increased by the selective binding of 8-
Cl-ADO to R-subunits; 4) 8-Cl-ADO may inhibit GPCR-and RTK induced proliferation; and 
5) ENT proteins may transport 8-Cl-ADO in other cell types to inhibit proliferation. 
Additionally, the effect of 8-Cl-ADO on PKA may be overlooked because of the large and  
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direct effects of transported 8-Cl-ADO on proliferation and on the induction of apoptosis. 
The conclusions from this work may have applications in solid tumors of CNC and even in 
non-PRKAR1A-mutant systems (Robinson-White et al., 2009). 

 
Fig. 4. Mechanism of the Inhibition by 8-Cl-Adenosine (8-Cl-ADO) on proliferation in B 
Lymphocytes 1), 8-C-ADO is transported into the cell by an es-type equilibrate nucleoside 
transporter protein (ENT) and metabolized to adenosyl-homocysteine (ADOHcy) to (2) 
induce apoptosis. 3), Extracellular 8-CL-ADO alters the action of adenosine receptors (A1, 
A2a and A2b) that (4) activate or inhibit PKA. 5), PKA is activated extracellularly at G-
protein coupled receptors (GPCR) by isoproterenol (ISO) or intracellularly at (6) adenyl 
cyclase by forskolin (Fsk). 7), Growth factors or cytokines stimulate GPCRs to activate the 
ERK1/2 cascade of the MAPK signaling pathway. Lysophosphatidic acid (LPA) stimulates 
GPCRs that interact with receptor tyrosine kinase (RTK) that activates ERK1/2. 9), PKA 
alters c-Raf-1 or B-Raf activity to inhibit or stimulate, respectively, cell proliferation. 10), 8-
CL-ADO alters the activity of PKA. 

9. Future perspectives 
9.1 Targeted therapy and drug design for endocrine tumors 

Targeted therapy refers to the use of anti-cancer drugs that are designed to interfere with a 
specific molecular target in a cell signaling pathway that plays a crucial role in 
tumorigenesis and in its progression. Appropriate targets within the pathways must be 
identified based on a detailed understanding of the molecular mechanisms underlying the 
cancer progression. Targeted therapy has improved the therapeutic landscape among solid 
tumors and offers new treatment strategies beyond surgery, conventional chemotherapy 
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parameters and PKA signaling. Since adenosine (a structural analogue of 8-CL-ADO) is 
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carrier proteins (equilibrate nucleoside transporters; ENTs) by facilitated diffusion for 
subsequent metabolism and to induce apoptosis, the possibility that 8-Cl-ADO is also 
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receptor types (e.g. RTK). The authors present a hypothesis (Figure 4) for the mechanism of 
action of 8-Cl-ADO on cell proliferation. The inhibition may be due to: 1) stimulation of an 
ENT protein to transport 8-Cl-ADO intracellularly for metabolism to adenosyl-
homocysteine (ADOHcy) to induce apoptosis; 2), intracellular 8-Cl-ADO may stimulate 
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direct effects of transported 8-Cl-ADO on proliferation and on the induction of apoptosis. 
The conclusions from this work may have applications in solid tumors of CNC and even in 
non-PRKAR1A-mutant systems (Robinson-White et al., 2009). 

 
Fig. 4. Mechanism of the Inhibition by 8-Cl-Adenosine (8-Cl-ADO) on proliferation in B 
Lymphocytes 1), 8-C-ADO is transported into the cell by an es-type equilibrate nucleoside 
transporter protein (ENT) and metabolized to adenosyl-homocysteine (ADOHcy) to (2) 
induce apoptosis. 3), Extracellular 8-CL-ADO alters the action of adenosine receptors (A1, 
A2a and A2b) that (4) activate or inhibit PKA. 5), PKA is activated extracellularly at G-
protein coupled receptors (GPCR) by isoproterenol (ISO) or intracellularly at (6) adenyl 
cyclase by forskolin (Fsk). 7), Growth factors or cytokines stimulate GPCRs to activate the 
ERK1/2 cascade of the MAPK signaling pathway. Lysophosphatidic acid (LPA) stimulates 
GPCRs that interact with receptor tyrosine kinase (RTK) that activates ERK1/2. 9), PKA 
alters c-Raf-1 or B-Raf activity to inhibit or stimulate, respectively, cell proliferation. 10), 8-
CL-ADO alters the activity of PKA. 
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9.1 Targeted therapy and drug design for endocrine tumors 

Targeted therapy refers to the use of anti-cancer drugs that are designed to interfere with a 
specific molecular target in a cell signaling pathway that plays a crucial role in 
tumorigenesis and in its progression. Appropriate targets within the pathways must be 
identified based on a detailed understanding of the molecular mechanisms underlying the 
cancer progression. Targeted therapy has improved the therapeutic landscape among solid 
tumors and offers new treatment strategies beyond surgery, conventional chemotherapy 
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and radiation. Use of small molecular compounds that regulate oncogenic transduction 
pathways and monoclonal antibodies have emerged as promising treatment options in solid 
tumors. 

9.1.1 Tyrosine kinase inhibitors 

Of the greater than 500 different protein kinases in humans, only 91 are tyrosine protein 
kinases and are serine/threonine/kinases. A subset of serine/threonine kinases (e.g., such 
as PKB, ERK1/2, PKC), are involved in signal transduction as key regulators of cell 
proliferation, differentiation and apoptosis (Levitzki & Klein, 2010). Of the small molecular 
inhibitors that affect signaling pathways, tyrosine kinase inhibitors (TKIs) are designed to 
affect tyrosine kinase-dependent oncogenic pathways. TKIs selectively inhibit tyrosine 
kinase activity and provide a relatively high therapeutic window and low toxicity, in 
comparison with conventional chemotherapy. Some TKIs currently in use for the treatment 
of endocrine cancers include erlotinib, axitinib and vatalanib for pancreatic cancer, axitinib 
and vandetanib, imatinib and motesanib for thyroid cancer, while others are in ongoing 
clinical trials. There is conservation in the structure of the ATP binding site in all protein 
kinases. This allows TKIs to act as small molecules with structural similarity to ATP, and to 
bind to and disrupt tyrosine kinases catalytic activity. However, the homology of structure 
may also afford TKIs the ability to act against a broad range of protein kinases, to affect 
multiple pathways and bring about important side effects. Recently endocrine-related side 
effects have been seen, some of which include alterations in thyroid function, bone 
metabolism, growth, gonadal function, fetal development, glucose metabolism and adrenal 
function (Lodish & Stratakis, 2010b). Although TKIs offer promising treatment options, 
further investigation is needed to determine the molecular mechanisms underlying 
endocrine dysfunction, as well to bypass TKI related side effects to obtain wider use of TKIs 
in the treatment of cancer. 

9.1.2 Monoclonal antibodies 

A number of monoclonal antibodies (mAbs) have been developed for cancer therapy in 
recent years and many more are in clinical trials. Monoclonal antibodies interfere with 
cancer progression by three basic mechanisms: inhibiting signal transduction, antibody-
dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC). 
The hallmark of an effective therapeutic mAb is its ability to target antigens that are crucial 
for tumor maintenance, inhibit signaling by that antigen and induce cytotoxicity. Antibodies 
inhibit signal transduction by binding to, e.g. cell surface receptors, or by preventing ligand 
binding to specific receptors, to prevent the activation of signaling pathways. ADCC occurs 
when mAbs bind to tumor cells and to Fc receptors on immune cells (e.g., neutrophils, 
mononuclear phagocytes, but mainly to natural killer cells). This activates the cells to engulf 
and destroy the bound tumor cell. The same mAbs can also activate the complement system 
to kill cells directly, by the formation of a “membrane attack complex” (MAC). MAC 
produces a pore within the tumor cell membrane, which leads to tumor cell destruction 
(Levitzki & Klein, 2010). Over expression or activation of epidermal growth factor receptors 
(EGFRs) has been reported in many cancers, including ovarian cancer. Cetuximab 
(Erbitux®), panitumumab (Vestibix®) and trastuzumab (Herceptin®) are three EGFR 
targeting mAbs that are licensed for clinical use. Cetuximab blocks EGFR ligand binding 
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and induces receptor internalization and degradation. It inhibits tumor growth and 
proliferation via Go/G1 cell cycle arrest, induction of apoptosis and inhibition of metastasis 
and enhances radiosensitivity (Stoffel, 2010). Trastuzumab is so far, the most successful anti-
EGFR antibody, having been used for HER2 positive breast cancer. It binds to the 
juxtamembrane portion of the HER2 receptors’ extracellular domain, to prevent the 
activation of its intracellular tyrosine kinase domain. The endothelial growth factor (VEGF) 
can increase tumor vasculature to enhance tumor growth, and is also implicated in various 
other aspects of tumorigenesis (e.g. angiogenesis, mitogenesis and permeability enhancing 
effects). Bevacizumab (Avastin®) is the most advanced VEGF targeted agent for treatment 
of solid tumors (Levitzki & Klein, 2010, Stoffel, 2010), and the first VEGF inhibitor approved 
by the FDA (2004) as a first-line treatment of metastatic colorectal cancer. It binds to and 
neutralizes all VEGFA type isoforms, preventing binding to VEGF tyrosine kinase receptors. 
Combination therapy with mAbs and other anti-tumor agents in clinical trials showed, in 
most cases, an increase in response rate over monotherapy. However, median survival 
showed no significant improvement. Clinical use of mAbs has also shown that antibodies 
can have deleterious side effects, mainly because the same antigens present on cancer cells 
are also present on normal cells (Stoffel, 2010). Investigations are ongoing for the 
improvement of (Vossler et al., 1997) mAb therapy for efficacy and the relief of side effects. 

9.2 Viral therapy 

Advances in cancer biology and virology has allowed the compilation of a growing arsenal of 
naturally occurring and genetically engineered oncolytic viruses (OV) to treat human cancer. 
These viruses give a promise of killing cancer cells with low toxicity to normal tissue. They act 
by infecting tumor cells and selectively replicating inside cells, achieved by modification of the 
viral genome for targeting of specific tumor cell molecules or signal transduction pathways. 
Infected cells then become “factories” for the replication, subsequent release of new viruses, 
and a cycle of infection-replication-release ensues. This cycle is repeated indefinitely to 
effectively kill the tumor mass. Adenoviruses (Ad), Herpes simplex virus (HSV), and vaccinia 
(VV; the prototype poxvirus) are the most studied viruses and have shown promising results 
in clinical trials. Ad infects cells via receptor mediated endocytosis using two separate 
receptors. The virus first binds to the primary receptor, the host cell receptor (Coxsakie-
adenovirus receptor), and is then internalized by binding of its viral capsid with host avB 
integrins. It enters the cell via endosomes where it is dissembled and lysed. Ads have also been 
engineered to selectively infect and lyse tumor cells for the purpose of targeting specific cancer 
cell mutations. Like Ad, HSV are genetically engineered for tumor-selective replication (i.e., it 
only targets tumor cells), accomplished by deletion of viral genes to restrict replication to 
tumor cells. VV relies on its own encoded proteins as well as host proteins and functions for its 
life cycle. This allows for rapid and efficient translation, transcription and replication in 
poxvirus “factories’, in the host cell cytoplasm. VV can enter and replicate in many cell types 
from various species, although it has a propensity toward human cells. It enters the cell via an 
endosome or through the plasma membrane. Since VV is a large (250 x 350 mm) virus it may 
require a leaky vasculature for extravasations from the vasculature into tumor tissues. Tumors 
are known for their leaky vasculature and production of vascular endothelial cell growth 
factor (VEGF). With this in mind, a number of strategies are being investigated to enhance 
replication in tumors cells, and concurrently reduce replication in normal cells. Another new 
and exciting approach to viral therapy is the use of carrier cells to deliver tumor-specific OV to 
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activation of its intracellular tyrosine kinase domain. The endothelial growth factor (VEGF) 
can increase tumor vasculature to enhance tumor growth, and is also implicated in various 
other aspects of tumorigenesis (e.g. angiogenesis, mitogenesis and permeability enhancing 
effects). Bevacizumab (Avastin®) is the most advanced VEGF targeted agent for treatment 
of solid tumors (Levitzki & Klein, 2010, Stoffel, 2010), and the first VEGF inhibitor approved 
by the FDA (2004) as a first-line treatment of metastatic colorectal cancer. It binds to and 
neutralizes all VEGFA type isoforms, preventing binding to VEGF tyrosine kinase receptors. 
Combination therapy with mAbs and other anti-tumor agents in clinical trials showed, in 
most cases, an increase in response rate over monotherapy. However, median survival 
showed no significant improvement. Clinical use of mAbs has also shown that antibodies 
can have deleterious side effects, mainly because the same antigens present on cancer cells 
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naturally occurring and genetically engineered oncolytic viruses (OV) to treat human cancer. 
These viruses give a promise of killing cancer cells with low toxicity to normal tissue. They act 
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and a cycle of infection-replication-release ensues. This cycle is repeated indefinitely to 
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adenovirus receptor), and is then internalized by binding of its viral capsid with host avB 
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tumors. These are autogenous cells, e.g. mesenchymal progenitor stem cells and immune cells 
that have a great potential to by-pass pre-exiting immunity and to reduce “off target toxicity” 
as well. In all, viral therapy has greatly progressed in recent years, and much success has 
indicated possible widespread future use. However, there are still unmet requirements to 
overcome, 1) overcoming pre-existing host immunity; 2) since only small fractions of carrier 
cells reach the tumor target, strategies for enhanced trafficking should be investigated and, 3) 
there is a need for increased OV distribution throughout the tumor tissue for more effective 
therapy (Guo et al., 2008). 

9.3 Modulation of apoptosis 

Apoptotic pathways have recently garnered considerable attention in the development of 
cancer treatment strategies, and studies have focused on key regulatory points in these 
pathways. In preclinical and clinical investigations, pro-apoptotic and anti-apoptotic Bcl-2 
proteins, that control the intrinsic pathway, have been used as drug targets (Elkholi et al., 
2011). In particular, studies on the pro-apoptotic BH3-only proteins have shown alterations 
in protein expression in several cancers, (e.g., colon, lung and other cancers). For example, 
use of Oblimersen, designed to target Bcl-2 mRNA (Klasa et al., 2002), is one of the first 
attempts to regulate Bcl-2 proteins. However, treatment has not been successful, possibly 
due to Oblimersen’s targeting of only BCL-2 protein, with no effect on other anti-apoptotic 
proteins, and in some cases an enhanced effect on other proteins that increase BCL-2. To 
remedy this problem, several small molecules (BH3 mimetics) have been developed to 
functionally mimic the BH3 domain of Bcl-2. These proteins bind within the hydrophobic 
groove of Bcl-2 and inhibit its activity. Obatoclax®, the first pan anti-apoptotic Bcl-2 protein 
inhibitor, not only inhibits Bcl-2, Bcl-xL and MC-1, but presumably other anti-apoptotic 
proteins. However, Obatoclax® may also have Bcl-2–independent targets, decreasing its 
specificity. The development of synthetic protein mimetics and the manipulation of these 
peptides (e.g. “stapling to maintain -helicity”) are valuable tools for designing cancer 
therapeutics and studying the exact nature of protein-protein interactions, as well as for the 
development of models to target individual proteins (Elkholi et al, 2011). The MAP kinase, 
ERK1/2, has been shown to phosphorylate and deactivate the pro-apoptotic protein BAD 
for inhibition of apoptosis in PRKAR1A-mutant B-lymphocytes (Robinson-White et al., 
2006b). Studies on the pro-apoptotic ability of cAMP/PKA showed that PKA induces G1 
phase cell cycle arrest and apoptosis in wild type S49 cells by up-regulation of pro-apoptotic 
BIM, but not in deathless (D) S49 lymphoma cells which lack cAMP promoted apoptosis. 
Up-regulation of BIM may, thus, be an important element of cAMP/PKA mediated 
apoptosis (Zambon et al., 2011). Therefore, the manipulation of various proteins, small 
molecular inhibitors and signaling pathways can be used in therapeutic strategies to 
regulate apoptosis. However, the specific protein, signaling pathway, stimulant and cell and 
tissue type must be considered. Further investigation into the mechanisms involved in the 
interactions of these proteins and signaling pathways with apoptosis in cancer cells will 
certainly bring to light other therapeutic targets to benefit cancer patients. 

9.4 Challenges of anticancer efforts 

Tremendous advances in certain areas of cancer diagnosis and treatment have occurred 
within the last 20 years. However, we still face many challenges in the treatment of most 
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cancer types. More in-depth research and improved treatment strategies are needed to 
overcome these obstacles. 

9.4.1 Lack of biomarkers 

There is a need for reliable biomarkers for endocrine and other cancers. Diagnosis and 
treatment of certain cancers are still impeded by the lack of specific and sensitive biomarkers 
that correlate with disease burden and respond to surgical and systemic treatment. For 
example, pancreatic adenocarcinoma, the fourth highest cause of cancer-related deaths in the 
United States, has the most aggressive presentation, resulting in a very short median survival 
time, and one of the lowest survival rates for solid tumors. At the present time there is still no 
reliable method for early detection, and less than 10% of cases are diagnosed at an early stage. 
Because surgical resection remains the only option for a potential cure and most patients 
present with inoperable disease, early and accurate diagnosis is essential. Carbohydrate 
antigen 19-9, i.e. sialylated Lewis antigen, is the only widely used biomarker for pancreatic 
cancer (sensitivity 80.8%, specificity 89%). It, however, is expressed in other cancers and in 
other benign diseases, and is thus an ineffective screening tool in the general population 
(Castellanos et al., 2011). Recently, a novel urine steroid metabolomics approach was designed 
to detect adrenocortical carcinoma (ACC) and to differentiate ACC from adrenocortical 
adenoma (ACA). The method is based on gas chromatography/mass spectrometry steroid 
profiling, followed by machine learning analysis. Recent data showed that 9 steroids 
differentiate ACC from ACA (specificity= sensitivity = 90%). Thus, urine steroid metabolism is 
both sensitive and specific and has great promise for differentiating benign from malignant 
disease (Arlt et al., 2011). Epithelial ovarian cancer (EOC) is the most common gynecological 
cancer and the ninth most common cancer overall. Diagnostic and treatment options lag due to 
poor characterization of disease progression, disease heterogeneity and lack of early detection 
biomarkers. Early detection and treatment of EOC would significantly benefit from specific 
and sensitive routine screening tests on biofluids. Over 200 potential biomarkers for EOC have 
been identified in the past twenty years. Of the many biomarker candidates, only a small 
number are validated with clinical samples, due to the lack of biomaterials that are linked with 
accurate clinical data. Research is now geared toward identifying more stratified biomarkers to 
accurately follow disease progression as well as efficacy of treatment (Elschenbroich et al., 
2011). 

9.4.2 Resistance to drug therapy 

Resistance to drug therapy is a major cause of treatment failure. For example, relapse after 
successful treatment of patients with chronic myeloid leukemia with the TKI, imatinib, 
occurred due to the emergence of cells having a second-site mutation in the BCR/ABL 
oncoprotein, which prevented imatinib binding. Likewise, second-site mutations were 
identified in epidermal growth factor receptors (EGFRs) in non-small cell lung carcinoma. 
These cells acquired resistance to the TKI, erlotinib. Many second-site mutations exist prior 
to therapy; therefore there is a need for mutational analysis of the cancerous tissue and 
combination drug therapy in the form of a “drug cocktail” as the first line of therapy to 
prevent the emergence of resistant clones. Studies have also shown that drug efficacy can be 
compromised by mutations in other un-related genes. Mutations in genes such as PTEN and 
p53 can control the outcome of targeted therapy. The mechanism of this reaction is 
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cancer types. More in-depth research and improved treatment strategies are needed to 
overcome these obstacles. 
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to detect adrenocortical carcinoma (ACC) and to differentiate ACC from adrenocortical 
adenoma (ACA). The method is based on gas chromatography/mass spectrometry steroid 
profiling, followed by machine learning analysis. Recent data showed that 9 steroids 
differentiate ACC from ACA (specificity= sensitivity = 90%). Thus, urine steroid metabolism is 
both sensitive and specific and has great promise for differentiating benign from malignant 
disease (Arlt et al., 2011). Epithelial ovarian cancer (EOC) is the most common gynecological 
cancer and the ninth most common cancer overall. Diagnostic and treatment options lag due to 
poor characterization of disease progression, disease heterogeneity and lack of early detection 
biomarkers. Early detection and treatment of EOC would significantly benefit from specific 
and sensitive routine screening tests on biofluids. Over 200 potential biomarkers for EOC have 
been identified in the past twenty years. Of the many biomarker candidates, only a small 
number are validated with clinical samples, due to the lack of biomaterials that are linked with 
accurate clinical data. Research is now geared toward identifying more stratified biomarkers to 
accurately follow disease progression as well as efficacy of treatment (Elschenbroich et al., 
2011). 

9.4.2 Resistance to drug therapy 

Resistance to drug therapy is a major cause of treatment failure. For example, relapse after 
successful treatment of patients with chronic myeloid leukemia with the TKI, imatinib, 
occurred due to the emergence of cells having a second-site mutation in the BCR/ABL 
oncoprotein, which prevented imatinib binding. Likewise, second-site mutations were 
identified in epidermal growth factor receptors (EGFRs) in non-small cell lung carcinoma. 
These cells acquired resistance to the TKI, erlotinib. Many second-site mutations exist prior 
to therapy; therefore there is a need for mutational analysis of the cancerous tissue and 
combination drug therapy in the form of a “drug cocktail” as the first line of therapy to 
prevent the emergence of resistant clones. Studies have also shown that drug efficacy can be 
compromised by mutations in other un-related genes. Mutations in genes such as PTEN and 
p53 can control the outcome of targeted therapy. The mechanism of this reaction is 
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unknown. Another cause of relapse after successful treatment is the ability of cancer cells to 
adapt to treatment. Cancer cells can re-wire signal transduction networks to become less 
dependent on the molecular target (McCormick, 2011). The mechanism that drives this is part 
of a process called “oncogene addition” (Weinstein & Joe, 2008). Cancer cells are addicted to 
and depend on a particular oncogene for survival. For example, certain cancer cells that 
depend on, e.g. mutated B-Raf are addicted to MEK. These cells are exquisitely sensitive to 
MEK1/2 inhibitors. But other tumor cells or normal cells are not. The confounding aspect of 
this observation is that “oncogene addicted“ cancer cells, after treatment can lose their 
addition and fail to respond to the same therapy (McCormick, 2011). Some cancer cells can 
switch to alternate signaling pathways. Successful treatment of estrogen positive breast cancer 
with aromatase inhibitors, was eventually decreased due to adaptive changes in these cells; 
leading to a decrease in the expression of estrogen receptor α and aromatase, and a switch to 
use of the MAPK signaling pathway (Brodie et al., 2011). Other outcomes of targeted therapy 
have also left investigators perplexed, and go beyond the present level of understanding of 
signaling pathways. In particular, patients who have K-Ras mutations and were treated with 
EGFR inhibitors plus chemotherapy, showed increased tumor progression in spite of the 
combined therapy (McCormick, 2011). In all, these examples of events occurring in cancer 
cells, allow us to realize the extent of the adaptive ability of cancer cells to resist therapeutic 
strategies. Therefore a comprehensive knowledge of all mutations and signaling pathways in a 
tumor should be sought to predict a drug response. 

9.4.3 Complexity of signaling 

Most anticancer strategies focus on attacking specific targets in a given biological pathway 
to achieve target specificity and to minimize toxicity. However, due to resistance to therapy, 
this approach has not produced the desired effect, i.e. eradication of all tumor cells. The 
major problem has been our incomplete understanding of the multiplicity and complexity of 
genetic and epigenetic changes, and the redundancies and “cross-talk” found in key 
signaling pathways occurring in the majority of cancer cells, as well as the ability of cancer 
cells to use alternative signaling pathways to resist therapy (Azmi et al., 2010). We are now 
aware that much more knowledge should be gathered on tumor genetics and the 
complexities of tumor signaling pathways and pathway interactions versus that in normal 
cells for the development of more refined therapeutic strategies. Instead of a single-pathway 
targeted approach or the use a single therapeutic moiety, innovative approaches (e.g. 
combination therapy with chemotherapy, mAb and TKI moieties) are needed to overcome 
these obstacles to treatment efficacy.  

9.4.4 Lack of individualized therapy 

The one size fits all approach to cancer therapeutics is based on standards of care, obtained 
by epidemiological studies of large cohorts. It is a reactive approach that focuses on 
treatment of signs and symptoms. It does not take into account the vast underlying 
biological heterogeneity of tumors, host genetics, and inter-individual variations in drug 
response. The need for a more tailored approach to treatment is apparent. Likewise, 
biomarkers do not predict which patients will respond positively, which are non-responders 
and which patients will experience adverse reactions for the same medications and dose. At 
present, dosage must be optimized by a trial and error method. Recent advances in medical 
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genetics and molecular profiling, e.g. genetic and proteomic profiling, genetic testing and 
improvement in treatment response assessment, has allowed the advancement of the field of 
personalized medicine. Personalized medicine, considers each persons unique clinical, 
genetic, genomic and environmental information (Shastry, 2006). The implementation of 
personalized medicine would allow the selection of the right drugs and manner of treatment 
for a given patient, and to define lifelong health maintenance strategies. 

10. Conclusions 
In the last 25 years, an understanding of endocrine tumorigenesis has greatly advanced, due 
to the increase in our knowledge of underlying molecular signaling pathways and cellular 
and molecular genetics. In endocrine and other cells, various signaling pathways 
communicate (“talk”) to each other forming a highly complex network of interactions that 
amplify or dampen extracellular and intracellular signals. The PKA signaling pathway 
appears to be at the hub of signaling in endocrine tissue. It interacts with versatility with the 
MAPK, PKC, PKB, Wnt and other signaling pathways, as well as with apoptotic pathways, 
in a manner that depends on the species, tissue, cell type and ligand involved. From 
pathophysiological and other studies, endocrine tumors have been well characterized and 
classified. Of these tumors, we have focused here, in particular, on CNC and its main 
clinical manifestation, PPNAD. Mutations in the gene encoding the RI subunit of PKA, 
PRKAR1A, have been shown to be central to the development of tumors of CNC. Through 
studies in PRKAR1A mutant cells and tissues and in mouse models, we are beginning to 
understand PRKAR1As role in the intricate molecular mechanisms involved in CNC tumor 
formation   Despite the fact that effective treatment strategies for many tumors of CNC are 
currently lacking, studies with the cAMP analogue, 8-Cl-adenosine, have shown that this 
drug may be a useful therapeutic agent for the treatment of CNC tumors. Although the 
future looks bright for the use of other highly innovative approaches in the treatment of 
endocrine and other tumors, it is apparent that there are still many challenges to overcome 
before these strategies use be widely implemented. More comprehensive research into the 
complexity of extracellular/intracellular signaling, inherent biological heterogeneity of 
tumors, host genetics and inter-individual variations in host response should be undertaken 
to overcome these challenges. 
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1. Introduction 
The mitogen activated protein kinase (MAPK) cascade is a family of serine-threonine 
protein kinases controlling a vast array of cellular responses. Among the oldest signaling 
pathways known, the MAPK cascade is evolutionarily conserved, being found in species 
ranging from yeast to humans (Widmann et al., 1999). All eukaryotic cells possess multiple 
MAPK signaling pathways. In mammals, four major subfamilies (termed classical MAPKs) 
have been identified including extracellular signal-regulated kinase 1/2 (ERK1/2), c-jun N-
terminal protein kinases (JNK/SAPK), p38 isoforms (p38 , , , or ), and ERK5 
(Dhanasekaran and Johnson, 2007). These multiple parallel MAPK cascades all operate 
through a three tiered system characterized by consecutive phosphorylation events. Each of 
the pathways is equipped to respond to a remarkably diverse array of stimuli, including 
cytokines, growth factors, irradiation, hormones, injury, and stress (Cargnello and Roux, 
2011). The binding of stimuli to receptors triggers the initial phosphorylation events. These 
events transform inactive MAP3K into active MAP3K. Subsequently, active MAP3K 
phosphorylates, and thereby activates, downstream MAP2K (MEK) proteins. The active 
MAP2K proteins then phosphorylate MAPK (ERK) molecules. These MAPK proteins then 
regulate the transcription of a diverse group of genes involved in inflammation, cell 
survival, cell division, development, metabolism, differentiation, motility, and repair 
(Cargnello and Roux, 2011).  

Additionally, over the last two decades atypical pathways including ERK 3/4, ERK 7/8 and 
Nemo-like kinase (NLK) have been discovered (Cargnello and Roux, 2011). Similar to 
classical MAPK family members, these proteins phosphorylate target substrates on serine or 
threonine residues. However, they are not organized into the classical three-tiered model 
and contain a less well conserved motif on the activation loop of the kinase domain.  

Due to the diverse effects that MAPK signaling pathways have on cellular processes, the 
classical MAPK pathways have been intensely studied to assess their role in human disease. 
Detailed reviews for each pathway were previously published (Weston and Davis, 2007; 
Wagner and Nebreda, 2009; Cargnello and Roux, 2011; Schindler et al, 2007; Nishimoto and 
Nishida, 2006). Therefore, this chapter will focus on one protein kinase, Tpl2, within the 
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MAPK family and how altered expression (either underexpression or overexpression) of this 
kinase is linked to inflammation, cancer and other disease states.  

2. The MAP3K8/Tpl2 gene 
MAP3K8 (known as Cot or Tpl2 in rodents) is a MAP3K protein first isolated from thyroid 
tumors as a gene capable of inducing morphological transformation of NIH3T3 and SHOK 
cells (Miyoshi et al., 1991). Structurally, the open reading frame of the Tpl2 gene encodes a 
467 amino acid polypeptide (Aoki et al., 1991). Provirus integration occurring in the last 
intron of the Tpl2 gene in rodents generates a mutant protein 36 amino acids shorter than 
the full length version and also is an activating mutation (Patriotis et al., 1993; Erny et al., 
1996; Ceci et al., 1997). This truncated Tpl2 gene has enhanced kinase activity (Gandara et al., 
2003). Additionally, analysis of the N-terminal region of this gene reveals three alternate 
translation start sites. Consequently, the polypeptides translated from the Tpl2 gene will 
contain 467, 464, or 438 amino acids (Aoki et al., 1991). The 467- and the 464-amino acid 
proteins are detected as a single 58-kDa band by Western Blot analysis and the 438 amino 
acid protein is detected as a 52-kDa band.  

Functionally, some differences exist between these two forms of the protein. The 58-kDa 
protein has a shorter half-life (10 minutes) than the 52-kDa protein (30 minutes). Thus, the 
amino-terminal domain contains sequences important for Tpl2 stability. Additionally, cell 
lines transformed with constructs only expressing the 58-kDa Tpl2 protein have higher 
tumor incidence and reduced latency when compared to cell lines transformed with the 52-
kDa protein indicating that the N-terminal region of the protein is important in regulating 
function of this gene (Aoki et al., 1991).  

Tpl2 has the ability to cross-talk with numerous signaling pathways. In unstimulated cells 
Tpl2 forms a ternary complex with Nuclear factor kappa B p105 (NF-B p105) and A20-
binding inhibitor of NF-B2 (ABIN-2) (Lang et al., 2004). This complex increases Tpl2 stability 
and renders Tpl2 inactive towards its main downstream substrate MEK, the ERK kinase. Upon 
activation by inflammatory stimuli, Tpl2 becomes phosphorylated by B kinase (, 
releasing both Tpl2 and NF-B to participate in downstream signaling. In addition to 
participating in ERK signaling, Tpl2 can cross-talk with multiple MAPK signaling pathways 
including p38, JNK, ERK 1/2, and ERK 5 (Salmeron et al., 1996, Patriotis et al., 1993, Chiariello 
et al., 2000) (Figure 1). Additionally, wildtype and mutant Tpl2 activates the transcription 
factor NFAT in response to stimulation through the T cell receptor (TCR) and causes 
heightened activation of NF-B (Tsatsanis et al., 1998, Belich et al., 1999).  

3. Tpl2 regulation involves NF-B 
Our understanding of Tpl2 regulation was greatly enhanced by the identification of the 
interaction between p105 and Tpl2 (Belich et al., 1999). p105 is a NF-B precursor protein 
which also acts as a NF-B-inhibitory protein by sequestering NF-B complexes in the 
cytoplasm of cells (Rice et al., 1992). Stoichiometric binding of Tpl2 to the C-terminus of p105 
occurs within two distinct regions of Tpl2. The C–terminal region of Tpl2 (residues 398-467) 
binds to a region adjacent to the ankyrin repeats on p105 (residues 497 to 534), while the kinase 
domain of Tpl2 binds to the death domain on p105 (Beinke et al., 2003). In steady state 
conditions, the entire pool of Tpl2 is associated with p105, irrespective of the cell type, whereas 
only about one third of the p105 pool is occupied by binding to Tpl2 (Belich, et al., 1999).  
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Fig. 1. Tpl2 signaling pathways. Tpl2 interacts with numerous signaling pathways including 
ERK, JNK, p38, and NF-B. Tpl2 is normally held in complex with Abin-2 and p105. Upon 
activation with a stimulus, IKK phosphorylates p105, freeing Tpl2 to participate in ERK, JNK 
and p38 signaling and p50 to heterodimerize with other NF-B family members. 

Functionally, this interaction between Tpl2 and p105 is significant. p105 binding to Tpl2 
inhibits Tpl2 kinase activity and thus prevents Tpl2 from being able to activate downstream 
signaling cascades. Despite this ability to inhibit Tpl2 kinase activity, p105 improves Tpl2 
solubility and stability (Beinke, et al., 2003; Jia, et al., 2005). Tpl2, when not bound to p105, is 
unstable, appears to have difficulty folding and can form insoluble aggregates (Jia, et al., 
2005). Despite the fact that Tpl2 binds p105, p105 is not necessary for Tpl2 gene expression. 
Bone-marrow derived macrophages (BMDMs) and splenocytes that lack p105 have normal 
Tpl2 gene expression levels (Waterfield, et al., 2003). However, Tpl2 protein levels in these 
cells are significantly reduced. This reduction in Tpl2 protein expression is correlated with a 
subsequent reduction in LPS induced ERK signaling (Waterfield et al., 2003). This indicates 
that binding to p105 not only confers Tpl2 stability, but it also renders it unable to 
phosphorylate MEK, possibly by blocking access to MEK (Waterfield et al., 2003; Bienke et 
al., 2003). The inactivity of Tpl2 in the complex may function as a mechanism to prevent 
unregulated Tpl2 activity in unstimulated cells.  

As discussed later in this chapter, truncation of Tpl2 in its C-terminus greatly enhances the 
catalytic activity and oncogenic potential of Tpl2 in T cell lymphomas (Ceci, et al., 1997). Since 
the interaction of Tpl2 with p105 requires the C terminus of Tpl2 in vitro, truncation of Tpl2 
could theoretically change the association between Tpl2 and p105. In 2003, Beinke addressed 
this issue and found that truncation of Tpl2 did not hinder the ability of this protein to bind 
to p105 (Beinke, et al., 2003). However, it did block the ability of p105 to negatively regulate 
Tpl2 kinase activity. The heightened Tpl2 kinase activity found in Tpl2 truncated cells can 
result in persistent phosphorylation of targets such as MEK, ultimately leading to increased 
gene expression of numerous genes involved in cell cycle progression (Matsumura, et al., 
2009). Additionally, increased Tpl2 kinase activity can be oncogenic, as aberrant MEK/ERK 
activity has been identified in several cancer types (Matsumura, et al., 2008).  
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In 2004, a third protein, ABIN-2, was reported to associate with the Tpl2/p105 complex 
(Lang, et al., 2004). Tpl2 and ABIN-2 bind to similar regions on the C-terminal region of 
p105. Both Tpl2 and ABIN-2 bind to the death domain and bind to residues 497-538. 
However, ABIN-2 also needs to bind to the PEST region of p105 for optimal association. It is 
reported that in order to maintain steady state protein levels of Tpl2, ABIN-2 is necessary 
(Lang, et al., 2004). However, it is not involved in maintaining protein levels of p105. 
Whereas, the functional significance of the role of ABIN-2 in the Tpl2/p105 complex has not 
been fully elucidated, it has been shown that the solubility of ABIN-2 is increased by 
binding to p105. Therefore, similar to what was described above for Tpl2, it appears that 
ABIN-2 binding to p105 is required to ensure correct protein folding.  

Tpl2 is activated in response to various proinflammatory stimuli such as lipopolysaccharide 
(LPS), tumor necrosis factor (TNF) and CD40 ligand. LPS stimulation results in IKK-induced 
p105 proteolysis, releases Tpl2 from p105, renders Tpl2 enzymatically active, and increases 
downstream MEK kinase activity (Beinke et al., 2004; Waterfield et al., 2003). This newly 
liberated Tpl2, which is now susceptible to rapid degradation by the proteosome, will 
phosphorylate substrates in the ERK and JNK pathways. Additionally, p105 is subsequently 
degraded into p50 by the proteosome (Beinke, et al., 2004). The p50 subunit can now 
dimerize with other NF-B family members and translocate to the nucleus where the active 
NF-B complex can regulate over 400 genes. The overall result is an upregulation of diverse 
genes involved in growth, differentiation, and inflammation.  

4. Tpl2 knockout mice 
Despite the significant function Tpl2 has in eliciting cellular responses, Tpl2-/- animals 
appear phenotypically normal (Dumitru et al., 2000). Immune organs including bone 
marrow, thymus, spleen, and lymph nodes all develop normally and production of T and B 
cell subsets are unaltered. Additionally, when subjected to challenge by T cell-dependent 
and independent antigens such as KLH and LPS-TNP, Tpl2-/- mice produce normal 
antibody responses (Dumitru et al., 2000).  

Over the last decade, numerous laboratories have used a variety of disease models to assess 
the response of Tpl2-/- mice to bacterial, viral, or carcinogenic challenge. However, the 
results have shown differential responses to challenge, with the absence of Tpl2 sometimes 
promoting a disease state and sometimes protective against the disease. These differing 
responses are most likely due to variation in stimuli used and is cell-type specific. As 
described below, most laboratories have used lipopolysaccharide (LPS), which binds 
through TLR4, as the major stimulus in Tpl2-/- mice. However, targeting different receptors 
through the use of other stimulators such as 12-O-tetradecanoylphorbol-13-acetate (TPA), 
Poly IC, or CpG receptors can yield different responses. Thus, because Tpl2 can signal 
through numerous pathways, analysis of the effects of underexpression or overexpression of 
this protein kinase is quite convoluted. 

4.1 Evidence supporting that Tpl2-/- mice exhibit lower levels of inflammatory markers  

Several laboratories have reported a reduction in pro-inflammatory cytokines in Tpl2-/- 
mice. Dumitru reported that TNF- is markedly lower in Tpl2-/- macrophages stimulated 
with LPS, providing Tpl2-/- mice with resistance to LPS/D-Galactosamine stimulated 
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endotoxic shock (Dumitru et al., 2000). Others have reported similar findings, deficits in 
TNF-, Cox-2, PGE2, and CXCL1 in LPS-stimulated macrophages (Eliopoulos et al., 2002; 
López-Peláez et al., 2011). In LPS-stimulated Tpl2-/- macrophages, this impaired secretion of 
TNF- and PGE2 is triggered by a defect in ERK activation. Additionally, in bone marrow-
derived dendritic cells (BMDCs) and macrophages, Tpl2-/- mice have significantly lower 
expression of IL-1 in response to LPS, poly IC and LPS/MDP (Mielke et al., 2009). 
Consequently, these mice displayed significantly higher mortality and bacterial burden 
when infected with L. monocytogenes. Recently, it was reported that obese Tpl2-/- mice have a 
significant reduction in TNF- and monocyte chemoattractant protein-1 (MCP-1) in adipose 
tissue compared to WT controls (Perfield, et al., 2011). This reduction in inflammatory 
markers in Tpl2-/- mice was associated with an improvement in whole-body insulin 
resistance. Because inhibition of Tpl2 is associated with a reduction in inflammatory markers 
in LPS-stimulated cells, several pharmaceutical companies have developed small molecule 
inhibitors of Tpl2 to assess whether inhibition of this protein can be beneficial for chronic 
inflammatory disorders such as rheumatoid arthritis, inflammatory bowel disease, and 
pancreatitis. Details on these studies are outlined later in this chapter. 

4.2 Tpl2-/- mice can display enhanced pro-inflammatory profiles 

Contradictory to the details above, our laboratory and others have reported heightened 
inflammatory responses in Tpl2-/- mice. López-Peláez found that Tpl2 deficiency in LPS-
stimulated macrophages was associated with an increase in Nitric Oxide Synthase 2 
expression (López-Peláez et al., 2011). Similarly, Zacharioudaki found that expression of 
IRAK-M, whose function is to compete with IL-1R-associated kinase (IRAK) family of 
kinases, is decreased in Tpl2-/- macrophages (Zacharioudaki et al.,  2009). This deficit in 
IRAK-M in Tpl2-/- macrophages was associated with elevations in TNF and IL-6 and a 
hyperresponsiveness to LPS. 

Our laboratory examined the inflammatory response in TPA-treated Tpl2-/- or wild type 
mouse skin (DeCicco-Skinner, et al., 2011). We found significantly higher numbers of 
neutrophils in Tpl2-/- mice, achieving levels 35 times greater than control animals within 12 
hours (DeCicco-Skinner et al., 2011). Additionally, the skin of Tpl2-/- mice exhibited 
significant increases in the number of mast cells, CD3+ cells and the pro-inflammatory 
cytokines IL-12 and IL-1 .  

The heightened inflammation found in the skin of Tpl2-/- mice may be initiated by aberrant 
inflammatory signaling pathways. Numerous inflammatory pathways are associated with 
Tpl2 activity including ERK, JNK, p38 and NF-B. We used selective inhibitors specific to 
each of these pathways both in vitro and in vivo to assess differential responses in 
keratinocytes from Tpl2-/- or wildtype mice and found that a dysregulation in NF-B 
activation and signaling is the primary defect in Tpl2-/- keratinocytes (DeCicco-Skinner, et 
al., 2011). We confirmed that keratinocytes from Tpl2-/- mice have basal and TPA-treated 
NF-B activity levels significantly greater than wildtype mice using an NF-B reporter 
assay. Moreover, whereas treatment with an NF-B inhibitor could block edema and 
neutrophil infiltration in wildtype mice, the inhibitor was unable to block the exaggerated 
NF-B response in the Tpl2-/- mice. Additionally, using confocal microscopy we found high 
levels of active p65 NF-B present in the nucleus of Tpl2-/- keratinocytes prior to TPA 
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cell subsets are unaltered. Additionally, when subjected to challenge by T cell-dependent 
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through TLR4, as the major stimulus in Tpl2-/- mice. However, targeting different receptors 
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endotoxic shock (Dumitru et al., 2000). Others have reported similar findings, deficits in 
TNF-, Cox-2, PGE2, and CXCL1 in LPS-stimulated macrophages (Eliopoulos et al., 2002; 
López-Peláez et al., 2011). In LPS-stimulated Tpl2-/- macrophages, this impaired secretion of 
TNF- and PGE2 is triggered by a defect in ERK activation. Additionally, in bone marrow-
derived dendritic cells (BMDCs) and macrophages, Tpl2-/- mice have significantly lower 
expression of IL-1 in response to LPS, poly IC and LPS/MDP (Mielke et al., 2009). 
Consequently, these mice displayed significantly higher mortality and bacterial burden 
when infected with L. monocytogenes. Recently, it was reported that obese Tpl2-/- mice have a 
significant reduction in TNF- and monocyte chemoattractant protein-1 (MCP-1) in adipose 
tissue compared to WT controls (Perfield, et al., 2011). This reduction in inflammatory 
markers in Tpl2-/- mice was associated with an improvement in whole-body insulin 
resistance. Because inhibition of Tpl2 is associated with a reduction in inflammatory markers 
in LPS-stimulated cells, several pharmaceutical companies have developed small molecule 
inhibitors of Tpl2 to assess whether inhibition of this protein can be beneficial for chronic 
inflammatory disorders such as rheumatoid arthritis, inflammatory bowel disease, and 
pancreatitis. Details on these studies are outlined later in this chapter. 

4.2 Tpl2-/- mice can display enhanced pro-inflammatory profiles 

Contradictory to the details above, our laboratory and others have reported heightened 
inflammatory responses in Tpl2-/- mice. López-Peláez found that Tpl2 deficiency in LPS-
stimulated macrophages was associated with an increase in Nitric Oxide Synthase 2 
expression (López-Peláez et al., 2011). Similarly, Zacharioudaki found that expression of 
IRAK-M, whose function is to compete with IL-1R-associated kinase (IRAK) family of 
kinases, is decreased in Tpl2-/- macrophages (Zacharioudaki et al.,  2009). This deficit in 
IRAK-M in Tpl2-/- macrophages was associated with elevations in TNF and IL-6 and a 
hyperresponsiveness to LPS. 

Our laboratory examined the inflammatory response in TPA-treated Tpl2-/- or wild type 
mouse skin (DeCicco-Skinner, et al., 2011). We found significantly higher numbers of 
neutrophils in Tpl2-/- mice, achieving levels 35 times greater than control animals within 12 
hours (DeCicco-Skinner et al., 2011). Additionally, the skin of Tpl2-/- mice exhibited 
significant increases in the number of mast cells, CD3+ cells and the pro-inflammatory 
cytokines IL-12 and IL-1 .  

The heightened inflammation found in the skin of Tpl2-/- mice may be initiated by aberrant 
inflammatory signaling pathways. Numerous inflammatory pathways are associated with 
Tpl2 activity including ERK, JNK, p38 and NF-B. We used selective inhibitors specific to 
each of these pathways both in vitro and in vivo to assess differential responses in 
keratinocytes from Tpl2-/- or wildtype mice and found that a dysregulation in NF-B 
activation and signaling is the primary defect in Tpl2-/- keratinocytes (DeCicco-Skinner, et 
al., 2011). We confirmed that keratinocytes from Tpl2-/- mice have basal and TPA-treated 
NF-B activity levels significantly greater than wildtype mice using an NF-B reporter 
assay. Moreover, whereas treatment with an NF-B inhibitor could block edema and 
neutrophil infiltration in wildtype mice, the inhibitor was unable to block the exaggerated 
NF-B response in the Tpl2-/- mice. Additionally, using confocal microscopy we found high 
levels of active p65 NF-B present in the nucleus of Tpl2-/- keratinocytes prior to TPA 
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treatment that dramatically increased within 15-30 minutes of TPA treatment. The increase 
in active NF-B may be explained by lower levels of inhibitory proteins that normally 
sequester NF-B in the cytoplasm of cells. In this regard we found that wildtype mice had 
significantly higher protein levels of the NF-B inhibitors IB alpha and IB beta compared 
to Tpl2-/- animals. Others have reported similar findings as our laboratory (Mielke et al., 
2009; López-Peláez et al., 2011). Mielke reported that Tpl2-/- bone marrow-derived dendritic 
cells (BMDCs) displayed increased p65 NF-B both basally and after stimulation with LPS 
when compared to wildtype controls (Mielke, et al., 2009). Similarly, they found that 
increased IB degradation may be partially responsible for the heightened NF-B levels. 
Moreover, López-Peláez demonstrated that while degradation of the NF-B inhibitor IB 
alpha was similar between Tpl2-/- and wildtype BMDMs, Tpl2-/- cells exhibited a slower 
recovery in IB alpha protein levels, remaining low at 4 hours post LPS treatment (López-
Peláez et al., 2011).  

The data associating the absence of Tpl2 with a heightened NF-B activation, opposes what 
others have found. Previous reports have shown LPS stimulation leads to equal induction of 
NF-B in Tpl2-/- and control macrophages (Dumitru et al., 2000). Others have shown that 
Tpl2-/- mouse embryo fibroblasts and Jurkat T cells with kinase-deficient Tpl2 have a 
reduction in NF-B activation but only when certain stimuli are administered (Lin et al., 
1999; Das et al., 2005). Thus the relationship between Tpl2 and NF-B still remains an 
enigma and more work is needed to clarify the nuances of this interaction.  

It is possible that whether Tpl2 serves more of a pro-inflammatory or anti-inflammatory role 
may depend on cell type and stimuli. As previously mentioned, Tpl2 exhibits broad 
specificity because it interacts with numerous signaling pathways. Most of the previous 
reports that found Tpl2 to be proinflammatory used stimuli functioning through TLRs. It 
should be noted that the two stage skin carcinogenesis model used in our model employs 
TPA as a tumor promoter signaling through protein kinase C (PKC). PKC is a multigene 
family of serine/threonine kinases (Griner and Kazanietz, 2007). Six isoforms of PKC are 
expressed in mouse keratinocytes, namely,  (Reddig et al., 1999). Each isoform 
contributes differently to normal keratinocyte growth and differentiation, and, if 
inappropriately regulated, certain isoforms are associated with disease pathogenesis. It is 
currently unknown if one or more PKC isoforms are dysregulated in Tpl2-/- mice.  

4.3 Tpl2-/- mice have alterations in T cell polarization 

Tpl2 is reportedly activated in rodents by provirus integration in retrovirus-induced T cell 
lymphomas (Ceci et al., 1997). Therefore, due to this connection with T cells, several 
laboratories have investigated if Tpl2-/- mice have alterations in T cell profiles in response to 
antigenic challenge. Watford, et al. reported that Tpl2 was induced by IL-12 in human and 
mouse T cells in a Stat4-dependent manner (Watford et al., 2008). Tpl2-/- mice have impaired 
host defense against Toxoplasma gondii, reduced parasite clearance, and decreased IFN- 
production. Additionally, ovalbumin-immunized Tpl2−/− mice challenged with ovalbumin 
developed more severe bronchoalveolar eosinophilic inflammation than wildtype controls 
(Watford et al., 2010). Tpl2−/− mice were polarized toward a Th2 response, exhibiting 
heightened IL-4 and IL-10 signaling. In contrast, Sugimoto, et al. reported a significant 
increase in IL-12 and a decrease in CpG-DNA treated Tpl2-/- macrophages and dendritic 
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cells, polarizing the mice toward a Th1 profile (Sugimoto et al., 2004). Additionally, it has 
been reported that IL-23, a cytokine necessary for expansion and stabilization of Th17 cells, 
is reduced in Tpl2-/- macrophages indicating Tpl2 may be involved in balancing Th1/Th17 
differentiation (Kakimoto, et al., 2010).  

5. Tpl2 and carcinogenesis 
The exact role of Tpl2 in carcinogenesis is also convoluted. Early reports demonstrated Tpl2 
truncation of the C-terminus, resulting from provirus insertion, to be associated with T-cell 
lymphoma (Ceci et al., 1997). Additionally, overexpressing the truncated form of this gene 
was associated with rodent T-cell lymphomas and an accelerated cell cycle in T 
lymphocytes.  

Subsequently, several reports found elevated MAP3K8 activity in a number of human 
cancers including breast, endometrial, thymomas, lymphomas, lung, Hodgkin’s disease, and 
nasopharyngeal carcinoma (Salmeron et al., 1996; Sourvinos et al., 1999; Patriotis et al., 1993,; 
Tsatsanis et al., 2000; Eliopoulos et al., 2002; Clark et al., 2004). In lymphomas the enhanced 
MAP3K8 activity could modulate ERK1/2 effector proteins such as p70 S6K and Jun B, 
resulting in an increased progression through the cell cycle (López-Peláez et al., 2011; 
Fernández et al., 2011). Recently it was reported that overexpression of Tpl2 induced 
androgen-dependent prostate cancer growth, and that MAP3K8 was upregulated in prostate 
cancers in mouse models and clinical specimens (Jeong et al., 2011). Additionally, 
heightened MAP3K8 expression levels are correlated with acquired resistance to drug 
therapy in melanoma (Johannessen et al., 2010). The physiological role of Tpl2 in the etiology 
of human cancers remains a mystery. Overexpression of Tpl2/MAP3K8 in vivo is weakly 
oncogenic and Tpl2/MAP3K8 mutations in human cancers are rarely found (Ceci et al., 1997; 
Clark et al. 2004, Vougioukalaki et al., 2011). 

In contrast to the oncogenic role of Tpl2, recent evidence suggests that under certain 
conditions Tpl2 may serve a tumor suppressor role. Using Tpl2-/- mice crossed with the T 
cell receptor transgene, Tsatsanis found that 81% of mice developed T cell lymphomas 
within 6 months whereas lymphomas were absent from wildtype mice (Tsatsanis et al., 
2008). This heightened carcinogenesis was due to chronic stimulation of splenic T cells in 
Tpl2-/- mice, for anti-CD3/anti-CD28 stimulated Tpl2-/- splenocytes have increased 
proliferation and reduced expression of a negative regulator of T cell activation, CTLA4 .  

Moreover, our laboratory recently reported that Tpl2 can act as a tumor suppressor gene in 
chemically-induced skin cancer (DeCicco-Skinner et al., 2011). In our model, Tpl2-/- or 
wildtype mice were subjected to a two-stage dimethylbenzanthracene/ 12-O-
tetradecanoylphorbol-13-acetate (TPA) mouse skin carcinogenesis model. We found that 
Tpl2-/- mice developed a significantly higher incidence of tumors (80%) than wildtype mice 
(17%), as well as reduced tumor latency and a significantly higher number of total tumors 
(113 vs 6). Additionally, keratinocytes from Tpl2-/- mice were found to have an accelerated 
cell cycle as demonstrated in vivo through heightened Ki67 staining.  

A skin grafting protocol has been used by our laboratory to further determine the in vivo 
phenotype of keratinocytes and fibroblasts from Tpl2-/- and wildtype mice. In agreement 
with our two-stage skin carcinogenesis model, we found that nude mice grafted with 
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should be noted that the two stage skin carcinogenesis model used in our model employs 
TPA as a tumor promoter signaling through protein kinase C (PKC). PKC is a multigene 
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cells, polarizing the mice toward a Th1 profile (Sugimoto et al., 2004). Additionally, it has 
been reported that IL-23, a cytokine necessary for expansion and stabilization of Th17 cells, 
is reduced in Tpl2-/- macrophages indicating Tpl2 may be involved in balancing Th1/Th17 
differentiation (Kakimoto, et al., 2010).  

5. Tpl2 and carcinogenesis 
The exact role of Tpl2 in carcinogenesis is also convoluted. Early reports demonstrated Tpl2 
truncation of the C-terminus, resulting from provirus insertion, to be associated with T-cell 
lymphoma (Ceci et al., 1997). Additionally, overexpressing the truncated form of this gene 
was associated with rodent T-cell lymphomas and an accelerated cell cycle in T 
lymphocytes.  

Subsequently, several reports found elevated MAP3K8 activity in a number of human 
cancers including breast, endometrial, thymomas, lymphomas, lung, Hodgkin’s disease, and 
nasopharyngeal carcinoma (Salmeron et al., 1996; Sourvinos et al., 1999; Patriotis et al., 1993,; 
Tsatsanis et al., 2000; Eliopoulos et al., 2002; Clark et al., 2004). In lymphomas the enhanced 
MAP3K8 activity could modulate ERK1/2 effector proteins such as p70 S6K and Jun B, 
resulting in an increased progression through the cell cycle (López-Peláez et al., 2011; 
Fernández et al., 2011). Recently it was reported that overexpression of Tpl2 induced 
androgen-dependent prostate cancer growth, and that MAP3K8 was upregulated in prostate 
cancers in mouse models and clinical specimens (Jeong et al., 2011). Additionally, 
heightened MAP3K8 expression levels are correlated with acquired resistance to drug 
therapy in melanoma (Johannessen et al., 2010). The physiological role of Tpl2 in the etiology 
of human cancers remains a mystery. Overexpression of Tpl2/MAP3K8 in vivo is weakly 
oncogenic and Tpl2/MAP3K8 mutations in human cancers are rarely found (Ceci et al., 1997; 
Clark et al. 2004, Vougioukalaki et al., 2011). 

In contrast to the oncogenic role of Tpl2, recent evidence suggests that under certain 
conditions Tpl2 may serve a tumor suppressor role. Using Tpl2-/- mice crossed with the T 
cell receptor transgene, Tsatsanis found that 81% of mice developed T cell lymphomas 
within 6 months whereas lymphomas were absent from wildtype mice (Tsatsanis et al., 
2008). This heightened carcinogenesis was due to chronic stimulation of splenic T cells in 
Tpl2-/- mice, for anti-CD3/anti-CD28 stimulated Tpl2-/- splenocytes have increased 
proliferation and reduced expression of a negative regulator of T cell activation, CTLA4 .  

Moreover, our laboratory recently reported that Tpl2 can act as a tumor suppressor gene in 
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wildtype mice were subjected to a two-stage dimethylbenzanthracene/ 12-O-
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Tpl2-/- mice developed a significantly higher incidence of tumors (80%) than wildtype mice 
(17%), as well as reduced tumor latency and a significantly higher number of total tumors 
(113 vs 6). Additionally, keratinocytes from Tpl2-/- mice were found to have an accelerated 
cell cycle as demonstrated in vivo through heightened Ki67 staining.  

A skin grafting protocol has been used by our laboratory to further determine the in vivo 
phenotype of keratinocytes and fibroblasts from Tpl2-/- and wildtype mice. In agreement 
with our two-stage skin carcinogenesis model, we found that nude mice grafted with 
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fibroblasts and v-rasHa -transduced keratinocytes from Tpl2-/- mice developed tumors nine 
times larger than mice grafted with fibroblasts and v-rasHa -transduced keratinocytes from 
wildtype mice. Additionally, mice grafted with mixed genotypes (WT fibroblasts/KO 
keratinocytes or KO fibroblasts/WT keratinocytes) developed tumors that were 
intermediate in size suggesting a defect in Tpl2 signaling in both fibroblasts and 
keratinocytes was responsible for the increased tumor formation. 

Despite the fact that Tpl2 can serve as an oncogene, and sometimes a tumor suppressor gene 
in mice and rats, the physiological response of Tpl2 in the etiology of human cancers 
remains a mystery. Our laboratory has previously identified a Tpl2 truncation mutant in a 
primary human lung adenocarcinoma, but analyses of other lung cancers suggest this isn’t a 
common occurrence (Clark et al., 2004). Additionally, others have searched the Sanger 
Institute COSMIC database for Tpl2 gene mutations and identified only one human tumor 
sample (out of 477) that contained a point mutation in the Tpl2 gene (Gantke et al., 2011; 
Parsons et al, 2008). The significance of this point mutation in the development or 
progression of the patient’s glioblastoma multiforme is unknown.  

6. Tpl2 inhibitors 
As described above, Tpl2 can interact with several inflammatory pathways. It activates the 
MEK/ERK pathway and plays a pivotal role in the production and signaling of TNF. Tpl2 
also regulates TNF-R signaling and the production of type 1 interferon and other pro-
inflammatory cytokines such as IL-1. In macrophages stimulated by LPS, Tpl2 activates the 
MAPK pathway. Overexpression of Tpl2 activates the MAPK signaling pathways, NFAT, 
and induces IL-2 production which further activates NF-B via the NF-B inducing kinase 
(NIK) (Patriotis et al., 1994; Salmeron et al., 1996; Tsatsanis et al., 1998a and 1998b; Lin et al, 
1999). Analysis of Tpl2-/- mice revealed a role for Tpl2 in TLR, IL-1, CD40, TCR, and also 
reduction of LPS-induced TNF- production (Dumitru et al., 2000; Tsatsanis et al., 2008; 
Eliopoulos et al., 2003). TNF-, a pro-inflammatory cytokine, is involved in the initiation and 
progression of inflammatory diseases such as rheumatoid arthritis (RA), psoriasis, 
inflammatory bowel disease, and multiple sclerosis (Feldmann et al., 2005). TNF-also 
stimulates the production of other proinflammatory cytokines such as interleukin-1 (IL-1) 
and interleukin- 6 (IL-6), and induces the activity of enzymes such as the matrix 
metalloproteases (MMPs), all of which contribute to RA. Inhibition of TNF- with a number 
of biological agents that bind and neutralize TNF-has offered a significant therapeutic 
advantage in treating RA (Jarvis & Faulds, 1999,; Elliot et al., 2008; Bang & Keating, 2004). 
The therapeutics included soluble TNF receptor and monoclonal antibodies for the 
neutralization of TNF-, such as etanercept (soluble TNFRII-Fc; Enbrel), infliximab 
(Remicade), and adalimumab (anti-TNF antibodies; Humira) and have improved the 
quality of life of RA patients.  

The success of these drugs has validated the use of anti-TNF- therapies for treating 
arthritic and inflammatory diseases. It has also necessitated the search for additional small 
molecule inhibitors with similar or related mechanisms of action. Major pharmaceutical 
companies have focused on the inhibition of TNF-production through either inhibiting 
TNF- converting enzyme or the disruption of signal transduction pathways that include 
several members of the MAPK family. However, the therapeutic agents described above 
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require administration via injection or infusion. Therefore, identification of an orally 
available small molecule therapy would provide an additional benefit to patients. Since Tpl2 
inhibition can decrease TNF-levels, it has become an attractive target for treating RA and 
an orally available small molecule inhibiting TNF- synthesis and/or signaling could have 
widespread therapeutic potential. Since Tpl2 ablation protects mice from TNF- -induced 
inflammatory bowel disease and pancreatic and pulmonary inflammation, Tpl2 inhibition is 
an attractive strategy for treating these diseases.  

Research studying the effect of Tpl2 inhibition on disease outcome is still in its infancy 
because only a handful of small molecule inhibitors of Tpl2 have been identified. A few 
factors contribute to the paucity of Tpl2 inhibitors. First, no crystal structure is available for 
Tpl2. Second, Tpl2 has low homology to other kinases. Although this is an advantage in 
selecting unique targets, it also presents significant challenges for structure-based drug 
design, especially when coupled with the lack of crystal structure. On the other hand, Tpl2 
is not inhibited by staurosporine, a nonspecific kinase inhibitor, and it is the only known 
human kinase that has a proline instead of a conserved glycine in the glycine-rich ATP 
binding loop (Luciano et al., 2004; Patriotis, et al., 2003). These factors may lead to the 
discovery of highly selective inhibitors. Nonetheless, several strategies have been used to 
synthesize and/or isolate Tpl2 inhibitors. 

One natural product inhibitor of Tpl2 has been identified. Luteolin [2-(3,4-dihydroxyphenyl)-
5,7-dihydroxy-4-chromenone] is a flavonoid found abundantly in green peppers, perilla, 
celery, and chamomile tea. Luteolin has been shown to inhibit TNF--induced COX-2 
expression in mouse skin epidermal cells by inhibiting Tpl2 activity (Kim et al., 2011).  

Several synthetic inhibitors of Tpl2 have also been characterized with 1,7-Naphthyridine-3-
carbonitriles 1 and quinoline- 3-carbonitrile 2 as the earliest classes of compounds reported 
as reversible and ATP-competitive Tpl2 kinase inhibitors. These Tpl2 inhibitors demonstrate 
a good correlation between cell free Tpl2 inhibition with p-MEK and TNF inhibition in cell-
based assays. Thieno [2,3-c]pyridines and pyrimidines are the other two classes of Tpl2 
inhibitors studied recently. 1,7-napthyridine- 3-carbonitriles and quinoline-3-carbonitriles, 
indazoles, and thienopyridines are the most common Tpl2 inhibitors. These classes of 
compounds will be discussed below.  

Gavrin et al., (2005) first described a series of 6-substituted-4-anilino-[1,7]-naphthyridine-3-
carbonitriles as Tpl2 inhibitors evaluated in cell-free, cellular, and blood environments. One 
of these compounds, 1,7-naphtyridine- 3-carbonitrile, was used successfully to inhibit 
RANKL-induced osteogenesis through the induction of transcription factors c-Fos and 
NFATc1 in RANKL treated cells, unraveling the pivotal role played by Tpl2 in 
osteoclastogenesis (Hirata et al., 2010). The same inhibitor subsequently demonstrated that 
LPS-induced TNF- production via the Tpl2-MEK signaling is regulated by modulating the 
levels of tip-associated protein (Hirata et al., 2010a). It appears that Tpl2 might be involved 
in not only the post-transcriptional but also the translational stages of TNF- production. 
Some of the carbonitriles were further tested in primary human monocytes and blood. 
Inhibition of Tpl2 led to a decrease in production of TNF- and other pro-inflammatory 
factors. In synoviocytes, the inhibitors blocked ERK activation, COX-2 expression, and the 
production of IL-6, IL-8, PGE2, MMP-1 and MMP-3, further validating the role of these 
inhibitors as therapeutics (Hall et al., 2007).  
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require administration via injection or infusion. Therefore, identification of an orally 
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5,7-dihydroxy-4-chromenone] is a flavonoid found abundantly in green peppers, perilla, 
celery, and chamomile tea. Luteolin has been shown to inhibit TNF--induced COX-2 
expression in mouse skin epidermal cells by inhibiting Tpl2 activity (Kim et al., 2011).  
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carbonitriles 1 and quinoline- 3-carbonitrile 2 as the earliest classes of compounds reported 
as reversible and ATP-competitive Tpl2 kinase inhibitors. These Tpl2 inhibitors demonstrate 
a good correlation between cell free Tpl2 inhibition with p-MEK and TNF inhibition in cell-
based assays. Thieno [2,3-c]pyridines and pyrimidines are the other two classes of Tpl2 
inhibitors studied recently. 1,7-napthyridine- 3-carbonitriles and quinoline-3-carbonitriles, 
indazoles, and thienopyridines are the most common Tpl2 inhibitors. These classes of 
compounds will be discussed below.  

Gavrin et al., (2005) first described a series of 6-substituted-4-anilino-[1,7]-naphthyridine-3-
carbonitriles as Tpl2 inhibitors evaluated in cell-free, cellular, and blood environments. One 
of these compounds, 1,7-naphtyridine- 3-carbonitrile, was used successfully to inhibit 
RANKL-induced osteogenesis through the induction of transcription factors c-Fos and 
NFATc1 in RANKL treated cells, unraveling the pivotal role played by Tpl2 in 
osteoclastogenesis (Hirata et al., 2010). The same inhibitor subsequently demonstrated that 
LPS-induced TNF- production via the Tpl2-MEK signaling is regulated by modulating the 
levels of tip-associated protein (Hirata et al., 2010a). It appears that Tpl2 might be involved 
in not only the post-transcriptional but also the translational stages of TNF- production. 
Some of the carbonitriles were further tested in primary human monocytes and blood. 
Inhibition of Tpl2 led to a decrease in production of TNF- and other pro-inflammatory 
factors. In synoviocytes, the inhibitors blocked ERK activation, COX-2 expression, and the 
production of IL-6, IL-8, PGE2, MMP-1 and MMP-3, further validating the role of these 
inhibitors as therapeutics (Hall et al., 2007).  
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A series of quinoline-3-carbonitriles were synthesized and tested in cell-based 
phosphorylation assays in LPS-treated human monocytes. Compounds were identified that 
selectively inhibited pMEK formation and LPS/D-Gal-induced TNF-α release (Hu et al., 
2006). Another series of compound synthesis involved studying 8-chloro-4-(3-chloro-4-
fluorophenylamino)-6-((1-(1-ethylpiperidin-4-yl)-1H-1,2,3-triazol-4-yl)methylamino)quinoline-
3-carbonitriles that inhibited TNF- production in an LPS-stimulated rat inflammation model. 
This was an important step in Tpl2 inhibitor identification since this compound was orally 
efficacious and demonstrated potential for oral treatment for RA (Wu et al., 2009). 

Structure based design efforts yielded a series of novel Indazole-based compounds. These 
compounds showed promising results as Tpl2 inhibitors as tested in LANCE based and cell-
based pERK assays. Some of the top compounds inhibited pERK activity in monocytes and 
had an IC50 of 3.2M. They exhibited good kinase selectivity against certain kinases but not 
against others. Efforts to improve their kinase selectivity profile are under way (Hu et al., 
2011).  

Another novel series of 7-amino substituted thieno[2,3-c]pyridines was identified as Tpl2  
inhibitors with an IC50 of 1M. These compounds were studied for their Tpl2 inhibition and 
selectivity against kinases. They successfully and selectively inhibited the Tpl2 pathway 
following LPS stimulation in macrophages and BMDM cells in a dose-dependent manner 
and showed good selectivity over MEK and ERK (Cusac et al., 2009). More recently, a high 
through-put screening of a compound library yielded thieno[3,2-d]pyrimidines as 
promising Tpl2 kinase inhibitors. They had an IC50 as low as 0.18 M, exhibited good 
binding to the Tpl2 protein as shown by biacore-based competitive binding studies, and 
showed good selectivity against kinases (Ni et al., 2011). 

7. Conclusion 

There has been an explosion of interest in Tpl2 inhibitors to treat RA and other 
inflammatory and autoimmune diseases. However, similar to the description above for the 
role of Tpl2 in carcinogenesis, it may be an oversimplification of the situation to assume that 
inhibition of Tpl2 would reduce inflammation. We have found thirty times higher 
neutrophil numbers in TPA-treated skin from Tpl2 knockout mice when compared to 
wildtype TPA-treated mouse skin. Additionally, we have found higher edema, 
inflammatory enzymes and cytokines in Tpl2 knockout mice (DeCicco-Skinner et al., 2011). 
Moreover, in contrast to the description above in RA-FLS cells, we have identified 
significantly elevated COX-2, PGE2 and PGE2 receptor levels in Tpl2 knockout keratinocytes 
with the elevated COX-2 contributing to increased skin tumorigenesis (unpublished 
findings).  

In summary, more research needs to be conducted to clarify the role that Tpl2 plays in 
immune responses, carcinogenesis, and inflammatory conditions. We caution that Tpl2 gene 
regulation needs to be better understood before inhibitors are used systemically. Tpl2 
appears to have divergent roles in different cells and tissues, and therefore drugs used to 
selectively inhibit Tpl2 in the hopes of controlling inflammation may actually exacerbate 
inflammation and carcinogenesis in certain tissues such as skin.  
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1. Introduction 
Inherited dilated cardiomyopathies are a major cause of heart disease in human, often with 
an onset in adolescence or early adult life. Despite technological advances that foster early 
diagnosis and alleviation of some symptoms, inherited dilated cardiomyopathies remains a 
critical unsolved problem for public health. The recent years provided some clues to explain 
the pathogenesis of inherited dilated cardiomyopathies, which might open new and 
encouraging perspectives for clinical trials. 

2. LMNA dilated cardiomyopathy 
Cardiomyopathy is an anatomic and pathologic condition associated with muscle 
dysfunction of the heart. Dilated cardiomyopathy, the most common form, is characterized 
by an increase in both myocardial mass and volume, which compromises cardiac 
contractility and ultimately results in reduced left ventricular function (Luk et al. 2008). 
Dilated cardiomyopathy is the third leading cause of heart failure in the United States 
behind coronary artery disease and hypertension. Genetically inherited forms of dilated 
cardiomyopathy have been identified in 30% of patients presenting with this disease 
(Michels et al., 1992). Many other acquired conditions may result in an identical clinical 
presentation and pathological function, which include alcohol-induced cardiomyopathy, 
hypertension, chronic anemia, ischemic cardiomyopathy, valvular diseases and viral 
myocarditis (Maron et al., 2006).  

Inherited dilated cardiomyopathies are caused by mutations in genes that encode 
components of a wide variety of cellular components and pathways, including the nuclear 
envelope, contractile apparatus and the force transduction apparatus (Morita et al., 2005). 
The generation of contractile force by the sarcomere and its transmission to the extracellular 
matrix are the fundamental functions of cardiac cells. Inadequate performance in either 
components of this structural cellular network leads to cardiac remodeling and ultimately to 
dilated cardiomyopathy. Defects in generating force are typically due to a loss of integrity of 
the sarcomere unit. Mutations in the loci coding for -cardiac myosin heavy chain, actin 
(Olson et al., 1998) and cardiac troponin T (Li et al., 2001) have been identified to disrupt 
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components of this structural cellular network leads to cardiac remodeling and ultimately to 
dilated cardiomyopathy. Defects in generating force are typically due to a loss of integrity of 
the sarcomere unit. Mutations in the loci coding for -cardiac myosin heavy chain, actin 
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force generation (Kamisago et al, 2000). Defects in the force transmission occur when there is 
impairment in the propagation of force from the sarcomere to the sarcolemma (Schonberger 
et al. 2001). Mutations in -tropomyosin (Olson et al. 2001), dystrophin (Muntoni et al., 
1993), desmin (Li et al 1999) and -sarcoglycan (Tsubata et al. 2000) have been identified to 
disrupt force transmission. 

Among the causing genes, LMNA mutations encoding proteins of the inner nuclear 
membrane, have also been found associated to dilated cardiomyopathy (Fatkin et al. 1999). 
This finding raises the possibility that the nuclear envelope may play an important function 
as mechanosensor in cardiomyocyte (Nikolova et al. 2004, Lammerding et al. 2004). LMNA 
mutations appear to be responsible for approximately 8% of cases of inherited 
cardiomyopathy (Taylor et al., 2003), which strongly suggest that LMNA may be the most 
prevalent dilated cardiomyopathy gene. LMNA dilated cardiomyopathy is characterized by 
cardiac dilatation and impaired systolic function. In addition, affected patients exhibit early 
conduction defects before the left ventricular dysfunction and dilatation stages. The onset of 
symptoms in LMNA dilated cardiomyopathy is variable, ranging from the first to sixth 
decade of life and occurring most frequently in the third decade (mean age = 38 years) (Ben 
Yaou et al., 2006). There are high rates of life-threatening arrhythmias (abnormal electrical 
conduction), gradually worsening and leading to sudden death (Sanna et al. 2003). LMNA 
dilated cardiomyopathy has a more aggressive course than other inherited dilated 
cardiomyopathies. While sudden death from arrhythmias may be prevented by 
implantation of a pacemaker and/or implantable defibrillator, the progressive heart failure 
eventually becomes resistant to treatment (Golzio et al. 2007, van Berlo et al. 2005, Meune et 
al., 2006). No drugs are curative and heart transplantation is frequently necessary. 

3. A-type nuclear lamins 
LMNA, located on human chromosome 1q21.2-21.3, encodes A-type lamins. Lamin A and 
lamin C are the major A-type lamins expressed in somatic cells. They arise via alternative 
splicing of pre-mRNA encoded by exon 10 (Lin & Worman 1993). Lamin A is synthesized as 
a precursor, prelamin A, which has a unique C-terminal amino acid tail that triggers a series 
of enzymatic reactions to yield lamin A. Two other genes in the mammalian genome, 
LMNB1 and LMNB2, respectively encode lamins B1 and B2. Lamins A and C are widely 
expressed in most differentiated somatic cells but lacking from early embryos and some 
undifferentiated cells whereas lamins B1 and B2 are expressed in all or most somatic cells. 
However, there are little data and no systemic studies on the differences in the relative 
amounts of lamins A, C, B1 and B2 expression. Lamins are intermediate filaments proteins 
that polymerize to form the nuclear lamina, a fibrous meshwork underlining the inner 
nuclear membrane of most eukaryotic cells (Fisher et al. 1986, McKeon et al. 1986, Aebi et al. 
1986). The nuclear lamina is attached to the inner nuclear membrane via interactions with 
integral proteins and to the chromatin. More recently, it has been demonstrated that lamin 
A/C also have interactions with the cytoskeleton, through a multi-protein complex called 
“LINC” (LInker of Nucleoskeleton and Cytoskeleton) (Stewart et al. 2007). One function of 
the lamina is to provide structural support to the nucleus. Nuclear lamins have also been 
implicated in processes such as chromatin organization, gene regulation, DNA replication 
and RNA splicing (Dechat et al. 2008). However, the specific mechanistic roles of lamins in 
these processes, particularly in a cell or tissue type-specific context, remain obscure.  
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4. Pathogenesis of LMNA dilated cardiomyopathy 
The pathogenesis of LMNA dilated cardiomyopathy remains a puzzle in medical genetics. 
Mouse models have been extremely helpful in deciphering critical mechanisms, which could 
partially explain the pathogenesis of the disease as well as for proposing potential 
innovative pharmacological therapies. Using a murine model of LMNA dilated 
cardiomyopathy, we recently brought some insights into the molecular pathogenesis of this 
disease, which have paved the way to potential therapies. To approach the issue of 
understanding the pathogenesis of LMNA dilated cardiomyopathy, we studied the 
transcriptome from hearts of Lmna H222P mice (a mouse model of LMNA dilated 
cardiomyopathy), using the Affymetrix® array technology. Male Lmna H222P mice develop 
cardiac chamber dilation, decreased left ventricle ejection fraction and hypokinesis 
detectable by echocardiography at 8 to 10 weeks of age (Arimura et al. 2005). To avoid 
interference caused by fibrotic cells and nonspecific tissue damage in hearts from older 
Lmna H222P mice, we initially analyzed samples from mice at 10 weeks of age where there 
were no detectable cardiac histological abnormalities. We analyzed gene ontology terms 
applied to genes, to identify functional classes of genes differentially expressed in hearts of 
Lmna H222P mice compared with those expressed in controls. Analysis using functional 
class scoring improves sensitivity by statistically evaluating genes in biologically 
meaningful groups. Genes encoding proteins in mitogen-activated protein kinase (MAPK) 
signaling pathway demonstrated significantly altered expression in hearts of Lmna H222P 
mice (Muchir et al. 2007) (Figure 1). Because enhanced activity of the Extracellular signal-
regulated kinase1/2 (ERK1/2), a branch of MAPK signaling pathways, has been formerly 
shown to be causing cardiomyopathy, we focused subsequent experiments on analyzing 
this signaling in tissues form Lmna H222P mice and in cultured cells. We then demonstrated 
an aberrant activation of ERK1/2 signaling in hearts from Lmna H222P mice, as early as 4 
weeks of age (Muchir et al. 2007). Our work proved that the activation of ERK1/2 signaling 
pathway preceded the cardiac dysfunction of Lmna H222P mice and that it is a consequence 
of alterations in A-type lamins and not secondary to non-specific affects.  

5. MEK-ERK signaling pathway 
MAPK signaling pathways are major information highways from extracellular mitogens, 
growth factors and cytokines at the cell surface to the nucleus to control gene expression 
(Davis, 1993). These signaling pathways control complex cellular programs, such as 
embryogenesis, differentiation, proliferation and cell death, in addition to short-term 
changes required for mechanical stress response and acute hormonal responses. The output 
of these pathways is transduced via MAPK family members that phosphorylate and 
regulate a wide array of substrates including transcription factors, cytoskeletal elements and 
other protein kinases (Seger & Krebs, 1995). Stimulation of many receptor classes can 
activate ERK1/2 including receptors with intrinsic tyrosine kinase activity, cytokine 
receptors and G-protein-coupled receptors (GPCR), including those coupling via G-proteins 
of the Gq/11, Gi/o and Gs family. In the heart, ERK1/2 stimulation has been shown by 
fibroblast growth factor, insulin-like growth factor-1, estrogen, neuregulin-1, atrial 
natriuretic peptide, 1- and -adrenoceptor agonists. Moreover, cardiac ERK1/2 can be 
activated independently than GPCR receptors, via mechanical stress, osmotic shock.  
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The MAPKs are activated by protein kinase cascades comprising at least three enzymes 
acting in series. ERK are activated directly by ERK kinases (MEK), which are dual specificity 
protein kinases that generally recognize only certain MAPKs as substrates. MEK are 
activated by MEK kinases, a structurally diverse group of kinases with less predictable 
specificities. MEK1/2, which activate ERK1/2, have very narrow substrate specificity. It is 
assumed, from lack of evidence to the contrary, that ERK1/2 are the only substrates of 
MEK1/2. Activated ERK1/2 kinases phosphorylate and activate a variety of substrates. All 
these substrates can be categorized into several groups including: transcription factors (Atf2, 
Elk1, c-Fos…), protein kinases and phosphatases (FAK1, MLCK, PAK1,…), cytoskeletal and 
scaffold proteins (dystrophin, Tau, Synaptin…), receptors and signaling molecules (EGFR, 
PLCg,…) and apoptosis-related proteins (Bad, Calpain, caspase 9, …). Some of the 
substrates can be found in the cytosol (paxilin, calnexin…), in agreement with the role of 
ERK1/2 in the regulation of both cytosolic and nuclear processes  

6. Pharmacological therapy 
Because we found abnormal activation of ERK1/2 signaling pathway in hearts of Lmna 
H222P mice, we hypothesized that pharmacological inhibition of this signaling pathway 
would prevent the cardiac deterioration. We treated Lmna H222P mice with PD098059, a 
tool compound that inhibits MEK1/2. We administered PD098059 or placebo 
(dimethylsulfoxide; DMSO) (daily, intraperitoneal injection) to Lmna H222P mice. We 
first treated male Lmna H222P mice starting at 8 weeks of age, prior to the onset of 
clinically detectable cardiac abnormalities, and analyzed them at 16 weeks (Muchir et 
al. 2009). Pathological dilatation of the cardiac left ventricle is often associated with 
fibrosis, and reactivation of a fetal gene expression program characterized by increased 
levels of atrial natriuretic peptide, brain natriuretic peptide, and -myosin light and 
heavy chains. Accordingly, in hearts from untreated Lmna H222P mice and those 
treated with vehicle (DMSO), expression of mRNAs encoding natriuretic peptide 
precursors as well as mRNAs encoding myosin light chains were significantly 
increased. We showed that after treatment with PD098059, the cardiac expression of 
these mRNAs was significantly lowered compared to vehicle-treated Lmna H222P mice 
(Muchir et al. 2009). Similarly, we also demonstrated that Lmna H222P mice treated 
with PD98059 had a lower degree of cardiac fibrosis than the Lmna H222P mice treated 
with the vehicle. After 8 weeks of treatment with DMSO or PD98059 Lmna H222P mice 
were anesthetized and the cardiac dimensions and function measured by cardiac 
ultrasound. M-mode transthoracic echocardiography showed increased left ventricle 
end-diastolic diameter and left ventricle end-systolic diameter in Lmna H222P mice 
treated with DMSO compared with control mice. Lmna H222P mice treated with 
PD98059 had significantly smaller left ventricle end-systolic diameters compared to the 
DMSO-treated mice (Table 1). Cardiac fractional shortening and ejection fraction were 
reduced in Lmna H222P mice compared to control mice but increased in the Lmna 
H222P mice treated with PD98059.  

As treatment of cardiomyopathy in human subjects may more likely be administered after 
the onset of symptoms or detectable cardiac abnormalities, we next treated mice with 
PD98059 starting at 16 weeks of age, when male Lmna H222P mice have left ventricular 
dilatation and an ejection fraction approximately 70 percent that of wild type mice, and 
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analyzed the mice at 20 weeks (Wu et al. 2011). Treatment with PD98059 prevented left 
ventricular end-systolic dilatation, increased ejection fraction (Table 1), blocked increased 
cardiac expression of RNAs encoding natriuretic peptide precursors and reversed the 
induction of elements of the “fetal gene program” compared to placebo-treated mice. As 
significant cardiac fibrosis occurs in end-stage dilated cardiomyopathy, particularly LMNA 
dilated cardiomyopathy, we also examined cardiac fibrosis after treatment. Lmna H222P 
mice treated with PD98059 had a lower degree of cardiac fibrosis than the Lmna H222P mice 
treated with placebo. Overall, this work showed that inhibiting ERK1/2 signaling had 
positive effects on cardiac biochemistry and physiology in a mouse model of LMNA dilated 
cardiomyopathy, (Figure 1).  
 

  8-16 weeks 16-20 weeks 
Genotype  

(Treatment) n LVEDD (mm) LVESD 
(mm) EF (%) n LVEDD 

(mm) 
LVESD 
(mm) EF (%) 

                  
Lmna+/+ 13 3.3 ± 0.1 2.0 ± 0.1 76.8 ± 2.0 12 3.5 ± 0.1 2.1 ± 0.1 73.2 ± 1.2 

LmnaH222P/H222P 
(DMSO) 15 3.6 ± 0.1 * 2.7 ± 0.1*** 56.9 ± 2.9 *** 12 4.4 ± 0.1 * 3.5 ± 0.1 *** 42.6 ± 3.6 *** 

LmnaH222P/H222P 
(PD98059) 7 3.1 ± 0.2 1.8 ± 0.2 ‡‡ 73.5 ± 4.7 ‡‡ 19 3.6 ± 0.1 2.4 ± 0.1 ‡‡‡ 65.5 ± 2.6 ‡‡ 

LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; EF, 
ejection fraction. 
Values are means ± standard errors. 
Comparison between DMSO-treated LmnaH222P/H222P and Lmna+/+ mice was performed using Student 
unpaired t-test, *P<0.05, ***P<0.0005. 
Comparison between PD98059-treated LmnaH222P/H222P and DMSO-treated LmnaH222P/H222P mice was 
performed using Student unpaired t-test, ##P<0.005, ###P<0.0005. 

Table 1. Echocardiographic data for Lmna+/+ mice and LmnaH222P/H222P mice treated with 
vehicle (DMSO) or MEK1/2 inhibitor (PD98059) between 8-16 weeks of age and 16-20 weeks 
of age. 

7. MEK1/2 inhibitors 
In the field of target identification there has been a great deal of enthusiasm for identifying 
novel drug targets based on knowledge of key signal transduction components and their 
link to human disease. As signaling disorders represent a major cause for the pathological 
states and as most of the recently validated target molecules of drug research are signal 
transduction kinases, signal transduction therapy has become one of the most important 
areas of drug research (Keri et al. 2006, Levitzki 1996). Approximately 25% of the druggable 
genome consists of kinases involved in signal transduction. However, only a handful of 
kinases inhibitors are being used in clinical practice (Margutti & Laufer 2007). This remains 
then a wide perspective for drug discovery. The common feature conserved throughout the 
entire protein kinase family is the catalytic domain. The chemical activity of a kinase 
involves removing a phosphate group from ATP and covalently attaching it to a free 
hydroxyl group. Most kinases act on both serine and threonine, others act on tyrosine, and a 
number act on all three (dual-specificity kinases), like MEK1/2. The fact that kinases share a 
highly homologous catalytic domain, and the common co-substrate ATP, initially led to the 
assumption that protein kinases constitute a non-druggable family of protein kinases. A  
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Fig. 1. Study from LmnaH222P/H222P mice suggests that activation of ERK1/2 underlies the 
development of LMNA dilated cardiomyopathy. LmnaH222P/H222P mice develop cardiac 
chamber dilation and decreased left ventricle ejection fraction. Affymetrix approach showed 
that ERK1/2 signaling pathways is abnormally activated in the heart of LmnaH222P/H222P mice 
compared to Lmna+/+ mice, before any detectable sign of cardiac deterioration. 
Pharmacological intervention using PD98059, an inhibitor of MEK1/2, the kinase that 
activate ERK1/2, improves the cardiac function of LmnaH222P/H222P mice. 

type of inhibitor, allosteric (non-ATP competitive), could potentially solve the selectivity 
issues related to protein kinase inhibition. PD098059 (Dudley et al. 1995) and U0126 (Favata 
et al. 1998) were among the first specific MEK1/2 allosteric inhibitors described. Although 
they have been extremely useful in the in vitro study of MAPK signaling, they have not been 
pursued in clinical development because of poor pharmacologic characteristics.   
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Several allosteric MEK1/2 inhibitors are in clinical and pre-clinical development. Some of 
the MEK1/2 inhibitors that have been used in human subjects include: 

CI-1040 (PD184352), a benzhydroxamate from Pfizer, was the first small-molecule MEK1/2 
inhibitor that proceeded to clinical testing. It was developed based on compounds and 
structures identified during the screening that led to the identification of PD098059, but had 
improved potency and selectivity (Barrett et al. 2008). Cl-1040 is an oral MEK1/2 inhibitor 
with promising pre-clinical activity that led to its clinical development (Sebolt-Leopold et al. 
1999). It underwent phase I testing in 77 patients with advanced solids tumors (LoRusso et 
al. 2005). CI-1040 was well tolerated with no grade IV toxicities and only a limited number 
of grade III toxicities. The majorities of toxicities (98%) were grade I/II and included 
diarrhea (43%), fatigue (30%), rash (18%) and nausea (16%). Antitumor activity was seen in 1 
pancreatic cancer patient who had a partial response lasting 12 months. Nineteen (25%) 
subjects had stable disease for 3 months, and this observation was commonly associated 
with symptomatic benefit. On the basis of these results, a multicenter, parallel arm phase II 
study of CI-1040 was performed in patients with advanced breast, colon, pancreatic, and 
non-small cell lung cancer. CI-1040 was relatively well tolerated, with 19% experiencing 
grade III toxicities and no patients having grade IV toxicities. The toxicities included 
diarrhea, nausea, fatigue, rash, edema, abdominal pain, anorexia, and facial edema. 
However, no patients had a partial or complete response and the trial was closed. It appears 
that CI-1040 will not be further developed in these tumor types. 

PD0325901 is a second-generation oral MEK1/2 inhibitor subsequently developed by Pfizer. 
Relatively minor changes distinguish the chemical structure of PD0325901 from that of CI-
1040. The cyclopropylmethoxy group of CI-1040 was replaced with a R-dihydroxy-propoxy 
group and the 2-chloro substituent of CI-1040 was replaced with a 2-fluoro group on the 
second aromatic ring. Nevertheless, these minor structural changes imparted significant 
increases in potency with PD0325901 (Brown et al. 2007). Pre-clinical findings of 
significantly improved pharmacologic and pharmaceutical properties of PD0325901 were 
determined to hold promise for the use of the compound as a therapeutic agent. The first-in-
human trial of PD0325901 employed an open-label, dose-escalating design in 41 patients 
with advanced colon, melanoma, and non-small cell lung cancer. Adverse events were 
observed, including rash (49%), diarrhea (49%), fatigue (34%), visual disturbance (34%), 
nausea (29%), edema (29%), pruritus (14%), anemia (11%) and dyspepsia (11%). The 
compound underwent a phase II testing in patients with advanced colon, melanoma and 
non-small cell lung cancer. More concerns have been focused on neurologic adverse event 
(confusion and hallucination) in three patients observed in the first trial, leading to putting a 
halt on the human trials using PD0325901. It is unclear if the drug caused these adverse 
events. 

ARRY-142886/AZD6244/selumetinib (Array Biopharma/AstraZeneca) is a potent, highly 
specific MEK1/2 inhibitor. ARRY-142886/AZD6244 has undergone phase I testing in a trial 
of 57 patients with solid tumors. Hypoxia, rash, diarrhea, nausea, fatigue and blurred vision 
have been documented as the most common treatment-related toxicities in this study (grade 
I to III). Thirty-nine patients completed the study and 19 of them had stabilization of their 
disease after the treatment, 9 remained stable for five or more months. These promising 
results triggered a phase II study, which is currently under investigation.  
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Fig. 1. Study from LmnaH222P/H222P mice suggests that activation of ERK1/2 underlies the 
development of LMNA dilated cardiomyopathy. LmnaH222P/H222P mice develop cardiac 
chamber dilation and decreased left ventricle ejection fraction. Affymetrix approach showed 
that ERK1/2 signaling pathways is abnormally activated in the heart of LmnaH222P/H222P mice 
compared to Lmna+/+ mice, before any detectable sign of cardiac deterioration. 
Pharmacological intervention using PD98059, an inhibitor of MEK1/2, the kinase that 
activate ERK1/2, improves the cardiac function of LmnaH222P/H222P mice. 

type of inhibitor, allosteric (non-ATP competitive), could potentially solve the selectivity 
issues related to protein kinase inhibition. PD098059 (Dudley et al. 1995) and U0126 (Favata 
et al. 1998) were among the first specific MEK1/2 allosteric inhibitors described. Although 
they have been extremely useful in the in vitro study of MAPK signaling, they have not been 
pursued in clinical development because of poor pharmacologic characteristics.   
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pancreatic cancer patient who had a partial response lasting 12 months. Nineteen (25%) 
subjects had stable disease for 3 months, and this observation was commonly associated 
with symptomatic benefit. On the basis of these results, a multicenter, parallel arm phase II 
study of CI-1040 was performed in patients with advanced breast, colon, pancreatic, and 
non-small cell lung cancer. CI-1040 was relatively well tolerated, with 19% experiencing 
grade III toxicities and no patients having grade IV toxicities. The toxicities included 
diarrhea, nausea, fatigue, rash, edema, abdominal pain, anorexia, and facial edema. 
However, no patients had a partial or complete response and the trial was closed. It appears 
that CI-1040 will not be further developed in these tumor types. 

PD0325901 is a second-generation oral MEK1/2 inhibitor subsequently developed by Pfizer. 
Relatively minor changes distinguish the chemical structure of PD0325901 from that of CI-
1040. The cyclopropylmethoxy group of CI-1040 was replaced with a R-dihydroxy-propoxy 
group and the 2-chloro substituent of CI-1040 was replaced with a 2-fluoro group on the 
second aromatic ring. Nevertheless, these minor structural changes imparted significant 
increases in potency with PD0325901 (Brown et al. 2007). Pre-clinical findings of 
significantly improved pharmacologic and pharmaceutical properties of PD0325901 were 
determined to hold promise for the use of the compound as a therapeutic agent. The first-in-
human trial of PD0325901 employed an open-label, dose-escalating design in 41 patients 
with advanced colon, melanoma, and non-small cell lung cancer. Adverse events were 
observed, including rash (49%), diarrhea (49%), fatigue (34%), visual disturbance (34%), 
nausea (29%), edema (29%), pruritus (14%), anemia (11%) and dyspepsia (11%). The 
compound underwent a phase II testing in patients with advanced colon, melanoma and 
non-small cell lung cancer. More concerns have been focused on neurologic adverse event 
(confusion and hallucination) in three patients observed in the first trial, leading to putting a 
halt on the human trials using PD0325901. It is unclear if the drug caused these adverse 
events. 

ARRY-142886/AZD6244/selumetinib (Array Biopharma/AstraZeneca) is a potent, highly 
specific MEK1/2 inhibitor. ARRY-142886/AZD6244 has undergone phase I testing in a trial 
of 57 patients with solid tumors. Hypoxia, rash, diarrhea, nausea, fatigue and blurred vision 
have been documented as the most common treatment-related toxicities in this study (grade 
I to III). Thirty-nine patients completed the study and 19 of them had stabilization of their 
disease after the treatment, 9 remained stable for five or more months. These promising 
results triggered a phase II study, which is currently under investigation.  
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ARRY-162, ARRY-300 and other Array MEK inhibitors (Array Biopharma/Novartis) are 
potent, highly specific MEK1/2 inhibitors. ARRY-162 is currently in phase I development 
for cancer. Previously, it failed to meet efficacy endpoints in phase II studies in rheumatoid 
arthritis. ARRY-162 is an orally active, potent, selective, non-ATP-competitive inhibitor of 
MEK 1/2.  

RDEA119 (Ardea Biosciences/Bayer) is another highly selective MEK1/2 inhibitor. Pre-
clinical and clinical results suggest that RDEA119 has favorable properties, including oral 
dosing, excellent selectivity and limited retention in the brain, which, in turn, may result in a 
reduced risk of central nervous system side effects. In preclinical studies, RDEA119 has 
demonstrated synergistic activity when used in combination with multiple anti-cancer 
agents in a wide range of tumor cell lines. Ardea Biosciences initiated a phase I clinical of 
RDEA119 trial in 60 patients with advanced cancer.  

8. Discussion 
Less than a decade ago the kinases constituting mammalian MAPK pathways were 
identified through intense efforts to understand the molecular events underlying cellular 
responses to extracellular signals. During this decade the kinases constituting ERK1/2 
signaling pathways have come to be appreciated as key cellular signal transducers and thus 
attractive targets for drug development. Successful drug development has required the 
demonstration that the difficulties presented by a large gene family with a highly conserved 
catalytic core could successfully be targeted with specific and potent small-molecule 
inhibitors. These efforts are now beginning to bear fruit with the initiation of clinical trials in 
multiple human diseases. It is currently unclear whether it will be efficacious in LMNA 
dilated cardiomyopathy. The relevance of pre-clinical to basic research to human clinical 
protocols is still relatively unclear. Nevertheless, the outcome of clinical trials of compounds 
inhibiting ERK1/2 signaling pathways is of significant interest to both the basic and the 
clinical scientific communities focusing on LMNA dilated cardiomyopathy. Their positive 
outcome would be a triumph of translating basic scientific understanding of cellular 
function into successful human therapies. 
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potent, highly specific MEK1/2 inhibitors. ARRY-162 is currently in phase I development 
for cancer. Previously, it failed to meet efficacy endpoints in phase II studies in rheumatoid 
arthritis. ARRY-162 is an orally active, potent, selective, non-ATP-competitive inhibitor of 
MEK 1/2.  

RDEA119 (Ardea Biosciences/Bayer) is another highly selective MEK1/2 inhibitor. Pre-
clinical and clinical results suggest that RDEA119 has favorable properties, including oral 
dosing, excellent selectivity and limited retention in the brain, which, in turn, may result in a 
reduced risk of central nervous system side effects. In preclinical studies, RDEA119 has 
demonstrated synergistic activity when used in combination with multiple anti-cancer 
agents in a wide range of tumor cell lines. Ardea Biosciences initiated a phase I clinical of 
RDEA119 trial in 60 patients with advanced cancer.  

8. Discussion 
Less than a decade ago the kinases constituting mammalian MAPK pathways were 
identified through intense efforts to understand the molecular events underlying cellular 
responses to extracellular signals. During this decade the kinases constituting ERK1/2 
signaling pathways have come to be appreciated as key cellular signal transducers and thus 
attractive targets for drug development. Successful drug development has required the 
demonstration that the difficulties presented by a large gene family with a highly conserved 
catalytic core could successfully be targeted with specific and potent small-molecule 
inhibitors. These efforts are now beginning to bear fruit with the initiation of clinical trials in 
multiple human diseases. It is currently unclear whether it will be efficacious in LMNA 
dilated cardiomyopathy. The relevance of pre-clinical to basic research to human clinical 
protocols is still relatively unclear. Nevertheless, the outcome of clinical trials of compounds 
inhibiting ERK1/2 signaling pathways is of significant interest to both the basic and the 
clinical scientific communities focusing on LMNA dilated cardiomyopathy. Their positive 
outcome would be a triumph of translating basic scientific understanding of cellular 
function into successful human therapies. 
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1. Introduction 
1.1 The field of kinins and their receptors  

Kinins are a group of bioactive peptides, which are formed by an endogenous enzymatic 
cascade consisting of precursor substrates called kininogens and the proteolytic kallikrein 
enzymes (kininogenases). So far, two kinin-releasing enzymes (kininogenases) have been 
characterized, plasma (hKB1/LKLB1) and tissue (hK1/KLK1) kallikreins (Fig. 1). Both 
enzymes are serine proteases that are found in glandular cells, neutrophils, and biological 
fluids. Kininogens are multifunctional proteins involved in cascade reactions during 
inflammation (Bhoola et al., 1992), and more recently in carcinogenesis (Bhoola et al., 1992; 
2001; Leeb-Lundberg et al., 2005). Kinins namely bradykinin (BK) and kallidin (Lys-BK) are 
among the most potent pro-inflammatory vasoactive peptides generated during tissue 
injury and noxious stimulation. BK and Lys-BK undergo metabolic degradation at a variable 
rate by amino-, carboxy- and endopeptidases found in tissues and biological fluids. The 
most physiologically relevant enzymes are carboxypeptidase N (from plasma) and 
carboxypeptidase M (from cell membranes), which remove the carboxy-terminal Arg 
present at end of the kinin molecule, resulting in the formation of the active metabolites des-
Arg9-BK (DBK) and des-Arg10-kallidin, known also as Lys-des-Arg9-BK (LDBK) (Fig. 1). 
Furthermore, neutral endopeptidase 24.11 (CD10, enkephalinase) and angiotensin I 
converting enzyme, act as dipeptidyl carboxypeptidases by removing the dipeptide Phe8-
Arg9 from the carboxy terminus end of BK or Lys-BK (Couture et al., 2004). It is important to 
mention that endopeptidase 24.15 and angiotensin I converting enzyme cleave the dipeptide 
Ser6-Pro7 from bradykinin 1-7 (BK1-7) to produce bradykinin 1-5 (BK1-5), one of the final 
metabolites of BK and DBK that possesses the longer half-life of this peptide family. The 
half-life of kinins depends on the rate and site of destruction, most rapid in the circulation, 
but less so in the extracellular fluid space and by cells. Actually, in plasma the half-life of BK 
and LDBK is short (15 to 20 sec) whereas BK1-5, considered in the past an inactive fragment, 
is considered to have a half-life of 86 to 101 min (Shima et al., 1992; Murphey et al., 2000; 
2006; Morinelli et al., 2002).  

Kinins are positively charged peptides that influence tissues and cells by stimulating two 
pharmacologically distinct G protein-coupled receptors (GPCRs). Kinin receptors are  
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Fig. 1. Major components of the kinin system. The kininogenases plasma and tissue 
kallikreins hydrolize either high or low molecular weight kininogens to release the kinin 
domain. Carboxypeptidases remove the Arg9 from bradykinin or Lys-bradykinin to 
generate B1 receptor agonists. 

situated on the plasma membranes of many cell types and are coupled principally to Gαq 
and Gαi, (Austin et al., 1997; Regoli et al., 2001). These receptors are designated as kinin B1 
(B1R) or B2 (B2R) receptors (Fig.1). B2R is a preformed receptor, widely distributed and 
activated by the parent molecules BK and Lys-BK. B1R is activated by DBK and LDBK, two 
kinins that lack the Arg9 at the carboxy-terminus of the parental BK or LBK molecule 
(Bhoola et al., 1992; 2001; Leeb-Lundberg et al., 2005). 

B1R is generally expressed at low levels in normal tissues, but is strongly up-regulated 
during inflammation, tissue injury, cancer, exposure to bacterial endotoxins such as 
lypopolysaccharide, growth factors (epidermal growth factor and endothelial growth factor) 
cytokines (principally interleukin-lβ, interleukin-8 and tumor necrosis factor-α) or even its 
own agonist, LDBK (Marceau et al., 1998; Yang et al., 2001). For this reason, there is an 
increase in the number of B1 binding sites in inflamed or carcinogenic tissue. Moreover, an 
up-regulation of the kinin B1R has been found in several tumors, immune-modulated 
disorders such as rheumatoid arthritis, transplant rejection, glomerulonephritis and in 
human fibrotic lung tissue. 

Additional differences between both types of kinin receptors reside in the fact that the B2R 
is internalized and extensively recycled to the cell surface by its agonist, whereas the B1R is 
up-regulated in inflammatory disorders and cancer, and its expression is controlled by 
signaling pathways such as stress mitogen-activated protein and nuclear factor kappa B 
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(NF-κB) (Marceau et al., 2002). In fact, sequence analyses show the presence of a 
transcriptional regulatory site for NF-κB in the promoter region of the B1R (Bachvarov et al., 
1996; Ni et al., 1998) a finding that may explain why expression of the B1R gene is tissue and 
cell specific (Yang et al., 2001).  

The different cell types in which expression and activation of kinin receptors has been 
determined include endothelial, epithelial and neural cells, smooth muscle cells, 
neutrophils, lymphocytes, monocytes, keratinocytes, chondrocytes and fibroblasts. 
Depending upon the cell type involved, kinin receptors activate different intracellular 
signaling pathways, which regulate processes such as, cell proliferation, differentiation, 
migration, vascular permeability, contraction of smooth muscle, excitation of nerve endings 
and release of a variety of biologically active secondary mediators. In this chapter, we will 
focus primarily on the most important signaling pathways triggered after B1R stimulation. 

2. Structure of kinin B1 receptor 
In general, the information on the structure of kinin receptors has been obtained by chemical 
cross-linking experiments, mutagenesis approaches, classical pharmacological assays, and 
studies with domain-specific anti-receptor antibodies (Prado et al., 2002; Blaukat, 2004). All 
these approaches have shown that B1R belongs to the GPCR family and that it is integrated 
into the plasma membrane. The amino-terminus end is exposed to the extracellular space 
and contains (three) consensus sites of the Asn-Xaa-Ser/Thr type for N-glycosilation and the 
most of them are clustered on their N-terminal domains. Is noteworthy that the kinin-
binding site is located at the amino-terminus end of the third extracellular loop. According 
to Kang et al.,(2005) the presence of multiple bands observed for the recombinant expressed 
human B1R is strongly reminiscent of patterns of the partially glycosylated B2R. However, a 
B1R in which the N-terminal domain had been truncated to remove putative N-
glycosylation sites migrated as a homogeneous specie (Kang et al., 2005). Furthermore, the 
treatment of the hemagglutinin-tagged human B1R, expressed in HEK293 cells, with N-
glycosidase F resulted in the conversion of the receptor from a heterogeneous specie 
migrating at 35 to 45 kDa to a relatively homogeneous one migrating at 37 kDa. We have 
observed a similar electrophoretic pattern of the B1R protein in human neutrophils 
(Ehrenfeld et al., 2006), breast cancer cells (Molina et al., 2009), endothelial cells and 
fibroblasts (our group, unpublished data). It is postulated that glycosylation probably 
increases the hydrophilicity of the extracellular portions of B1R affecting or regulating 
ligand affinity, efficient G protein coupling, maturation (folding, stabilization), intracellular 
trafficking and receptor oligomerization or receptor degradation (Menke et al., 1994; 
MacNeil et al., 1995; Leeb-Lundberg et al., 2005). Even more, it has been demonstrated that 
kinin-mediated mitogenic signaling and prostate cell growth is blocked by B1 and B2 
receptor antagonists indicating that these effects depend on both kinin receptors. These 
results provide evidence for the existence of B1R/B2R heterodimers in PC3 prostate cancer 
cells and demonstrate that antagonism of one receptor interferes with the ability of the 
other, possibly at the level of receptor-Gq protein coupling (Barki-Harrington et al., 2003). 
It is known that B1R can dimerize, oligomerize or heterodimerize with the B2R or other 
molecule. Actually, it is known that B1R heterodimerizes with membrane carboxypeptidase 
M, facilitating receptor signaling via carboxypeptidase M-mediated conversion of 
bradykinin or kallidin to a des-[Arg9]kinin. This critical interaction potentiates B1R signaling 
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(NF-κB) (Marceau et al., 2002). In fact, sequence analyses show the presence of a 
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and uncovers a new mode of GPCR activation by a cell surface peptidase (Zhang et al., 
2011). Therefore, it is clear that knowledge of the molecular structure has been important in 
determining B1R function. 

3. Classical signaling pathways activated by kinin B1 receptor 
In general, B1R activates most of the signaling pathways activated by B2R (reviewed by 
Marceau et al., 1998 and Leeb-Lundberg et al., 2005). Although both kinin receptors are 
coupled to similar signal transduction pathways, the differences in patterns of signaling are 
due to different degrees of short-term regulation that include both receptor desensitization 
and internalization (Leeb-Lundberg et al., 2005). The B2R is stable in the absence of its 
agonist, but it is rapidly desensitized after ligand stimulation by a mechanism that includes 
recruitment of -arrestin 2, internalization in a clathrin-dependent manner and recycling 
upon agonist treatment (Enquist et al., 2007). The B1R is not phosphorylated either under 
basal conditions or in response to agonist (Blaukat et al., 1999) and desensitizes slightly 
upon further stimulation with its agonist (Mathis et al., 1996). Actually, the B1R is 
constitutively internalized in the absence of agonist via a clathrin-dependent pathway, do 
not recruit -arrestin 2, bind G protein-coupled receptor sorting protein and go to lysosomes 
for degradation. Binding of agonist to the B1R inhibits its constitutive internalization 
thereby reducing the rate of spontaneous clearance of receptors from the cell membrane and 
at the same time delaying B1R degradation (Enquist et al., 2007). This behavior is according 
with B1R up-regulation by cytokines and other inflammatory stimuli that result in a high 
number of receptors on the cell surface, available for ligand binding (Fig. 2). 

 
Fig. 2. Regulation of B1R levels on the cell membrane. The B1R is constitutively internalized, 
but the number of B1R molecules on the cell membrane increases after binding of its ligand. 
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It is known that B1R can be coupled to different pathways according to the cell type 
involved. Signaling of the B1R results in the activation of protein kinase C (PKC) and 
tyrosine kinase cascades, coordinated with activation of the mitogen-activated protein 
kinase (MAPK) pathway and NF-B. B1R activation also stimulates phosphatidilinositol 
hydrolysis in smooth muscle cells leading to mobilization of intracellular Ca2+, 
phospholipase C or phospholipase A, and appears to induce biosynthesis and release of 
prostaglandins (Bhoola et al., 1992; 2001; Leeb-Lundberg et al., 2005). In vascular smooth 
muscle cells, B1R stimulation produces a significant dependence on extracellular Ca2+ and a 
transient increase in phosphatidilinositol hydrolysis that is more sustained than that 
generated by the B2R (Tropea et al., 1993). Nevertheless, in the rat renal cortical collecting 
duct cells, keratinocytes, breast cancer cells and neutrophils B1R does not induce 
intracellular Ca2+ mobilization (Ehrenfeld et al., 2006; Matus et al., 2008; Molina et al., 2009) 

Another characteristic of B1R is its capacity to regulate the cell cycle. In some cases, B1R is 
proliferative as seen in fibroblasts, vascular smooth muscle cells, estrogen-sensitive breast 
cancer cells, and this response involves MAPK activation (Marceau and Tremblay, 1986; 
Christopher et al., 2001; Molina et al., 2009). In vascular smooth muscle cells, B1R is induced 
only in response to injury, regulates proliferation by pathways that include activation of 
cholera toxin-sensitive Gαq, PKC, Src kinase and MAPK. In estrogen-sensitive breast cancer 
cells, Molina et al.,(2009) showed that nanomolar concentrations of the B1R agonist produced 
an increase in BrdU incorporation as measured in a proliferation assay. The use of inhibitors of 
MEK, the kinase which phosphorylates ERK1/2 MAPK, such as PD98059 or UO126, decrease 
the phosphorylation of ERK1/2 and completely abolished the incorporation of BrdU. At the 
same time, we demonstrated that this effect was dependent on epidermal growth factor 
receptor (EGFR) transactivation because the use of AG1478 blunted the activation of this 
MAPK. In addition, we have observed the proliferative effect of B1R stimulation on MDA-MB-
231 estrogen-insensitive breast cancer cells (unpublished data). On the contrary, an 
antiproliferative effect has been observed in vascular smooth muscle cells, probably due to 
prolonged activation of MAPK and increased p27Kip1 activity (Dixon et al., 2002).  

Studies on the involvement of B1R in cell migration have shown that in primary cultures of 
arterial smooth muscle cells, activation of B1R inhibited cell migration, an effect that 
involves activation of PI3K, but not nitric oxide or prostanoid release (Morissette et al., 
2006). In contrast, activation of B1R induces the migration of human PC3 prostate cancer 
cells via activation of focal adhesion kinase (FAK), an important kinase involved in 
cytoskeletal reorganization and cell migration (Taub et al., 2003). On the other hand, studies 
performed in human neutrophils show that B1R stimulates leukocyte chemotaxis, though 
the pathways implicated in this process are still unknown (Ahluwalia & Perretti, 1996; 
Paegelow et al., 2002; Ehrenfeld et al., 2006). Moreover, it is known that release of the kinin 
moiety from kininogens sited on the neutrophil surface by enzymatic action of the classical 
tissue kallikrein (hK1) results in opening of junctions between the endothelial cells, thereby 
causing plasma extravasation (Stuardo et al., 2004). B1R modulates the release of matrix 
metalloproteases from both human neutrophils (Ehrenfeld et al., 2009) and breast cancer 
cells (Ehrenfeld et al., 2011), an event that may contribute to the extracellular matrix 
remodeling in processes such as inflammation, wound healing and cancer. Part of the effects 
produced by B1R in neutrophils and cancer cells include activation of ERK1/2 and p38 
MAPK and transactivation of EGFR in breast cancer cells, an event that usually results in the 
activation of MAPK. 
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Phosphorylation of a 125-kDa protein, following stimulation of B1R expressed in human 
keratinocytes was identified as FAK (Yurko et al., 2001; Matus et al., 2008). The activation 
of this kinase after stimulation of B1R has also been observed in immortalized HaCaT 
keratinocytes (unpublished data) and in human PC3 prostate cancer cells (Taub et al., 
2003). Moreover, we have shown that treatment of keratinocytes with herbimycin before 
stimulation with B1R agonists reduces FAK phosphorylation (Matus et al., 2008). Thus, it 
is likely that B1R activation may contribute to cell motility in several cell types. Another 
signaling pathway used by B1R includes activation of PKC. Overexposure of human 
keratinocytes to phorbol 12-myristate 13-acetate (PMA) or the preincubation with 
GF109203X, a potent and selective inhibitor of PKCs, demonstrated that phosphorylation 
of the EGFR was greatly reduced, corroborating the involvement of PKC (Matus et al., 
2008).  

4. Mechanisms of EGFR transactivation by kinin B1 receptor 
It is known that various stress factors such as ultraviolet light and ionizing radiation can 
activate receptor tyrosine kinases (RTKs), like EGFR, in the absence of ligand. Also, 
activation of GPCRs, like the B1R, can activate RTKs by a mechanism that has been called 
“transactivation” by Alex Ullrich's group (Daub et al., 1996). They found that several GPCR 
agonists were able to activate the EGFR that in turn acts as a signal transducer for GPCRs. 
The EGFR belongs to a family of type I RTKs that comprise four members: EGFR 
(ErbB1/HER1), ErbB2 (HER2/Neu), ErbB3 (HER3) and ErbB4 (HER4) (reviewed by 
Liebmann, 2011). Activation of these receptors occurs by dimerization after ligand binding 
or by high receptor density on the cell membrane. When the ligand binds to its receptor, it 
induces the formation of homo and heterodimers activating the intrinsic tyrosine kinase 
domain that results in phosphorylation of specific tyrosine residues forming part of the 
cytoplasmic receptor tail. These residues serve as docking sites for a variety of signaling 
molecules (Endoh et al., 2009). Overexpression of EGFR is an indication of poor prognostic 
in multiple tumor types. EGFR autophosphorylation in sites such as Tyr845 are directly 
phosphorylated by Src kinase family (Wetzker & Böhmer, 2003) and GPCR agonists induce 
activation of Src, which directly phosphorylates EGFR by ligand-independent pathways 
(Biscardi et al., 1999; Tice et al., 1999). Furthermore, phosphorylation of EGFR at Tyr845 in 
the kinase domain is implicated in stabilizing the activation loop, maintaining the active 
state enzyme, and providing a binding surface for substrate proteins among which are the 
MAPK pathways (Cooper & Howell, 1993; Hubbard et al., 1994). EGFR and cytoplasmic 
tyrosine kinase c-Src cooperate in several cellular functions such as proliferation and 
apoptosis. Boerner et al.,(2005) showed that c-Src-dependent phosphorylation of Tyr845 of 
EGFR is required for the DNA synthesis induced by activation of some G protein-coupled 
receptors in murine fibroblasts and breast cancer cells. The role of Tyr845 in DNA synthesis 
and cell proliferation was demonstrated by the microinjection of phosphoTyr845-containing 
peptide in these cells, which was able to ablate EGF-stimulate S-phase entry in both cell 
systems. This finding suggests that this residue is an important regulator of DNA synthesis 
induced by mitogens like EGF. Sato et al., (2003) using A431 carcinoma cells demonstrated 
that the expression of adaptor protein p52shc, or stimulation with EGF or H2O2 leads to 
phosphorylation of EGFR on Tyr845. Phosphorylation in this residue was inhibited by PP2, 
but not by AG1478, and is associated with Src activation and phosphorylation of activators 
of transcription type 3 and 5 (STAT 3/5). This effect was inhibited by introduction of an 
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antibody against phosphorylated Tyr845 or by transfection of a dominant-negative for c-Src 
into the cells. Moreover, the co-incubation of puried c-Scr and EGFR leads to 
phosphorylation of Tyr845 in vitro. Altogether, these results demonstrate that c-Src can 
directly phosphorylate EGFR on Tyr845. Similarly, different cell lines and animal studies 
have shown that MAPK and signal transducers like STAT-3 are important mediators of 
EGFR signaling after phosphorylation of different tyrosine residues in liver cells and 
hepatocellular carcinoma. Interestingly, it has been shown that homogenates of 
hepatocellular carcinomas present phosphorylation at Tyr845, but no EGFR 
phosphorylation at Tyr998, Tyr1045 or Tyr1068 (Kannangai et al., 2006). On the other hand, 
the SH2 domain of PLCγ binds at phospho-Tyr992, resulting in activation of PLCγ-mediated 
downstream signaling (Emlet et al., 1997). Phosphorylation of this residue was 
demonstrated in 38 of the 39 cases of esophageal carcinomas by inmunohistochemistry with 
an anti-phosphoTyr992-EGFR antibody (Miyawaki et al., 2008). Immunoreactivity to 
phosphorylated Tyr992 was mainly associated with areas of severe dysplasia and 
microinvasive foci adjacent to invasive carcinoma, suggesting a role of phosphorylated 
Tyr992-EGFR in invasion. Moreover, phosphorylation of Tyr992, in responses of ionizing 
radiation in chinese hamster ovary or A431 cells, is related to activation of PLCγ and 
increases when the phosphatase SHP2 is blocked (Sturla et al., 2005). 

Phosphorylation of EGFR at Tyr1045 creates a major docking site for c-Cbl, an adaptor 
protein that leads to receptor ubiquitination and degradation following EGFR activation 
(Levkowitz, et al.,1999; Ettenberg, et al.,1999). The GRB2 adaptor protein binds activated 
EGFR at phospho-Tyr1068 (Rojas et al., 1996). Interestingly, Yamauchi et al.,(1998) 
demonstrated that binding of growth hormone to its receptor, which belongs to the cytokine 
receptor superfamily, activates Janus kinase tyrosine kinase, STAT proteins and MAPK that 
regulate expression of c-fos. This activation depends on phosphorylation of Tyr1068 by 
Janus kinase tyrosine kinase 2, providing docking sites for Grb2 and Shc protein adaptor 
and activating MAPK and gene expression. Phosphorylated Tyr1148 and Tyr1173 provide a 
docking site for the Shc scaffold protein and induce MAPK activation (Zwick, et al.,1999). 
Phosphorylation of these tyrosine residues is a key step for signaling activation and 
inhibition of intrinsic tyrosine kinase activity by highly potent and selective inhibitors such 
as AG1478 (tyrphostin), that block receptor phosphorylation and the subsequent signaling 
pathways triggered by EGFR (Fig. 3). 

In several cell types, the EGFR transactivation induced by GPCRs is mediated by the release 
of EGFR ligands such as heparin-binding EGF-like growth factor (HB-EGF), transforming 
growth alpha (TGF-) and/or amphiregulin (Fig. 3). These ligands are generated by 
activation of the ADAM family (a disintegrin and metalloprotease) of zinc-dependent 
metalloproteases. Members of the ADAM family like ADAM10, ADAM12 and ADAM17 
mediate GPCR-induced EGFR transactivation in different cell types (reviewed by Rozengurt 
et al., 2007). The mechanism by which members of the ADAM family are activated has been 
suggested to depend on the GPCR and the cell type involved. Activation can be through 
reactive oxygen species, PKC and Src, PI3K or ERKs (review by Ohtsu et al., 2006; 
Lemjabbar-Alaoui er al, 2011; Maretzky et al., 2011; Sun et al., 2010). In addition, different 
reports indicate that the use of Src inhibitors such as PP2 and GM6001, a broad spectrum 
metalloprotease inhibitor, partially block the MAPK or Akt pathways (Chen et al.,  
2011; Cramer et al., 2001; Mugabe et al., 2010; Stirnweiss et al., 2006) suggesting that  
GPCRs do not necessarily transactivate the EGFR to activate signaling pathways. Through  
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Fig. 3. Schematic representation of EGFR transactivation by a GPCR like the B1R. 
Stimulation of the B1R by its natural agonist may trigger specific signaling pathways and 
also produce activation of matrix metalloproteases (MMP-8, ADAM17) to release 
membrane-bound proligands that after being released will stimulate the EGFR. Stimulation 
of B1R also results in c-Src phosphorylation that may in turn produce phosphorylation of 
specific tyrosine residues (Tyr845, Tyr992, Tyr1068) of EGFR. Phosphorylation of other 
tyrosine residues such as Tyr1045, Tyr1148 and Tyr1173 has not been yet described. 
Transactivation of EGFR is used by the B1R to activate specific signaling pathways like p38, 
ERK1/2 and JNK MAPK. PLC, Phospholipase C. 

transactivation, GPCRs can regulate cell growth, cell differentiation, survival and migration 
and play important roles in pathophysiological processes such as embryo development, 
wound healing and cancer progression. 

Few studies have considered the transactivation of EGFR by either kinin B1 or B2 receptors. 
Studies performed in different cell types show that B2R activation triggers EGFR 
transactivation. The phosphorylation of ERK1/2 MAPK, produced by stimulation of COS-7 
cells with a B2R agonist involves the independent activation of PKC and EGFR 
transactivation (Adomeit et al., 1999). Similar results in keratinocytes and renal IMCD-3 cells 
show that MAPK phosphorylation was partially and completely dependent on EGFR 
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transactivation, respectively (Mukhin et al., 2006 and Vidal et al., 2005). It has been shown 
that bradykinin can produce activation of p60Src and Src-dependent phosphorylation on 
Tyr845 of EGFR as well as recruitment of PLC in primary cultures of rat adrenal chromaffin 
cells and PC12 cells (Hur et al., 2004). Moreover, Yang et al., (2005) demonstrated, using 
Western blot and [3H]thymidine incorporation, that bradykinin induces proliferation of 
vascular smooth muscle cells mediated, at least in part, through activation of kinases of the 
Src family, EGFR transactivation, and PI3K-AKT pathways. Studies directed to elucidate the 
transactivation mechanism induced by B2R have shown that depending on the cell type, 
involve ADAM17 or metalloprotease 8 to cleave EGFR ligands (Dey et al., 2010; Methner et 
al., 2009). Reports regarding these events and the B1R are scarce. Matus et al., (2008) showed 
that stimulation of the kinin B1R in human keratinocytes produced the phosphorylation of 
tyrosine residues in a protein with a molecular mass of 170 kDa, that was later identified as 
EGFR. In these cells, the B1R induces the phosphorylation of Tyr845, Tyr992 and Tyr1068 
residues on the EGFR molecule, an effect that was blocked by AG1478, a specific inhibitor of 
the EGFR tyrosine kinase activity. Similar results were obtained in the HaCaT keratinocyte 
cell line when EGFR transactivation by the B1R was analyzed (Matus et al., unpublished 
data). 

Studies performed on estrogen-sensitive breast cancer cells strongly suggest that the 
proliferative effect induced by the B1R depends on the activity of EGFR and subsequent 
ERK1/2 MAPK phosphorylation (Molina et al., 2009). We have also reported that release of 
metalloproteases in MCF-7 and MDA-MB-231 breast cancer cells was blocked by AG1478, an 
observation that was confirmed by transfection of breast cancer cells with the dominant 
negative EGFR mutant HERCD533 (Ehrenfeld et al., 2011). The transactivation mechanism 
involved in EGFR activation by B1R agonists has not been elucidated yet, but work performed 
by our group in human HaCaT keratinocytes, MCF-7 breast cancer cell has visualized that B1R 
stimulation produces Src phosphorylation, that is blocked by the specific Src inhibitor, PP2 
(Figs. 4 and 5). Interestingly, Src phosphorylates specifically the Tyr845 residue present in the 
active site of EGFR, therefore when we inhibited Src activity, phosphorylation of EGFR in 
Tyr845 was also inhibited (our group, unpublished data (Fig. 3). 

5. Potential usefulness of currently available kinin antagonists and kinase 
inhibitors in pathological processes 
The importance of kinin receptors, especially the B1R, is illustrated by many publications 
that demonstrate their involvement in different pathological processes such as cancer, and 
especially breast cancer as mentioned early in the text. From a functional point a view, both 
B1 and B2 receptors are central players in the aetiology of pain, inflammation and cancer. 
Thus, the use of antagonists or inhibitors directed to specific intracellular pathways may be 
a useful approach to understand the mechanisms of particular pathological processes and 
then to promote them as useful pharmacological agents. Frequently, B2R is associated with 
the acute phase of inflammation and noniception, whereas the B1R after its up-regulation by 
inflammatory mediators is more relevant during chronic or persistent inflammation. For this 
reason, the use of antagonists of both peptidic and non-peptidic nature or blockade of kinase 
pathways triggered by activation of kinin receptors may become important clinical tools for 
treatment of persistent inflammation, cancer and pain, especially when no other therapy is 
available or provides beneficial effects (Campos et al., 2006).  
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Fig. 4. The kinin B1R stimulation triggers transactivation of EGFR in estrogen-insensitive 
(MDA-MB-231) and estrogen-sensitive (MCF-7) breast cancer cells. Cells were cultured in 
DMEM-F12 or DMEM without phenol red, synchronized for 24 h and then stimulated with 10 
nM Lys-des[Arg9]bradykinin for different periods of time. When stimulation was completed, 
the cells were homogenized in the presence of protease inhibitors, proteins separated by 
polyacrylamide gel electrophoresis and then transferred to immobilon membranes. 
Representative Western blots performed with a monoclonal antibody that detects 
phosphorylation on Tyr845 residue of the EGFR are shown. AU, arbitrary intensity units. 

IL-4 is a cytokine with an important role in asthma and chronic obstructive pulmonary 
disease that promotes eosinophilic inflammation and mucus hypersecretion. In this regard, 
Bryborn et al.,(2004) demonstrated that long-term exposure to IL-4 increases contractile 
response of bronchial smooth muscle induced by B1 or B2 receptor agonists. This effect 
appears to be mediated via an up-regulation of B1R and MAPK pathways since the pre-
treatment with SP600125, a c-Jun N-terminal kinase inhibitor or SB203580, a p38 MAPK 
inhibitor or PD98059, an inhibitor of ERK1/2 MAPK phosphorylation, inhibited that response. 
Similarly, IL-1β induces the up-regulation of B1R and B2R in mouse tracheal smooth muscle 
and increases the contractile responses induced by the respective kinin agonists (Zhang et al., 
2007a). The effect was inhibited by SP600125 and TAT-TI-JIP, two JNK inhibitors, but not by 
inhibitors of ERK1/2 MAPK pathways (Zhang et al., 2007b). The importance of B1R in 
inflammatory reactions was also investigated by the group of Lin et al.,(2010) who 
demonstrated the involvement of B1R in cigarette smoke-induced airway inflammation by a 
mechanism that includes the participation of IL-1β. In fact, rat lung slices treated with total 
particulate matter of cigarette smoke for 24 h showed an enhanced expression of B1R and IL-
1β. At the same time, Xu et al.,(2010) reported that nicotine induces airway 
hyperresponsiveness via transcriptional up-regulation of B1R and B2R and activation of JNK, 
but not ERK1/2 or p38 MAPK. The use of SP600125 a specific JNK inhibitor and  

 
Signaling Pathways Coupled to Activation of the Kinin B1 Receptor 

 

119 

 
Fig. 5. Stimulation of the kinin B1R triggers transactivation of EGFR in human HaCaT 
keratinocytes. The epidermal cells were pre-incubated with 1 μM of AG1478 for 30 min or 
directly stimulated with 100 nM Lys-des[Arg9]bradykinin for 15 min or 2.5 ng/ml EGF for 
10 min. Proteins were separated by polyacrylamide gel electrophoresis and Western blots 
were performed using a monoclonal antibody that detects phosphorylation on Tyr845 
residue of the EGFR molecule. A representative experiment is shown. AU, arbitrary 
intensity units. 

YM976 a specific phosphodiesterase inhibitor abolished the nicotine-induced effects on kinin 
receptor-mediated contractions and reverted the enhanced receptor mRNA expression. Other 
reports demonstrate that the increased expression of B1R relays on oxidative stress, IL-1β and 
NF-κB, but not on cyclooxygenase or TNF-α. These results were obtained using the human 
alveolar epithelial A549 cell line treated with particulate matter. The increase of B1R mRNA 
was prevented by co-treatments with N-acetyl-l-cysteine (a potent antioxidant), 
diphenyleneiodonium (NADPH oxidase inhibitor), IL-1Ra (IL-1 receptor antagonist) and SN-
50 (specific inhibitor of NF-κB activation), but not by pentoxifylline (TNF-α release inhibitor), 
indomethacin and niflumic acid (COX-1 and 2 inhibitors)(Talbot et al., 2011).  

In the skin, the mRNAs for hK1 tissue kallikrein and B1R have been reported in both normal 
human skin and in biopsies of patients with some skin diseases (Schremmer-Danninger et 
al.,1995; 1998; 2004; Matus et al.,2008; Pietrovski et al., 2009). Furthermore, the expression of 
B1R mRNA and protein has been demonstrated in keratinocytes of normal human 
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epidermis, in primary cultures and in the immortalized HaCaT cell line (Matus et al.,2008). 
Additionally, the expression of B1R in skin may be enhanced when this organ is exposed to 
many noxious agents present in our environment. In cutaneous models of inflammation 
developed in mice, peptidic and non-peptidic kinin receptor antagonists have been effective 
in reducing cutaneous neurogenic inflammation (Pietrovski et al., 2009). Recently, Pietrovski 
et al.,(2011) demonstrated that both B1R and B2R participate in the hyperproliferative and 
inflammatory responses of mouse skin suggesting that the use of kinin receptor antagonists 
may be useful in the treatment of some skin disorders. 

Another disease in which the role of B1R has been considered is diabetes. Dias & Couture 
(2011) used the B1R antagonist, SSR240612 in a rat model of diabetes and insulin resistance, 
based on the hypothesis that B1R activates signaling pathways that lead to increased 
oxidative stress and promote insulin resistance (Dias et al., 2010). The use of such an 
experimental design reversed the effects of glucose on the expression of IL-1β, TNF-α, and 
macrophage CD68 that are linked to the deposition of adipose tissue. Given the association 
between chronic inflammation and insulin resistance, inhibition of B1R activity may 
contribute to increase sensitivity to insulin and to prevent obesity. In general, diabetes 
induces sensory polyneuropathy associated with pain (allodynia and termal hyperalgesia), 
conditions that are difficult to treat. For this reason, Dias et al.,(2007) tested the non-peptide 
and orally active B1R antagonist SSR240612 in a rat model of insulin resistance and tactile 
cold allodynia. Their results are the first to associate the B1R with allodynia, pain that was 
alleviated by treatment with SSR240612, probably by direct inhibition of B1R affecting the 
spinal cord and/or afferent sensory nerve excitation. Hawkinson et al.,(2007) probed other 
B1R antagonist named benzamide B1R antagonist 7-chloro-2-[3-(9-pyridin—4-yl-3,9-diaza-
spiro[5.5]undecanecarbonyl)phenyl]-2,3-dihydro-isoindol-1-one (ELN441958). This 
antagonist reduces in a dose-dependent manner the carrageenan-induced thermal 
hyperalgesia in a rhesus monkey tail-withdrawal model. 

In renal disease, B1R has been associated with tissue inflammation and renal fibrosis. Focal 
and segmental glomeruloesclerosis is one of the most important causes of end-stage renal 
failure and up-regulation of B1R in podocyte injury has been demonstrated by Pereira et 
al.,(2011). Despite this report, there are not additional studies that examine the use of specific 
antagonists or inhibitors for specific signaling pathways activated by the B1R in this disease. 
Respect to the participation of the kinin B1R in cancer, only a few reports indicates the 
importance of interrupting its intracellular signaling; the major efforts have been orientated to 
the B2R. Thus, many studies have tried to elucidate the importance of B2R in cancer and the 
consequence of using specific antagonists to reduce cell proliferation, enhance apoptosis or 
decrease the secretion of metalloproteases (Chan et al., 2002; Stewart et al.,2002; 2003; 2005; 
Jutras et al., 2010; Wang et al., 2010). Although one of these studies demonstrate that both 
PGE2 and BK stimulate invasion of head and neck squamous carcinoma cells via EGFR, the 
treatment of these cells with the B2R antagonist CU201 resulted in growth inhibition (Thomas 
et al., 2006). The combination of CU201 with the EGFR small-molecule inhibitor erlotinib 
resulted in additive inhibitory effects on cell growth in the same type of cells in vitro. 

6. Conclusion 
Despite the high number of reports demonstrating the involvement of B1R in the regulation 
of various diseases, studies on the use of specific kinin antagonists and/or kinase inhibitors 
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as potential therapeutic drugs has been limited. Therefore, further validation of kinin 
receptors as important therapeutic targets is crucial. Even though EGFR tyrosine kinase 
inhibitors such as erlotinib and gefitinib interfere with ATP binding and have been used in 
clinical trials, inhibiting tyrosine kinase activity and subsequently inhibiting signal 
transduction pathways triggered by EGFR such as MAPK, PI3K/Akt, STAT and PLC/PKC. 
Activation of these pathways also influences cell proliferation, survival and the metastatic 
potential of tumor cells. Others EGFR tyrosine kinase inhibitors (PD15035, AG1478 and PKI 
166) have been tested in animal model as mice with Type 2 Diabetic, mice with high-fat diet-
fed or rats with diabetic nephropathy. Results of experiments indicate that these inhibitors 
restore ischemia-induced neovascularization and blood flow recovery in type 2 diabetic 
mice, improves glucose tolerance, insulin sensitivity and reduces subclinical inflammation 
in high-fat diet-fed mice and attenuates the development diabetic nephropathy in rats. 
(Advani et al., 2011; Choi et al., 2011; Prada et al., 2009). 

Despite the success of inhibitors reported in clinical trials, some patients still develop 
resistance to anti-EGFR therapy. In addition, there are two mutations of EGFR that have 
been described. Mutations of the exon coding for tyrosine kinase domain (18 to 21) and 
truncating mutations (exons 2 to 7) that involves signaling pathways. The first group of 
mutations is involved in the failure of tyrosine kinase inhibitors whereas the second group 
of mutation leads to resistance of drugs (Colabufo, 2011). However, an alternative approach 
for overcoming resistance may be to simultaneously target additional pathways such as 
VEGF/VEGFR, and/or inhibit parallel signaling pathways that complement those activated 
by EGFR (e.g., mesenchymal-epithelial transition factor and mTOR) (Giaccone & Wang, 
2011) and we suggest, by the evidence expose in this chapter, may include the B1R, or B2R. 
Furthermore, understanding of the intracellular signaling pathways initiated by kinin 
receptors linked to EGFR and their involvement in the causation and progression of most 
human neoplasias (e.g., non-small cell lung cancer, colorectal cancer, glioblastoma, breast 
cancer and squamous cell carcinomas) suggests that these signaling pathways could be used 
as targets for development of novel drugs that inhibit EGFR activation. Currently there are 
insufficient studies on the inhibition of EGFR transactivation triggered by B1R to elucidate 
whether the interaction between EGFR and B1R could provide novel molecular agents for 
prevention or treatment of human cancer. 
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Furthermore, understanding of the intracellular signaling pathways initiated by kinin 
receptors linked to EGFR and their involvement in the causation and progression of most 
human neoplasias (e.g., non-small cell lung cancer, colorectal cancer, glioblastoma, breast 
cancer and squamous cell carcinomas) suggests that these signaling pathways could be used 
as targets for development of novel drugs that inhibit EGFR activation. Currently there are 
insufficient studies on the inhibition of EGFR transactivation triggered by B1R to elucidate 
whether the interaction between EGFR and B1R could provide novel molecular agents for 
prevention or treatment of human cancer. 
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1. Introduction 
The initial discovery of protein phosphorylation as a regulatory mechanism for the control 
of glycogen metabolism has led to intense interest of protein phosphorylation in regulating 
protein function (Cohen et al., 2001). Kinases play a variety of roles in many physiological 
processes within cells and represent one of the largest families in the human genome with 
over 500 members comprising protein serine/threonine, tyrosine, and dual-specificity 
kinases (Manning et al., 2002). Phosphorylation of proteins is one of the most significant 
signal transduction mechanisms which regulate intracellular processes such as transport, 
growth, metabolism, apoptosis, cystoskeletal arrangement and hormone responses (Bononi 
et al., 2011; Heidenreich et al., 1991; Manning et al., 2002; Pawson et al., 2000). As such, 
abnormal phosphorylation of proteins can be either a cause or a consequence of disease. 
Kinases are regulated by activator and inhibitor proteins, ligand binding, and 
phosphorylation by other proteins or via autophosphorylation (Hanks et al., 1991; Hug et al., 
1993; Scott, 1991; Taylor et al., 1990; Taylor et al., 1992). Since kinases play key functions in 
many cellular processes, they represent an attractive target for therapeutic interventions in 
many disease states such as cancer, inflammation, diabetes and arthritis (Cohen et al., 2010; 
Fry et al., 1994; Karin, 2005; Mayers et al., 2005). In particular, the serine/threonine family of 
kinases comprises approximately 125 of the 500 family of kinases and includes the cyclic 
adenosine monophosphate (cAMP)-dependent protein kinase (PKA), the cyclic guanosine 
monophosphate (cGMP)-dependent protein kinase (PKG), and protein kinase C (PKC). 
These kinases are implicated in the regulation of cell growth and are the focus of this current 
study.  

Nitric oxide (NO) is the primary endogenous activator of soluble guanylate cyclase (sGC) 
and cGMP generation in the vasculature with PKG historically acknowledged as its primary 
downstream kinase (Ignarro, 1991; Ignarro et al., 1985). However, this area of research is 
controversial since the effects of NO are tightly regulated and specific to certain sub-cellular 
microenvironments. The NO-sGC-cGMP signaling pathway is of major importance in the 
cardiovascular system where it modulates functions such as vascular smooth muscle cell 
(VSMC) relaxation and growth (Ignarro, 1991; Ignarro et al., 1986; Ignarro et al., 1985; Lucas 
et al., 2000). Vascular remodeling is associated with injury and the pathogenesis of disorders 
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such as atherosclerosis and it is well established that the proliferation and migration of 
VSMCs play a major role in these processes (Gibbons et al., 1994; Herity et al., 1999; Shi et al., 
1996). The molecular mechanisms of cGMP signaling are not well understood, since studies 
suggest that NO can both promote and inhibit pathological vascular remodeling 
(Kawashima et al., 2001; Ozaki et al., 2002; Rudic et al., 1998). Furthermore, recent studies 
provide sound evidence for NO-independent heme oxygenase (HO) and carbon monoxide 
(CO) as physiologically relevant signals capable of activating sGC and promoting cGMP 
signal transduction (Christodoulides et al., 1995; Siow et al., 1999; Tulis et al., 2001a; Tulis et 
al., 2001b; Tulis et al., 2005). BAY 41-2272 (BAY) is a prototype of a novel class of sGC 
modulators that potentiate both NO- and CO-mediated signaling and that has potential for 
use  in clinical trials for the treatment of cardiovascular disease, yet mechanisms of action 
for BAY and similar agents still remain to be determined (Boerrigter et al., 2007; Mendelev et 
al., 2009; Roger et al., 2010). One study suggests that BAY may have phosphodiesterase 
(PDE) 5 inhibitory activity at high concentrations (Mullershausen et al., 2004); however this 
is still controversial. BAY interacts with sGC via a different mechanism than that of NO; 
therefore, the amount of cGMP generated and subsequent targets that are activated may be 
distinct leading to different responses than that of traditional NO-based signaling. This is 
important and a perfect example of a drug-induced versus a cell-specific response.  

Individual drugs interact with cells differently depending on the cellular 
microenvironments within the cell. Recent reports demonstrate the ability of cell- and 
agonist-specific responses following ligand stimulation due to intracellular localization of 
proteins including kinases which operate largely to ensure signal specificity (Di Benedetto et 
al., 2008; Lissandron et al., 2006; Xiang, 2011). An increase in cyclic nucleotide signaling can 
affect multiple signaling pathways because of activation of such kinases in particular 
intracellular domains. Hence, compartmentalization of proteins is very critical in 
cellular/biomolecular signaling in order to ensure a specific response to a particular 
stimulus in cells.  

VASP, a cytoskeletal protein that belongs to the Ena/VASP family, was originally 
characterized as a substrate for cyclic nucleotide-dependent PKA and PKG (Krause et al., 
2002; Reinhard et al., 2001). At least four distinct phosphorylation sites on VASP (Ser157, 
Ser239, Thr278, Ser322) have been identified (Butt et al., 1994; Chitaley et al., 2004; Thomson et 
al., 2011). Despite the conventional thought that phosphorylation of VASP at Ser239 and 
Ser157 occurs by PKG and PKA, respectively (Butt et al., 1994), more recent studies suggest 
that crosstalk exists and that Ser157, Ser239 and Thr278  can be phosphorylated by both PKA 
and PKG. However, phosporylation of VASP by PKC and AMP kinase is more selective 
(Benz et al., 2009; Blume et al., 2007; Zhuang et al., 2004). The phosphorylation pattern of 
VASP is complex and dynamic and occurs in site-specific order with different priorities 
(Abel et al., 1995; Butt et al., 1994; Zhuang et al., 2004). Functionally, VASP plays an 
important role in regulating cytoskeletal dynamics and processes such as cell adhesion and 
migration (Kwiatkowski et al., 2003; Mitchison et al., 1996; Vasioukhin et al., 2000), and 
phosphorylation of VASP has been shown to be important physiologically as it is involved 
in these processes. It was reported that VASP phosphorylation at Ser157 is required for the 
growth stimulatory effect and phosphorylation at Ser239 is required for the growth inhibitory 
effect of NO on SMCs (Chen et al., 2004). Although VASP phosphorylation continues to be 
used as a biochemical marker for selective kinase activation, its precise cellular and 
molecular functions remain to be fully determined.  
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Previously, we demonstrated in both rat commercial (A7R5) VSMCs and rat primary 
VSMCs that BAY increases cyclic nucleotides and inhibits vascular growth through 
processes involving VASP phosphorylation (Joshi et al., 2011; Mendelev et al., 2009). In this 
report we demonstrate for the first time that BAY increases the activity of protein kinases 
and that this system has the ability to regulate growth of VSMCs. Novel results include 
demonstration that kinase activity from PKA, PKG and PKC has the capacity to increase 
phosphorylation of cellular proteins including VASP. Notably, the implication of multiple 
kinases in the regulation and activation of VASP provides sound evidence for potential 
crosstalk among otherwise distinct kinases within the cell. Functionally, strong evidence is 
presented linking cyclic nucleotide-mediated kinase activation and VASP phosphorylation 
with inhibition of vascular smooth muscle growth through modulation of proliferation and 
migration.     

2. Methods 
2.1 Rat primary VSMC culture 

Following established procedures (Liu et al., 2009; Tulis et al., 2002), thoracic aorta VSMCs 
were obtained from male Sprague-Dawley rats (100-125 grams) and cultured in Dulbecco’s 
modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS) and Primocin 
(100mg/L) at 37ºC in 95% air/5% CO2. Cells were split and propagated through passage 6 
(unless otherwise specified). For select experiments higher passage cells were used between 
passage 7 and 10. All studies abided by the guidelines of the Institutional Animal Care & 
Use Committee and conformed to the Guide for the Care and Use of Laboratory Animals 
(US National Institutes of Health, Publication No. 85-23, revised 1996).  

2.2 In-cell western 

Phosphorylation of VASP was examined by use of an established cell-based 
immunocytochemical assay for monitoring kinase signaling pathways (Chen et al., 2005). Rat 
VSMCs were seeded (~20,000 cells/well) in 96 well plates and once adhered, pretreated 
with either kinase and PDE inhibitors or vehicle for 30 minutes after which they were 
stimulated with either BAY for 60 minutes or cyclic nucleotide analogs (8Br-cAMP; 10µM or 
8Br-cGMP; 10µM, Tocris) for 30 minutes. The inhibitors used for In-Cell Westerns were: 
adenosine 3’,5’-cyclic monophosphate-dependent protein kinase inhibitor (5-24), (PKI; 
10µM), a selective PKA inhibitor (Enzo); DT-2 trifluoroacetate salt, (DT2; 10µM), a selective 
PKG inhibitor (Sigma-Aldrich); calphostin C (CALC; 100nM), a selective inhibitor of PKC 
(Enzo); cilostazol (CILO; 10 µM), a selective PDE3 inhibitor (Sigma-Aldrich); rolipram (ROL; 
10 µM), a selective PDE4 inhibitor (Tocris); zaprinast (ZAP; 10 µM; MP Biochemicals) and 
vardenifil (VAR; 50 nM; Toronto Research Chemicals), selective PDE5 inhibitors. The vehicle 
for CILO, ROL, CALC and ZAP was DMSO (< 0.5%). After incubation, media was removed 
and cells were fixed with 4% formalin in PBS for 20 minutes. Cells were washed and 
permeabilized with PBS containing 0.1% Triton X-100, followed by 1X PBS + 0.1% Tween-20. 
Cells were blocked with IR blocking solution (Odyssey) for 3 hours and then incubated with 
primary antibodies directed against VASP at pSer239 (1:500; Cell Signaling), VASP at pSer157 
(1:500; Cell Signaling) or α-tubulin (1:500; Sigma) overnight at 4ºC. Cells were washed with 
PBS + 0.1% Tween-20 followed by incubation with two secondary antibodies: IRDye 800CW 
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for CILO, ROL, CALC and ZAP was DMSO (< 0.5%). After incubation, media was removed 
and cells were fixed with 4% formalin in PBS for 20 minutes. Cells were washed and 
permeabilized with PBS containing 0.1% Triton X-100, followed by 1X PBS + 0.1% Tween-20. 
Cells were blocked with IR blocking solution (Odyssey) for 3 hours and then incubated with 
primary antibodies directed against VASP at pSer239 (1:500; Cell Signaling), VASP at pSer157 
(1:500; Cell Signaling) or α-tubulin (1:500; Sigma) overnight at 4ºC. Cells were washed with 
PBS + 0.1% Tween-20 followed by incubation with two secondary antibodies: IRDye 800CW 
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(1:500; Odyssey) and Alexa Fluor 680 for 1 hour. Cells were washed with PBS containing 
0.1% Tween-20 followed by plain PBS. The plate was allowed to dry overnight and scanned 
using the appropriate channels for detection with the Odyssey Imager. 

2.3 Western blot  

Rat VSM cells were used between passages 4 and 6 for all experiments. Cells were lysed in 
buffer (50mM Tris, pH 6.8; 1% SDS; 0.1% Triton; protease inhibitor cocktail (Roche); 
phosphate inhibitor cocktail (Santa Cruz)) and sonicated on ice followed by centrifugation 
(14000g, 20 min). Protein concentration of whole cell lysates was determined by the BCA 
assay (Pierce). Proteins were separated on SDS-PAGE gels and transferred to Immobilon-P 
membranes (Millipore) using Mini-Protean Electrophoresis and Mini Trans-Blot Cells (Bio-
Rad). Blots were blocked with 5% non-fat milk in TTBS (25mM Tris/Tris-HCl; 0.0027M KCl; 
0.13M NaCl; 0.1% Tween 20) or 5% BSA in TTBS for 1 hour and incubated with primary 
antibodies directed against protein kinase G (PKG) and protein kinase A (PKA) (1:1000; 
Abcam), phospho-PKASer338 (1:1000; Biosource), VASP, phospho-VASPSer157, and phospho-
VASPSer239 (1:1000; Cell Signaling) and α-tubulin (1:1000; Sigma) overnight at 4 ºC. Blots 
were washed with TTBS, incubated with peroxidase-linked secondary antibodies (1:5000) 
for 1 hour, visualized using Pierce ECL Western blotting kit, documented using an Alpha 
Imager 2200, and analyzed with ImageJ 1.40g software (NIH). 

2.4 Hemocytometry assay 

Rat VSMCs were seeded in 24 well plates (40,000 cells/well) and after adherence were 
quiesced overnight in 0.2% FBS. Cells were then pretreated with PKI, DT2 or vehicle for 30 
mins, prior to stimulation with BAY (10µM) for 48 or 72 hrs. At the end of the time point, 
cells in each well were trypsinized and the cell count estimated using a hemocytometer at 
10X magnification. 

2.5 MTT assay 

Rat VSMCs were seeded in 96 well plates and pretreated with PKI, DT2 or vehicle for 30 
mins, prior to stimulation with BAY (10µM) for 24hrs. After treatment media was removed 
and MTT was added to each well and incubated for 4 hours at 37C. The MTT was removed, 
MTT solvent added and absorbance read after 15 mins.  

2.6 BrdU assay 

Rat VSMCs were seeded in 96 well plates and pretreated with PKI, DT2, CALC or vehicle 
for 30 mins, prior to stimulation with BAY (10µM) for 48hrs. After treatment media was 
removed and BrdU labeling solution was added to each well and incubated for 3 hours at 
37C. Next the labeling solution was removed, cells were fixed and the anti-BrdU antibody 
added for 90 mins. Cells were washed, the substrate was then added, and absorbance was 
read after 30 mins.  

2.7 Kinase assay 

Rat VSMCs were seeded in 6 well plates and grown to confluence. The cells were then 
pretreated with PKI, DT2, CALC or vehicle for 30 mins, prior to stimulation with BAY 
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(10µM) for 1 hour. The cells were lysed, protein was isolated and protein concentration was 
determined via a BSA assay. Kinase activity was determined using an activity kit (Enzo Life 
Sciences). Briefly, samples were added to the wells, the reaction was initiated with ATP, and 
cells were incubated at 30C for 90 mins. A phosphospecific substrate antibody was added 
and incubated at RTP for 60 mins. Next the plate was washed and the HRP conjugate was 
added and incubated for 30 mins. Finally the plate was washed and substrate added for 30 
mins and absorbance was read. 

2.8 Scratch wound assay 

Rat VSMCs were seeded in 24 well plates. Cells were injured with a 1 mm scrape and the 
images captured. Immediately cells were then treated with PKI, DT2, CALC or vehicle for 30 
mins, prior to stimulation with BAY (10µM) for 6 or 16 hrs. Afterward the images were 
captured and distances migrated were measured. 

2.9 Data analysis 

Statistical significance between experiments was determined using an analysis of variance 
(ANOVA). In the event that the F ratio indicated a significant P<0.05 change occurred, a 
post hoc test was performed to identify individual differences. Results were reported as 
mean ± the standard error of the mean (SEM). 

3. Results 
3.1 The effect of kinase inhibitors on BAY-induced VASP phosphorylation 

We recently demonstrated that BAY, a potent stimulator of sGC, increased phosphorylation 
of VASP in a site-specific fashion in rat A7R5 VSMCs (Mendelev et al., 2009) and in rat 
primary VSMCs (Joshi et al., 2011). In the current study we sought to identify kinases 
responsible for this selective phosphorylation of VASP induced by BAY. In primary VSMCs, 
BAY (10 µM) significantly increased VASP phosphorylation at both Ser157 and Ser239 (Figures 
1A, 1B, respectively). Addition of PKI (10 µM) or CALC (100 nM) slightly (non-significantly) 
increased BAY-induced phosphorylation of VASP at Ser157 compared to effects of BAY alone 
(Fig. 1A), whereas CALC slightly (non-significantly) reduced VASP phosphorylation at 
Ser239 compared to BAY alone (Fig. 1B).  

Due to the relative ineffectiveness of select kinase inhibition on site-specific VASP 
phosphorylation, the possibility of crosstalk between these kinases was examined. 
Intriguingly, the combination of PKI and DT2 increased the phosphorylation induced by 
BAY at Ser157 (Fig 2A), while the combination of PKI and CALC markedly increased the 
phosphorylation induced by BAY at Ser239 (Fig. 2B).  

3.2 Effect of PDE inhibition and kinase activity on VASP phosphorylation 

In order to determine if kinase inhibition affects the ability of PDEs to regulate VASP, 
VSMCs were pretreated with inhibitors of kinases and PDEs prior to stimulation with BAY. 
In the presence of BAY and DT2, the PDE 3 inhibitor CILO and the PDE 5 inhibitors VAR or 
ZAP, significantly increased  phosphorylation at Ser157 compared to BAY alone (Fig. 3A). 
PKI increased Ser157 phosphorylation induced by BAY (Fig. 3B); however, PDE inhibition  
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(1:500; Odyssey) and Alexa Fluor 680 for 1 hour. Cells were washed with PBS containing 
0.1% Tween-20 followed by plain PBS. The plate was allowed to dry overnight and scanned 
using the appropriate channels for detection with the Odyssey Imager. 
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Rat VSM cells were used between passages 4 and 6 for all experiments. Cells were lysed in 
buffer (50mM Tris, pH 6.8; 1% SDS; 0.1% Triton; protease inhibitor cocktail (Roche); 
phosphate inhibitor cocktail (Santa Cruz)) and sonicated on ice followed by centrifugation 
(14000g, 20 min). Protein concentration of whole cell lysates was determined by the BCA 
assay (Pierce). Proteins were separated on SDS-PAGE gels and transferred to Immobilon-P 
membranes (Millipore) using Mini-Protean Electrophoresis and Mini Trans-Blot Cells (Bio-
Rad). Blots were blocked with 5% non-fat milk in TTBS (25mM Tris/Tris-HCl; 0.0027M KCl; 
0.13M NaCl; 0.1% Tween 20) or 5% BSA in TTBS for 1 hour and incubated with primary 
antibodies directed against protein kinase G (PKG) and protein kinase A (PKA) (1:1000; 
Abcam), phospho-PKASer338 (1:1000; Biosource), VASP, phospho-VASPSer157, and phospho-
VASPSer239 (1:1000; Cell Signaling) and α-tubulin (1:1000; Sigma) overnight at 4 ºC. Blots 
were washed with TTBS, incubated with peroxidase-linked secondary antibodies (1:5000) 
for 1 hour, visualized using Pierce ECL Western blotting kit, documented using an Alpha 
Imager 2200, and analyzed with ImageJ 1.40g software (NIH). 

2.4 Hemocytometry assay 

Rat VSMCs were seeded in 24 well plates (40,000 cells/well) and after adherence were 
quiesced overnight in 0.2% FBS. Cells were then pretreated with PKI, DT2 or vehicle for 30 
mins, prior to stimulation with BAY (10µM) for 48 or 72 hrs. At the end of the time point, 
cells in each well were trypsinized and the cell count estimated using a hemocytometer at 
10X magnification. 

2.5 MTT assay 

Rat VSMCs were seeded in 96 well plates and pretreated with PKI, DT2 or vehicle for 30 
mins, prior to stimulation with BAY (10µM) for 24hrs. After treatment media was removed 
and MTT was added to each well and incubated for 4 hours at 37C. The MTT was removed, 
MTT solvent added and absorbance read after 15 mins.  

2.6 BrdU assay 

Rat VSMCs were seeded in 96 well plates and pretreated with PKI, DT2, CALC or vehicle 
for 30 mins, prior to stimulation with BAY (10µM) for 48hrs. After treatment media was 
removed and BrdU labeling solution was added to each well and incubated for 3 hours at 
37C. Next the labeling solution was removed, cells were fixed and the anti-BrdU antibody 
added for 90 mins. Cells were washed, the substrate was then added, and absorbance was 
read after 30 mins.  

2.7 Kinase assay 

Rat VSMCs were seeded in 6 well plates and grown to confluence. The cells were then 
pretreated with PKI, DT2, CALC or vehicle for 30 mins, prior to stimulation with BAY 
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(10µM) for 1 hour. The cells were lysed, protein was isolated and protein concentration was 
determined via a BSA assay. Kinase activity was determined using an activity kit (Enzo Life 
Sciences). Briefly, samples were added to the wells, the reaction was initiated with ATP, and 
cells were incubated at 30C for 90 mins. A phosphospecific substrate antibody was added 
and incubated at RTP for 60 mins. Next the plate was washed and the HRP conjugate was 
added and incubated for 30 mins. Finally the plate was washed and substrate added for 30 
mins and absorbance was read. 

2.8 Scratch wound assay 

Rat VSMCs were seeded in 24 well plates. Cells were injured with a 1 mm scrape and the 
images captured. Immediately cells were then treated with PKI, DT2, CALC or vehicle for 30 
mins, prior to stimulation with BAY (10µM) for 6 or 16 hrs. Afterward the images were 
captured and distances migrated were measured. 

2.9 Data analysis 

Statistical significance between experiments was determined using an analysis of variance 
(ANOVA). In the event that the F ratio indicated a significant P<0.05 change occurred, a 
post hoc test was performed to identify individual differences. Results were reported as 
mean ± the standard error of the mean (SEM). 

3. Results 
3.1 The effect of kinase inhibitors on BAY-induced VASP phosphorylation 

We recently demonstrated that BAY, a potent stimulator of sGC, increased phosphorylation 
of VASP in a site-specific fashion in rat A7R5 VSMCs (Mendelev et al., 2009) and in rat 
primary VSMCs (Joshi et al., 2011). In the current study we sought to identify kinases 
responsible for this selective phosphorylation of VASP induced by BAY. In primary VSMCs, 
BAY (10 µM) significantly increased VASP phosphorylation at both Ser157 and Ser239 (Figures 
1A, 1B, respectively). Addition of PKI (10 µM) or CALC (100 nM) slightly (non-significantly) 
increased BAY-induced phosphorylation of VASP at Ser157 compared to effects of BAY alone 
(Fig. 1A), whereas CALC slightly (non-significantly) reduced VASP phosphorylation at 
Ser239 compared to BAY alone (Fig. 1B).  

Due to the relative ineffectiveness of select kinase inhibition on site-specific VASP 
phosphorylation, the possibility of crosstalk between these kinases was examined. 
Intriguingly, the combination of PKI and DT2 increased the phosphorylation induced by 
BAY at Ser157 (Fig 2A), while the combination of PKI and CALC markedly increased the 
phosphorylation induced by BAY at Ser239 (Fig. 2B).  

3.2 Effect of PDE inhibition and kinase activity on VASP phosphorylation 

In order to determine if kinase inhibition affects the ability of PDEs to regulate VASP, 
VSMCs were pretreated with inhibitors of kinases and PDEs prior to stimulation with BAY. 
In the presence of BAY and DT2, the PDE 3 inhibitor CILO and the PDE 5 inhibitors VAR or 
ZAP, significantly increased  phosphorylation at Ser157 compared to BAY alone (Fig. 3A). 
PKI increased Ser157 phosphorylation induced by BAY (Fig. 3B); however, PDE inhibition  
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Fig. 1. (A) Effect of kinase inhibitors on BAY 41-2272 (BAY)-induced VASPSer157 
phosphorylation. VSMCs were pretreated with PKI, DT2, CALC or vehicle for 30 min prior 
to stimulation with BAY (10uM) for 60 minutes (n=15). (B) Effect of kinase inhibitors on 
BAY-induced VASPSer239 phosphorylation. VSMCs were pretreated with PKI, DT2, CALC 
or vehicle for 30 min prior to stimulation with BAY (10uM) for 60 minutes (n=15). Values are 
the means ± SE. * = different from vehicle (P<0.05). 

 
Fig. 2. (A) Effect of PKI and DT2 on BAY-induced VASPSer157 phosphorylation. VSMCs 
were pretreated with PKI and DT2 or vehicle for 30 min prior to stimulation with BAY 
(10uM) for 60 minutes (n=5). (B) Effect of PKI and CALC on BAY-induced VASPSer239 
phosphorylation. VSMCs were pretreated with PKI or CALC individually, PKI+CALC or 
vehicle for 30 min prior to stimulation with BAY (10uM) for 60 minutes (n=5). Values are the 
means ± SE. * = different from vehicle (P<0.05); † = different from vehicle and BAY (P<0.05).  

had no further effect on Ser157 phosphorylation. BAY-induced Ser239 phosphorylation was 
potentiated only in the presence of PKI and the PDE 5 inhibitor ZAP (Fig 3C). Neither an 
inhibitor of PKA nor PKG and PDEs had any effect on Ser239 in any other instance (data not 
shown).  
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Fig. 3. (A) Effect of DT2 and PDE inhibitors on BAY-induced VASPSer157 phosphorylation. 
VSMCs were pretreated with DT2 alone or CILO, ROL, VAR, or ZAP in the presence of DT2 
or vehicle for 30 min prior to stimulation with BAY (10uM) for 60 minutes (n=13). (B) Effect 
of PKI and PDE inhibitors on BAY-induced VASPSer157 phosphorylation. VSMCs were 
pretreated with PKI alone, CILO, ROL, VAR, or ZAP in the presence of PKI, or vehicle for 30 
min prior to stimulation with BAY (10uM) for 60 minutes (n=8). (C) Effect of PKI and PDE 
inhibitors on BAY 41-2272 (BAY)-induced VASPSer239 phosphorylation. VSMCs were 
pretreated with PKI alone, CILO, ROL, VAR, or ZAP in the presence of PKI, or vehicle for 30 
min prior to stimulation with BAY (10uM) for 60 minutes (n=14). Values are the means ± SE. 
* = different from BAY (P<0.05). 

3.3 Effect of kinase inhibitors on cyclic nucleotide analog-induced VASP 
phosphorylation 

Since BAY increases cAMP and cGMP (Joshi et al., 2011; Mendelev et al., 2009; Stasch et al., 
2001; Stasch et al., 2009) as well as the activity of their respective kinases (Joshi et al., 2011), 
and considering that both kinases can phosphorylate VASP at either kinase-preferred site 
(Butt et al., 1994), cyclic nucleotide analogs were used to determine the kinase(s) specifically 
involved in VASP phosphorylation. VSMCs were incubated with selective kinase inhibitors 
prior to addition of a cAMP or cGMP analog. Results show that 8-Br-cAMP alone failed to 
significantly increase phosphorylation at Ser157 or Ser239, but PKI significantly increased 
phosphorylation at both sites induced by the analogs (Figs. 4A, 4B). Neither DT2 nor CALC 
had an effect on VASP phosphorylation in the presence of 8Br-cAMP. Additionally, when 
using 8Br-cAMP multiple kinase inhibition had no effect greater than that of PKI alone at 
either site (data not shown).  
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were pretreated with PKI and DT2 or vehicle for 30 min prior to stimulation with BAY 
(10uM) for 60 minutes (n=5). (B) Effect of PKI and CALC on BAY-induced VASPSer239 
phosphorylation. VSMCs were pretreated with PKI or CALC individually, PKI+CALC or 
vehicle for 30 min prior to stimulation with BAY (10uM) for 60 minutes (n=5). Values are the 
means ± SE. * = different from vehicle (P<0.05); † = different from vehicle and BAY (P<0.05).  

had no further effect on Ser157 phosphorylation. BAY-induced Ser239 phosphorylation was 
potentiated only in the presence of PKI and the PDE 5 inhibitor ZAP (Fig 3C). Neither an 
inhibitor of PKA nor PKG and PDEs had any effect on Ser239 in any other instance (data not 
shown).  
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Fig. 3. (A) Effect of DT2 and PDE inhibitors on BAY-induced VASPSer157 phosphorylation. 
VSMCs were pretreated with DT2 alone or CILO, ROL, VAR, or ZAP in the presence of DT2 
or vehicle for 30 min prior to stimulation with BAY (10uM) for 60 minutes (n=13). (B) Effect 
of PKI and PDE inhibitors on BAY-induced VASPSer157 phosphorylation. VSMCs were 
pretreated with PKI alone, CILO, ROL, VAR, or ZAP in the presence of PKI, or vehicle for 30 
min prior to stimulation with BAY (10uM) for 60 minutes (n=8). (C) Effect of PKI and PDE 
inhibitors on BAY 41-2272 (BAY)-induced VASPSer239 phosphorylation. VSMCs were 
pretreated with PKI alone, CILO, ROL, VAR, or ZAP in the presence of PKI, or vehicle for 30 
min prior to stimulation with BAY (10uM) for 60 minutes (n=14). Values are the means ± SE. 
* = different from BAY (P<0.05). 

3.3 Effect of kinase inhibitors on cyclic nucleotide analog-induced VASP 
phosphorylation 

Since BAY increases cAMP and cGMP (Joshi et al., 2011; Mendelev et al., 2009; Stasch et al., 
2001; Stasch et al., 2009) as well as the activity of their respective kinases (Joshi et al., 2011), 
and considering that both kinases can phosphorylate VASP at either kinase-preferred site 
(Butt et al., 1994), cyclic nucleotide analogs were used to determine the kinase(s) specifically 
involved in VASP phosphorylation. VSMCs were incubated with selective kinase inhibitors 
prior to addition of a cAMP or cGMP analog. Results show that 8-Br-cAMP alone failed to 
significantly increase phosphorylation at Ser157 or Ser239, but PKI significantly increased 
phosphorylation at both sites induced by the analogs (Figs. 4A, 4B). Neither DT2 nor CALC 
had an effect on VASP phosphorylation in the presence of 8Br-cAMP. Additionally, when 
using 8Br-cAMP multiple kinase inhibition had no effect greater than that of PKI alone at 
either site (data not shown).  
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Fig. 4. (A) Effect of kinase inhibitors and 8Br-cAMP on VASPSer157 phosphorylation. VSMCs 
were pretreated with PKI, DT2, CALC or vehicle for 30 min prior to stimulation with 8Br-
cAMP (10uM) for 30 minutes (n=10). (B) Effect of kinase inhibitors and 8Br-cAMP on 
VASPSer239 phosphorylation. VSMCs were pretreated with PKI, DT2, CALC or vehicle for 
30 min prior to stimulation with 8Br-cAMP (10uM) for 30 minutes (n=10). Values are the 
means ± SE. * = different from vehicle (P<0.05). 

In comparison, in these cells 8Br-cGMP alone failed to increase Ser157 phosphorylation; 
however, co-treatment with PKI or CALC increased Ser157 phosphorylation (Fig. 5A). On the 
other hand, 8Br-cGMP alone significantly increased phosphorylation at Ser239 and a trend 
for potentiation by PKI was observed (p = 0.059; Fig. 5B).  

Co-treatment with an inhibitor of PKG and PKC blunted the increase induced by 8-Br-cGMP 
at Ser239 (Fig. 6).  

 
Fig. 5. (A) Effect of kinase inhibitors and 8Br-cGMP on VASPSer157 phosphorylation. VSMCs 
were pretreated with PKI, DT2, CALC or vehicle for 30 min prior to stimulation with 8Br-
cGMP (10uM) for 30 minutes (n=10). (B) Effect of kinase inhibitors and 8Br-cGMP on 
VASPSer239 phosphorylation. VSMCs were pretreated with PKI, DT2, CALC or vehicle for 
30 min prior to stimulation with 8Br-cGMP (10uM) for 30 minutes (n=10). Values are the 
means ± SE. * = different from vehicle (P<0.05). 
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Fig. 6. Effect of CALC and DT2 on 8Br-cGMP-induced VASPSer239 phosphorylation. VSMCs 
were pretreated with CALC and DT2 or vehicle for 30 min prior to stimulation with 8Br-
cGMP for 30 minutes (n=8). Values are the means ± SE. * = different from vehicle (P<0.05); † 
= different from 8Br-cGMP (P<0.05).  

3.4 Effect of BAY on Kinase activity 

To determine if BAY increases kinase activity, VSMCs were pretreated with inhibitors of 
kinases prior to stimulation with BAY and selective kinase activity assays were performed. 
BAY increased the activity of PKA ~86% from (0.0278 ± 0.0223 to 0.0519 ± 0.0415). PKI 
decreased the activity back to control levels (0.0214 ± 0.0160). Similarly, BAY increased the 
activity of PKG ~55% from (0.0108 ± 0.0042 to 0.0167 ± 0.007) and DT2 decreased the activity 
back to control levels (0.0116 ± 0.003).  

3.5 Effect of kinase inhibitors and BAY on Proliferation 

Previously we concluded that BAY inhibits proliferation of both rat A7R5 (Mendelev et al., 
2009) and rat primary VSMCs (Joshi et al., 2011). To determine the influence of kinases on 
BAY-induced growth suppression, three complementary assays were performed. In the 
MTT assay, a mitochondria reductase-dependent approach, cells were pretreated with 
kinase inhibitors prior to stimulation with BAY. BAY (non-significantly) decreased 
proliferation (~25%) after 24 hrs, and inhibition of either PKA or PKG significantly 
potentiated this effect (Fig. 7A). Using the BrdU assay, BAY significantly inhibited DNA 
replication after 48 hours, yet inhibition of any individual kinase had no further effect at this 
time point (Fig. 7B). Using hemocytometry, BAY reduced cell numbers after both 48 (Fig. 
7C) and 72 hrs (Fig. 7D). Inhibition of PKA at 48 hrs (Fig. 7C) and either PKA or PKG at 72 
hrs (Fig. 7D) potentiated this effect. On the other hand, a lower concentration of DT2 (1µM) 
had no effect at 72 hrs (Fig. 7E). The Neutral red and MTT assays done at 16 hrs demonstrate 
that BAY and all inhibitor combinations were not cytotoxic (data not shown). 
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Fig. 4. (A) Effect of kinase inhibitors and 8Br-cAMP on VASPSer157 phosphorylation. VSMCs 
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In comparison, in these cells 8Br-cGMP alone failed to increase Ser157 phosphorylation; 
however, co-treatment with PKI or CALC increased Ser157 phosphorylation (Fig. 5A). On the 
other hand, 8Br-cGMP alone significantly increased phosphorylation at Ser239 and a trend 
for potentiation by PKI was observed (p = 0.059; Fig. 5B).  

Co-treatment with an inhibitor of PKG and PKC blunted the increase induced by 8-Br-cGMP 
at Ser239 (Fig. 6).  

 
Fig. 5. (A) Effect of kinase inhibitors and 8Br-cGMP on VASPSer157 phosphorylation. VSMCs 
were pretreated with PKI, DT2, CALC or vehicle for 30 min prior to stimulation with 8Br-
cGMP (10uM) for 30 minutes (n=10). (B) Effect of kinase inhibitors and 8Br-cGMP on 
VASPSer239 phosphorylation. VSMCs were pretreated with PKI, DT2, CALC or vehicle for 
30 min prior to stimulation with 8Br-cGMP (10uM) for 30 minutes (n=10). Values are the 
means ± SE. * = different from vehicle (P<0.05). 
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Fig. 6. Effect of CALC and DT2 on 8Br-cGMP-induced VASPSer239 phosphorylation. VSMCs 
were pretreated with CALC and DT2 or vehicle for 30 min prior to stimulation with 8Br-
cGMP for 30 minutes (n=8). Values are the means ± SE. * = different from vehicle (P<0.05); † 
= different from 8Br-cGMP (P<0.05).  

3.4 Effect of BAY on Kinase activity 

To determine if BAY increases kinase activity, VSMCs were pretreated with inhibitors of 
kinases prior to stimulation with BAY and selective kinase activity assays were performed. 
BAY increased the activity of PKA ~86% from (0.0278 ± 0.0223 to 0.0519 ± 0.0415). PKI 
decreased the activity back to control levels (0.0214 ± 0.0160). Similarly, BAY increased the 
activity of PKG ~55% from (0.0108 ± 0.0042 to 0.0167 ± 0.007) and DT2 decreased the activity 
back to control levels (0.0116 ± 0.003).  

3.5 Effect of kinase inhibitors and BAY on Proliferation 

Previously we concluded that BAY inhibits proliferation of both rat A7R5 (Mendelev et al., 
2009) and rat primary VSMCs (Joshi et al., 2011). To determine the influence of kinases on 
BAY-induced growth suppression, three complementary assays were performed. In the 
MTT assay, a mitochondria reductase-dependent approach, cells were pretreated with 
kinase inhibitors prior to stimulation with BAY. BAY (non-significantly) decreased 
proliferation (~25%) after 24 hrs, and inhibition of either PKA or PKG significantly 
potentiated this effect (Fig. 7A). Using the BrdU assay, BAY significantly inhibited DNA 
replication after 48 hours, yet inhibition of any individual kinase had no further effect at this 
time point (Fig. 7B). Using hemocytometry, BAY reduced cell numbers after both 48 (Fig. 
7C) and 72 hrs (Fig. 7D). Inhibition of PKA at 48 hrs (Fig. 7C) and either PKA or PKG at 72 
hrs (Fig. 7D) potentiated this effect. On the other hand, a lower concentration of DT2 (1µM) 
had no effect at 72 hrs (Fig. 7E). The Neutral red and MTT assays done at 16 hrs demonstrate 
that BAY and all inhibitor combinations were not cytotoxic (data not shown). 
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Fig. 7. (A) MTT assay to test the effect of PKI, DT2 and BAY on proliferation. VSMCs were 
pretreated with PKI, DT2 or vehicle for 30 min prior to stimulation with BAY (10uM) for 24 
hours (n=9). (B) BrdU assay to test the effect of PKI, DT2, CALC and BAY on proliferation. 
VSMCs were pretreated with PKI, DT2, CALC or vehicle for 30 min prior to stimulation 
with BAY (10uM) for 48 hours (n=10). (C) Hemocytometry assay to test the effect of PKI, 
DT2 and BAY on proliferation.  VSMCs were pretreated with PKI, DT2 or vehicle for 30 min 
prior to stimulation with BAY (10uM) for 48 hours (n=7). (D)  Hemocytometry assay to test 
the effect of PKI, DT2 and BAY on proliferation.  VSMCs were pretreated with PKI, DT2 or 
vehicle for 30 min prior to stimulation with BAY (10uM) after 72 hours (n=16). Values are 
the means ± SE. * = different from vehicle (P<0.05); † = different from vehicle and BAY 
(P<0.01). (E)  Hemocytometry assay to test the effect of PKI, DT2 and BAY on proliferation.  
VSMCs were pretreated with PKI, DT2 or vehicle for 30 min prior to stimulation with BAY 
(10uM) for 72 hours (n=4). Values are the means ± SE. * = different from vehicle (P<0.05); † = 
different from vehicle and BAY (P<0.05). 

3.6 Effect of kinase inhibitors and BAY on Migration 

Previously we observed that BAY inhibits cell migration in rat primary VSMCs (Joshi et al., 
2011). In order to determine the role of kinases on this anti-migratory effect of BAY, VSMCs 
were pretreated with inhibitors of PKG, PKA or PKC prior to stimulation with BAY and 
migration was assessed using the wounding assay. BAY inhibited migration ~40% after 6 
hours and co-incubation of BAY with DT-2 or CALC inhibited migration ~13% or ~17%, 
respectively (data not shown).  

3.7 The effect of kinase inhibitors on BAY-induced VASP phosphorylation in high 
passaged rat primary VSMCs   

In comparison to studies performed at low passage, in higher passage VSMCs (passage > 6) 
either PKI or two chemically dissimilar inhibitors of PKG, DT3 and KT5823, significantly 
increased phosphorylation of VASP at Ser157 but had no effect at Ser239 (Suppl. Figs. 1A and 
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1B, resp.). Notably, in these higher passage cells inhibition of PKC by CALC did not affect 
phosphorylation at either site versus that of BAY alone. In these cells, inhibition of multiple 
kinases had no effect on Ser157 but any combination of kinase inhibitors inhibited VASP 
phosphorylation at Ser239 (data not shown). 

 
Suppl. Fig. 1. (A) Effect of kinase inhibitors on BAY 41-2272 (BAY)-induced VASPSer157 
phosphorylation. Higher passaged (p > 6) VSMCs  were pretreated with PKI, DT2, DT3, KT, 
CALC or vehicle for 30 min prior to stimulation with BAY (10uM) for 60 minutes (n=8). 
Values are the means ± SE. * = different from BAY (P<0.05). (B) Effect of kinase inhibitors on 
BAY-induced VASPSer239 phosphorylation. Higher passaged (p > 6) VSMCs were pretreated 
with PKI, DT2, DT3, KT, CALC or vehicle for 30 min prior to stimulation with BAY (10uM) 
for 60 minutes (n=9). Values are the means ± SE. * = different from vehicle (P<0.05). 

3.8 Effect of kinase inhibitors on cyclic nucleotide analog-induced VASP 
phosphorylation  

In higher passage VSMCs (p > 6), 8-Br-cGMP alone increased phosphorylation at Ser239 only 
(Suppl. Figs. 2A, 2B), and kinase inhibition was without effect at either site.  

 
Suppl. Fig. 2. (A) Effect of kinase inhibitors and 8Br-cGMP on VASPSer157 phosphorylation. 
VSMCs were pretreated with PKI, DT2 or vehicle for 30 min prior to stimulation with 8Br-
cGMP (10uM) for 30 minutes (n=3). (B) Effect of kinase inhibitors and 8Br-cGMP on 
VASPSer239 phosphorylation. VSMCs were pretreated with PKI, DT2, CALC or vehicle for 
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Fig. 7. (A) MTT assay to test the effect of PKI, DT2 and BAY on proliferation. VSMCs were 
pretreated with PKI, DT2 or vehicle for 30 min prior to stimulation with BAY (10uM) for 24 
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VSMCs were pretreated with PKI, DT2 or vehicle for 30 min prior to stimulation with BAY 
(10uM) for 72 hours (n=4). Values are the means ± SE. * = different from vehicle (P<0.05); † = 
different from vehicle and BAY (P<0.05). 
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kinases had no effect on Ser157 but any combination of kinase inhibitors inhibited VASP 
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CALC or vehicle for 30 min prior to stimulation with BAY (10uM) for 60 minutes (n=8). 
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for 60 minutes (n=9). Values are the means ± SE. * = different from vehicle (P<0.05). 
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phosphorylation  

In higher passage VSMCs (p > 6), 8-Br-cGMP alone increased phosphorylation at Ser239 only 
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Suppl. Fig. 2. (A) Effect of kinase inhibitors and 8Br-cGMP on VASPSer157 phosphorylation. 
VSMCs were pretreated with PKI, DT2 or vehicle for 30 min prior to stimulation with 8Br-
cGMP (10uM) for 30 minutes (n=3). (B) Effect of kinase inhibitors and 8Br-cGMP on 
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30 min prior to stimulation with 8Br-cGMP (10uM) for 30 minutes (n=21). Values are the 
means ± SE. * = different from vehicle (P<0.05). 

8-Br-cAMP had no effect on site-specific VASP phosphorylation (Suppl. Fig 3A, 3B.). 
However, PKI further increased 8-Br-cAMP-induced phosphorylation at Ser239 (Suppl. Fig. 
3B). In VSMCs p > 6 any combination of kinase inhibitors did not affect cAMP or cGMP-
selective VASP phosphorylation (data not shown).  

 
Suppl. Fig. 3. (A) Effect of 8Br-cAMP on VASPSer157 phosphorylation. VSMCs were 
stimulated with 8Br-cAMP (10uM) for 30 minutes (n=15). (B) Effect of kinase inhibitors and 
8Br-cAMP on VASPSer239 phosphorylation. VSMCs were pretreated with PKI, DT2 or 
vehicle for 30 min prior to stimulation with 8Br-cAMP (10uM) for 30 minutes (n=20). Values 
are the means ± SE. * = different from vehicle (P<0.05). 

3.9 Effect of BAY on Kinase expression  

In untreated VSMCs, Western analysis shows that there is an increase in total PKA in 
passage 6 cells versus passage 2 cells, yet concentration-dependent stimulation with BAY 
did not alter the amount of total PKA in either cohort (Suppl. Fig. 4A). Interestingly, BAY 
(at 10 µM) largely increased the amount of phosphorylated PKA (at Ser338) in p6 VSMCs 
but not in p2 cells (Suppl. Fig. 4A). In comparison, the amount of basal untreated PKG 
decreased with increasing passage, and stimulation with BAY had no additive effect 
(Suppl. Fig. 4B).  

4. Discussion 
The sGC signal transduction system plays an important regulatory role in cardiovascular 
disease due to the production of cyclic nucleotides and their impact on downstream 
effectors. VSMCs primarily regulate vascular tone and contraction and are important in the 
medial layer of arteries. In animal models of vascular injury, intimal and medial thickening 
is attributed to phenotypic switching of resident VSMCs and their proliferation and 
migration from the adventitia and media to the intimal space (Janssens et al., 1998; 
Kawashima et al., 2001; von der Thusen et al., 2004). Therefore, augmentation of neointimal 
formation in iatrogenic response to therapeutic intervention compromises flow and 

 
Multiple Kinase Involvement in the Regulation of Vascular Growth 

 

143 

increases the risk of a cardiac event. For that reason understanding the cellular mechanisms 
involved in vascular growth is of critical importance.  

 
Suppl. Fig. 4. (A) Western analysis for Protein Kinase A (PKA) and phosphorylated-
PKASer338. VSMCs cytosolic preparations were incubated with antibodies generated against 
PKA and phospho-PKA. (B) Western analysis for Protein Kinase G (PKG). VSMCs cytosolic 
preparations were incubated with an antibody generated against PKG.  

In this study we provide sound evidence that BAY, a synthetic stimulator of sGC, increases 
the activity of protein kinases and downstream effectors and that this system has the ability 
to control  growth of VSM. Novel results show that activity from PKA, PKG and PKC has 
the capacity to increase phosphorylation of cellular proteins including VASP, a multi-
functional cytoskeletal protein capable of regulating VSM cell proliferation and migration. 
Notably, the implication of multiple kinases in the regulation and activation of VASP 
provides evidence for potential crosstalk among otherwise distinct kinases within the cell. 
Functionally, strong evidence is presented linking cyclic nucleotide-mediated kinase 
activation and VASP phosphorylation with inhibition of VSM growth through modulation 
of proliferation and migration. BAY-induced site-specific VASP phosphorylation is 
regulated by kinases even though cross-talk exists among these (and perhaps other) kinases 
in VSM. These data demonstrate the importance of understanding cyclic nucleotide-directed 
kinases in regulating signaling proteins and their roles for inducing specific cellular 
responses. 

VSMC proliferation, a critical mechanism in vessel remodeling, has been reported to be 
positively controlled by phosphorylation of VASP at Ser157 in VSMCs (Chen et al., 2004). 
VASPSer157 is the site preferentially phosphorylated by PKA, but evidence suggests that both 
PKG and PKC can also phosphorylate Ser157 (Butt et al., 1994; Chitaley et al., 2004). In this 
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30 min prior to stimulation with 8Br-cGMP (10uM) for 30 minutes (n=21). Values are the 
means ± SE. * = different from vehicle (P<0.05). 
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formation in iatrogenic response to therapeutic intervention compromises flow and 
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increases the risk of a cardiac event. For that reason understanding the cellular mechanisms 
involved in vascular growth is of critical importance.  

 
Suppl. Fig. 4. (A) Western analysis for Protein Kinase A (PKA) and phosphorylated-
PKASer338. VSMCs cytosolic preparations were incubated with antibodies generated against 
PKA and phospho-PKA. (B) Western analysis for Protein Kinase G (PKG). VSMCs cytosolic 
preparations were incubated with an antibody generated against PKG.  

In this study we provide sound evidence that BAY, a synthetic stimulator of sGC, increases 
the activity of protein kinases and downstream effectors and that this system has the ability 
to control  growth of VSM. Novel results show that activity from PKA, PKG and PKC has 
the capacity to increase phosphorylation of cellular proteins including VASP, a multi-
functional cytoskeletal protein capable of regulating VSM cell proliferation and migration. 
Notably, the implication of multiple kinases in the regulation and activation of VASP 
provides evidence for potential crosstalk among otherwise distinct kinases within the cell. 
Functionally, strong evidence is presented linking cyclic nucleotide-mediated kinase 
activation and VASP phosphorylation with inhibition of VSM growth through modulation 
of proliferation and migration. BAY-induced site-specific VASP phosphorylation is 
regulated by kinases even though cross-talk exists among these (and perhaps other) kinases 
in VSM. These data demonstrate the importance of understanding cyclic nucleotide-directed 
kinases in regulating signaling proteins and their roles for inducing specific cellular 
responses. 

VSMC proliferation, a critical mechanism in vessel remodeling, has been reported to be 
positively controlled by phosphorylation of VASP at Ser157 in VSMCs (Chen et al., 2004). 
VASPSer157 is the site preferentially phosphorylated by PKA, but evidence suggests that both 
PKG and PKC can also phosphorylate Ser157 (Butt et al., 1994; Chitaley et al., 2004). In this 
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study we report that inhibition of PKA alone has no effect on Ser157 phosphorylation of 
VASP induced by BAY (Fig 1A); however, in the presence of a PKG inhibitor 
phosphorylation at this site is increased (Fig 2A). On the other hand, VASPSer239 is the site 
reported to be preferentially phosphorylated by PKG (Butt et al., 1994), but PKA can also 
phosphorylate this site (Butt et al., 1994). In this study, inhibition of PKG alone had no effect 
on VASP phosphorylation at Ser239 induced by BAY (Fig. 1B); however, in the presence of an 
inhibitor of PKC, BAY-induced phosphorylation was increased. These intriguing results 
demonstrate that there is crosstalk among these kinases in response to VASP 
phosphorylation induced by BAY: with respect to Ser157, PKA and PKG are primarily 
involved, whereas at Ser239 the major kinases are PKA and PKC.  

Cyclic nucleotide activity and localization in cells is regulated by PDEs which modulate the 
levels of cyclic nucleotide levels and maintains them at a steady state. Moreover, kinases 
have been shown to regulate PDE activity (Bender et al., 2006). It has been reported that PKA 
phosphorylates and increases the activities of PDE3 and 4 (Bender et al., 2006; Degerman et 
al., 1997; Houslay et al., 2007), while an increase in cGMP binding and phosphorylation by 
PKG increases the activity of PDE5 (Bender et al., 2006; Rybalkin et al., 2002). BAY has been 
shown to increase cyclic nucleotide content in VSMCs (Joshi et al., 2011; Mendelev et al., 
2009); therefore, it is logical that PDE and kinase activity could potentially be modulated by 
BAY treatment. Preliminary data suggest that with respect to Ser157, inhibition of PDE5 
increased its phosphorylation while inhibition of PDE3 and PDE4 decreased its 
phosphorylation in response to BAY. Here we demonstrate that inhibition of PDE3 or PDE5 
in the presence of an inhibitor of PKG increases the phosphorylation at this site while 
inhibition of PDE4 had no effect (Fig 3A). In the presence of PKA inhibition, Ser157 
phosphorylation was increased and PDE inhibition had no additional effect (Fig 3B). 
Considering that PDE3 is a cGMP-inhibited PDE, following concomitant inhibition of both 
PDE5 and PKG, the resulting increase in cAMP and PKA is expected as an enhancement of 
BAY-induced signaling. The same observation is seen following simultaneous inhibition of 
PKG and PDE5, as there is an increase in cGMP which could then inhibit PDE3 and increase 
cAMP leading to additive phosphorylation at Ser157. On the other hand, in the presence of an 
inhibitor of PKA and individual PDE inhibitors, no further phosphorylation is shown at 
Ser157 suggesting that this previously observed inhibitory effect is rescued.  

At VASPSer239, preliminary data suggest that inhibition of PDE activity decreased 
phosphorylation at this site in response to BAY. Here we demonstrate that in the presence of 
an inhibitor of PKA or PKG, inhibition of PDEs no longer decreases Ser239 phosphorylation 
and in fact, inhibition of PDE5 with ZAP in the presence of PKI increased Ser239 
phosphorylation (Fig 3C). These results support involvement of kinases in the regulation of 
PDEs. In this study we are inhibiting activation of PDEs via kinases as well as inhibiting the 
actual PDE, thereby increasing the cyclic nucleotide content of the cell and as a result 
increasing phosphorylation of VASP. This supports the argument that an increase in both 
cyclic nucleotides in a cell at the same time is inhibitory because two kinases are active 
simultaneously thereby activating opposing pathways. In addition, these findings confirm 
the theory of intracellular compartmentalization of second messengers and their effectors as 
described elsewhere (Di Benedetto et al., 2008; Houslay et al., 2007; Zaccolo et al., 2002).  

Activation of kinases in other pathways may negatively regulate phosphorylation of VASP. 
It is reported that PKG is the primary kinase responsible for phosphorylation of Ser239 (Butt 

 
Multiple Kinase Involvement in the Regulation of Vascular Growth 

 

145 

et al., 1994); in turn, PKG inhibition would hinder Ser239 phosphorylation and PKA would 
then become the primary kinase responsible for phosphorylation at this site. To further add 
to the complexity of these findings and to demonstrate the importance of kinase regulation 
and localization of proteins we demonstrate that inhibition of PDE5 in the presence of an 
inhibitor of PKA potentates the phosphorylation at Ser239. This demonstrates that cGMP 
does indeed directly phosphorylate VASP at this site independent of cAMP/PKA signals 
(Fig. 3C).    

BAY has been shown to increase the content of both cAMP and cGMP in VSMCs (Joshi et al., 
2011; Mendelev et al., 2009); therefore, to directly assess its mechanisms of action and what 
kinases may be involved in site specific phosphorylation of VASP, cyclic nucleotide analogs 
which directly activate PKA and PKG were used. 8Br-cAMP is a direct activator of PKA, the 
kinase which directly phosphorylates Ser157 (Butt et al., 1994). As one would expect addition 
of this analog should increase Ser157 phosphorylation of VASP due to the increase in PKA 
activity. We did not observe an increase with the analog alone (Fig. 4A); however, inhibition 
of PKA in the presence of the analog significantly increased VASP phosphorylation at this 
site (Fig. 4A). Interestingly, inhibition of PKG or PKC in the presence of 8Br-cAMP had no 
effect at Ser157. Although PKG is reported to be the primary kinase responsible for 
phosphorylation of Ser239 there could potentially be crosstalk involving other kinases at this 
site. This observation was evidenced with Ser239 phosphorylation whereby inhibition of PKA 
increased phosphorylation in the presence of the cyclic nucleotide analog (Fig. 4B). These 
data could provide an argument against the selectivity of the analogs in activating kinases 
because 8Br-cAMP may be activating PKG or some other protein that in reality is 
phosphorylating VASP. 8Br-cGMP is a direct activator of PKG and alone has no effect on 
Ser157 but markedly increases Ser239 as expected (Fig 5A, 5B). However, inhibition of PKA 
and PKC increased phosphorylation at Ser157 in the presence of 8Br-cGMP (Fig 5A). 
Inhibition of PKA slightly increased Ser239 phosphorylation above that of 8Br-cGMP alone 
(Fig 5B), while inhibition of either PKG or PKC slightly but not significantly increases 
phosphorylation. We could infer here that PKA and PKG are competing for the same site; 
therefore inhibition of PKA increases the phosphorylation at any particular site. 
Alternatively, we could conclude that PKA negatively regulates phosphorylation of VASP 
because inhibition of PKA increases phosphorylation of both sites. In any event, these 
results demonstrate that cyclic nucleotide analogs and BAY use different mechanisms to 
phosphorylate VASP. This is demonstrated in the results shown here whereby inhibition of 
both PKG and PKC (Fig. 6) inhibit phosphorylation at Ser239. We can conclude that both 
PKG and PKC are actively involved in phosphorylation of Ser239 in response to 8Br-cGMP. 
In comparison, multiple kinase inhibition had no effect on 8Br-cAMP in its phosphorylation 
of VASP. These data clearly demonstrate that phosphorylation and thus regulation of VASP 
at these sites is complex in that all three major protein kinases (PKA/G/C) are involved. 
Furthermore, BAY, originally characterized as a direct activator of sGC, equally increases 
both PKA and PKG activity in these cells (Fig. 7). Thus, it appears that PKA may be the 
more active kinase involved in the phosphorylative control of VASP in VSM.  

Direct involvement of PKA in BAY-mediated reduction in proliferation is seen in both the 
MTT and hemocytometry results in this study, which suggest that PKA activity is necessary 
for proliferation of VSMCs (Fig 8). The involvement of PKA in proliferation was previously 
suggested by Chen and colleagues (Chen et al., 2004) where they found that phosphorylation 
of VASP by PKA stimulates proliferation. The difference between our study and that of 



 
Advances in Protein Kinases 

 

144 

study we report that inhibition of PKA alone has no effect on Ser157 phosphorylation of 
VASP induced by BAY (Fig 1A); however, in the presence of a PKG inhibitor 
phosphorylation at this site is increased (Fig 2A). On the other hand, VASPSer239 is the site 
reported to be preferentially phosphorylated by PKG (Butt et al., 1994), but PKA can also 
phosphorylate this site (Butt et al., 1994). In this study, inhibition of PKG alone had no effect 
on VASP phosphorylation at Ser239 induced by BAY (Fig. 1B); however, in the presence of an 
inhibitor of PKC, BAY-induced phosphorylation was increased. These intriguing results 
demonstrate that there is crosstalk among these kinases in response to VASP 
phosphorylation induced by BAY: with respect to Ser157, PKA and PKG are primarily 
involved, whereas at Ser239 the major kinases are PKA and PKC.  
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in the presence of an inhibitor of PKG increases the phosphorylation at this site while 
inhibition of PDE4 had no effect (Fig 3A). In the presence of PKA inhibition, Ser157 
phosphorylation was increased and PDE inhibition had no additional effect (Fig 3B). 
Considering that PDE3 is a cGMP-inhibited PDE, following concomitant inhibition of both 
PDE5 and PKG, the resulting increase in cAMP and PKA is expected as an enhancement of 
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Ser157 suggesting that this previously observed inhibitory effect is rescued.  
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the theory of intracellular compartmentalization of second messengers and their effectors as 
described elsewhere (Di Benedetto et al., 2008; Houslay et al., 2007; Zaccolo et al., 2002).  

Activation of kinases in other pathways may negatively regulate phosphorylation of VASP. 
It is reported that PKG is the primary kinase responsible for phosphorylation of Ser239 (Butt 

 
Multiple Kinase Involvement in the Regulation of Vascular Growth 

 

145 

et al., 1994); in turn, PKG inhibition would hinder Ser239 phosphorylation and PKA would 
then become the primary kinase responsible for phosphorylation at this site. To further add 
to the complexity of these findings and to demonstrate the importance of kinase regulation 
and localization of proteins we demonstrate that inhibition of PDE5 in the presence of an 
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of this analog should increase Ser157 phosphorylation of VASP due to the increase in PKA 
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effect at Ser157. Although PKG is reported to be the primary kinase responsible for 
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data could provide an argument against the selectivity of the analogs in activating kinases 
because 8Br-cAMP may be activating PKG or some other protein that in reality is 
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both PKA and PKG activity in these cells (Fig. 7). Thus, it appears that PKA may be the 
more active kinase involved in the phosphorylative control of VASP in VSM.  
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MTT and hemocytometry results in this study, which suggest that PKA activity is necessary 
for proliferation of VSMCs (Fig 8). The involvement of PKA in proliferation was previously 
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of VASP by PKA stimulates proliferation. The difference between our study and that of 
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Chen and associates is that our study uses rat primary VSMCs and phosphorylation of 
VASP was in response to a pharmacologic stimulus, whereas theirs was done in VASP 
knockout (KO) mice where wild type or mutant VASP was transduced and phosphorylation 
induced by NO. These results suggest that the cellular mechanism of inhibition of cell 
growth induced by BAY is precise and unique to the drug. Interestingly, in our study the 
effects of PKG on the ability of BAY to inhibit proliferation in the MTT and BrdU assays 
(Figs. 8A, 8B) is similar to that of PKA; however, according to hemocytometric analysis these 
effects are not apparent until a later timepoint of 72 hrs (Fig 8C).  

In the study by Chen and others (Chen et al., 2004), the investigators show that genetic KO 
of VASPSer239 promotes migration. In our previous study (Joshi et al., 2011), we showed that 
BAY phosphorylates Ser239 and in turn inhibits migration, which appears specific as a 
mechanism of action since inhibition of PKG fully reversed this effect. In the current study, 
data support these previous findings. Interestingly, the effect that PKG has on migration is 
similar to what is seen with PKC. Considering the influence of 8Br-cGMP on VASPSer239 (Fig. 
6), these data support the involvement of PKG and PKC with VASP phosphorylation at 
Ser239 and their regulatory role in migration of VSMCs.  

To summarize these functional data, with respect to proliferation VASPSer157 and PKA 
appear to be more involved and for migration VASPSer239 and PKG may be more involved 
in VSMCs. In an instance where one kinase is reduced or rendered dysfunctional, other 
kinases may compensate providing multiple kinase regulation of any particular functional 
event. Additionally, these data demonstrate that PDEs help to maintain tight regulation of 
cyclic nucleotides in these cells. Inhibition of PDEs increases the activity of proteins 
involved in phosphorylation of VASP, and inhibition or feedback regulation occurs because 
both cyclic nucleotides are high at the same time demonstrating the importance of 
compartmentalization of proteins. It is also possible that BAY increases the activity of some 
alternate pathways that may be involved with VASP phosphorylation in these cells.  

In separate experiments, higher passaged cells were used to evaluate the influence of 
phenotypic switching in the response to cyclic nucleotide and kinase signaling. In these cells 
(p>6) treated with BAY, inhibition of PKA increased phosphorylation of VASP at Ser157 but 
had no effect on Ser239, while inhibition of PKG increased phosphorylation of Ser157 but had 
no effect on Ser239 (Suppl. Fig. 1). On the other hand, inhibition of any kinase in the presence 
of a cyclic nucleotide analog had no effect (Suppl. Figs 2-3), except in the presence of 8Br-
cAMP at Ser239 (suppl. Fig. 3B). We also show that the amounts of total PKA and 
phosphorylated PKA increase and that the amount of PKG protein decreases with passage 
(suppl. Figs. 5A, 5B). Thus, these signaling events and in particular kinase expression must 
be considered with elevated passage as a model of phenotypic changes associated with 
injury or disease. 

5. Conclusion 
In conclusion, in this study we demonstrate that: 1) BAY increases phosophorylation of VASP 
at both Ser157 and Ser239; 2) BAY increases both PKA and PKG activity; 3) BAY reduces 
proliferation and migration in VSMCs; 4) inhibition of PKA in response to BAY augments 
inhibition of proliferation of VSMCs yet has no effect on migration; 5) multiple kinases appear 
to be involved in regulation of VASP phosphorylation; 6) PKA appears to be the kinase that is 
most active in these cells in response to BAY, and 7) kinases are involved in regulation of PDEs 
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that regulate VASP phosphorylation in VSMCs. These findings provide valuable details about 
the biochemical cell signaling associated with cyclic nucleotide second messengers in VSM and 
highlight BAY as a potential anti-growth modulator in VSM.  
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1. Introduction 
Furchgott and his co-workers reported the vascular actions of an unknown biological 
mediator that was named endothelium-derived relaxing factor (EDRF).1 Nitric oxide (NO) 
was soon discovered as a vasodilator that had identical properties with EDRF.2,3,4 NO 
produced by the endothelium diffuses to the adjacent vascular smooth muscle cells causing 
them to relax. This function is important in many vascular beds such as the coronary 
circulation.5, 6  

Nitric oxide synthases produce nitric oxide. In the endothelium, constitutive endothelial 
nitric oxide synthase (eNOS) produces nitric oxide (NO) under normal conditions and in 
response to chemical and physical stimuli such as shear stress. 6, 7, 8, 9 NO produced from 
endothelial cells or from platelets serves protective functions such as inhibiting platelet 
aggregation and adhesion and inhibiting leukocyte adhesion.10, 11 Nitric oxide produced by 
constitutive neuronal nitric oxide synthase (nNOS) is a neuromediator in the central nervous 
system12, 13 and in peripheral non adrenergic-non cholinergic nerves14, 15, 16 where is mediates 
many physiological functions.  

The second messenger or “molecular receptor” activated by NO to mediate these 
physiologic functions is soluble guanylate cyclase (GC).17, 18 In the vasculature, this pathway 
has been clearly outlined to involve intracellular increase in the concentration of cyclic 
guanosine monophosphate (cGMP),19, 20 activation of protein kinase G (PKG, cyclic GMP-
dependent protein kinase),21 and modulation of activities of cyclic nucleotide 
phosphodiesterases (PDE, 2, 3, and 5). In vascular smooth muscle cells the net effect is 
decreased phosphorylation of the myosin light chain, reduction of cytosolic Ca,2+ and 
relaxation of smooth muscle cells. PKG plays a key role in vasodilation. PKG catalyzes the 
phosphorylation of certain proteins. It also activates myosin light chain phosphatase22 
causing dephosphorylation of mysosin light chain and vasorelaxation. 

A third isoform of the enzyme is inducible nitric oxide synthase (iNOS) which is induced by 
immunologic stimuli and activated in pathologic conditions. It produces cytotoxic amounts 
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nitric oxide synthase (eNOS) produces nitric oxide (NO) under normal conditions and in 
response to chemical and physical stimuli such as shear stress. 6, 7, 8, 9 NO produced from 
endothelial cells or from platelets serves protective functions such as inhibiting platelet 
aggregation and adhesion and inhibiting leukocyte adhesion.10, 11 Nitric oxide produced by 
constitutive neuronal nitric oxide synthase (nNOS) is a neuromediator in the central nervous 
system12, 13 and in peripheral non adrenergic-non cholinergic nerves14, 15, 16 where is mediates 
many physiological functions.  

The second messenger or “molecular receptor” activated by NO to mediate these 
physiologic functions is soluble guanylate cyclase (GC).17, 18 In the vasculature, this pathway 
has been clearly outlined to involve intracellular increase in the concentration of cyclic 
guanosine monophosphate (cGMP),19, 20 activation of protein kinase G (PKG, cyclic GMP-
dependent protein kinase),21 and modulation of activities of cyclic nucleotide 
phosphodiesterases (PDE, 2, 3, and 5). In vascular smooth muscle cells the net effect is 
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of NO for host defense. 23, 24, 25, 26 All three terms: endothelial, neuronal, and inducible are 
traditional and presently exceptions have been identified in the variety of NOS enzymes. 

Many cardiovascular diseases and pathologic conditions are related to abnormalities and 
irregularities of the NOS function and NO signaling. For example nNOS overproduction of 
NO is involved in some forms of epilepsy and iNOS overproduction of NO causes septic 
shock. Chronic diseases linked to deranged NO production include atherosclerosis, 
hypertension, cerebral and coronary vasospasm, and erectile dysfunction. Therefore, NO 
delivery and NO control are therapeutic targets.27, 28, 29 Inhaled NO is especially useful for 
neonates with persistent pulmonary hypertension.30,31  Nitric oxide donors are drugs used to 
enhance or substitute NO availability. They include organic nitrates and nitrites and have 
been used to lower blood pressure and for ischemic heart disease. Control of endogenous 
production of NO is dependent on our knowledge of the enzyme, NOS, that produces NO. 
Many chemicals have been used to compete with the amino acid L-arginine substrate from 
which NOS synthesizes NO. Some are experimental tools used to study NOS function, e.g. 
asymmetric dimethyl-l-arginine. NOS inhibitors may be useful in septic shock and 
neurodegenerative diseases.6 However, we know very little about the life cycle of the 
enzyme nitric oxide synthase and how it is physiologically regulated: synthesized, 
deactivated, recycled or replenished in basal conditions in normal endothelial cells. Our 
recent findings of the relationship between protein kinase G and endothelial nitric oxide 
synthase open new thoughts on the regulation of nitric oxide synthase. These findings are 
discussed in this chapter. 

2. Protein kinase G isoforms and their distribution in endothelial cells 
Protein kinase G (PKG) is a serine/threonine-specific protein kinase. It is found in vascular 
smooth muscle cells (SMCs) and there it mediates the effect of endothelial NO on vascular 
SMCs to cause relaxation. Recently, we showed the abundance of PKG in quiescent ovine 
neonatal lung microvascular endothelial cells (LMVECs) and investigations were carried out 
to find out if NO within endothelial cells mediates any physiological function through 
endothelial PKG. A feed-back role of endothelial PKG on activated endothelial NOS appears 
to be a physiologic regulation of NO production.  

PKG is likely to have an important physiologic role in endothelial cells because PKG 
isoforms are present in normal endothelial cells in distinct patterns of distribution (Figure 
1).32 

3. Physical intracellular relationship of NOS and PKG: Colocalization of PKG 
1 beta and serine-116-phosphorylated endothelial nitric oxide synthase  
Recently, using specific epitope fluorescent immunolabeling of monolayers and confocal 
microscopy, NOS was shown to colocalize with PKG in neonatal ovine LMVECs.32 The 
confocal imaging of colocalized serine-116-phosphorylated NOS with PKG 1 beta in 
quiescent MVECs indicated a spatial relationship between the two molecules in intracellular 
domains (Figure 2). Thus we suspect a role for PKG (1 beta) in normal NOS metabolism in 
endothelial cells. 

Till present, the importance of PKG in endothelial NO signaling has been focused on smooth 
muscle cell PKG. NO produced by the endothelium freely diffuses across biological  
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Fig. 1. Fluorescence immunohistochemistry expression of characteristic endothelial markers 
and some protein kinase G (PKG) isoforms in primary cultures of lamb lung microvascular 
endothelial cells (LMVECs). The figure shows newborn lamb (all left panels) and term fetal 
cells (right panel). The upper left panels show 100% of cells in the monolayer stained for 
both von Willebrand Factor (vWF; red alexa 568 staining) and cluster differentiating type 
antigen 31 (CD31, green alexa 488 staining), characterizing them as endothelial cells. The 
lower left panels show alexa 488-conjugated secondary antibodies attached to respective 
primary antibodies. The PKG carboxy terminal is expressed in the cytosol and more 
intensely in the perinuclear region of LMVEC; PKG 1 staining is localized to the Golgi and 
endoplasmic reticulum regions of the cells; and PKG 1 staining is localized to vesicular 
structures distributed all over the cell. 

membranes and stimulates soluble guanylate cyclase in smooth muscle cells leading to 
increased intracellular cGMP, activation of PKG, and smooth muscle cell relaxation. The rest 
of the evidence in this chapter presents an emerging role of an equivalent NO-cyclic GMP-
PKG signaling pathway in the endothelial cell that appears to produce a negative regulation 
of NOS (possibly in addition to endothelial relaxation). 

4. Effects of protein kinase G modulator drugs on endothelial intracellular 
nitric oxide production  
Basal levels of NO production have been difficult to determine because NO has a very short 
half-life of 5s and stimulated NO release is only about 500±20 nmol/s.33 Many previous 
studies have measured stimulated NO production using agonists such as carbachol and 
calcium ionophore and these investigations studied factors altering such NOS function. The 
experimental tool, diaminofluorescein with a difluoro modification (DAF-FM) forms a 
relatively photo-stable, water soluble adduct, a fluorescent benzotriazole, with NO34 at 
concentrations as low as 3 nM and can trap NO as it is produced. Importantly, low doses of 
DAF can pick up minute differences between groups with minimal diaminofluorescein 
(DAF) autofluorescence.35, 36 The more important novelty about DAF is probably the 
opportunity it affords us to measure and monitor basal NO as it is produced by living cells. 
DAF is thus an interesting tool for studying basal NOS function 37 which we need to 
understand in order to better regulate nitric oxide production therapeutically. We detected  
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of NOS (possibly in addition to endothelial relaxation). 
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Fig. 2. PKG1beta and serine-116-phosphorylated NOS moieties colocalize in the cytosol and 
nuclear region vesicles. Quadruplet monolayers of untreated passage 3 neonatal ovine lung 
microvascular endothelial cells were fixed with 4% paraformaldehyde, permeabilized with 
0.2 % triton X-100, blocked with 20% bovine serum albumin and then incubated with 1: 200 
dilutions of goat anti PKG 1beta and rabbit anti serine116-phosphorylated NOS primary 
antibodies for 2h at room temperature. They were counterstained with 1: 125 dilutions of 
alexa 488-conjugated donkey anti goat and cy-3 conjugated F(ab)2 fragment specific sheep 
anti-rabbit secondary antibodies. Pictures were taken with a Leica DMIRE2 confocal 
inverted microscope and Leica v2.61 confocal software. The PKG 1beta and pSer116-NOS 
markers colocalized in the cytosol and intensely in vesicles in the nuclear region. 

nitric oxide produced by isolated LMVECs under basal conditions by DAF fluorescence and 
it was inhibited by general NOS inhibitors NG-nitro-L-arginine (L-NNA) or N-nitro-L-
arginine methyl ester (L-NAME). Here we summarize a number of published experiments 
that show that PKG activation negatively regulates activated NOS.32, 38, 39, 40, 41 

Effects of PKG activation on real time basal and stimulated NO production are shown in 
Figure 3 and a dose dependency of the inhibitory effect of PKG on basal NO production is 
shown in Figure 4. The inhibitory effect doubled from 20 nM to 2 micromolar 8-bromo cyclic 
guanosine monophosphate (8-Br-cGMP) in Figure 4 indicating that this inhibitory 
mechanism is sensitive to low physiological levels of 8-Br-cGMP. The inhibition of NOS 
activity by 8-Br-cGMP was prevented by the peptide YGRKKRRQRRRPPLRKKKKKH 
(DT2), a potent PKG inhibitor, indicating that 8-Br-cGMP inhibits NOS through PKG (Figure 
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4). To make such observations, it was necessary to first subtract the large proportion of 
extraneous fluorescence. Basal NO production is at a very low level compared to stimulated 
production (Figure 3). The expansion of the fluorescence axis by extraneous fluorescence can 
minimize or obliterate observation of the effect of drugs on basal NOS activity.  

NOS activity can be activated by such stimuli as cholinergic receptor agonists, shear stress, 
bradykinin receptor agonists, and calcium ionophore.42, 43 Previously, factors modulating 
NOS were studied largely by investigating stimulated NOS activity, NOS activity in vitro 
and in transfection-modified cells using mainly the citrulline assay. Such activation and the 
interaction of NOS and its binding partners may be modulated by proteins such as heat 
shock protein 90 (HSP90),44 nitric oxide synthase traffic inducer (NOSTRIN),45 and eNOS 
interacting protein (NOSIP),46 as well as kinase action by Akt (protein kinase B, PKB) and 
PKA (protein kinase A).47 Basal endothelial nitric oxide production has been difficult to 
measure and study with the citrulline assay. The sensitivity and ease of DAF48 is a valuable 
tool that has enabled us to study more closely this narrow but important margin of 
biological activity (Figure 3). Possibly, derangement of basal NOS activity rather than 
alteration of factors involved in potentiated NOS activity may be the underlying factor in 
some NOS-related vascular diseases because pathology is often a sustained deviation from 
the basal or balanced state.  

The data showing a physiological inhibitory role of PKG on basal NOS activity may be of 
clinical significance. The importance of this is not clear but it seems that activated 
endothelial NOS is not turned off until endothelial PKG is activated, thus ensuring a 
relationship between endothelial NO generation and corresponding vascular smooth muscle 
PKG function. In Figure 5 the effects of various PKG activator and inhibitor drugs also show 
that nitric oxide production in endothelial cells may be negatively regulated by protein 
kinase G feedback. In Figure 6 and Figure 7, the use of NOS inhibition shows that the 
protein kinase G effect appears to be specifically on nitric oxide synthase function. 

Lack of basal PKG activity produced by the antagonist, guanosine-3’, 5’-cyclic 
monophosphorothionate 8-bromo Rp isomer, increases basal NOS activity and the effect of 
the cGMP antagonist is inhibited by NOS inhibitor L-NNA (Figure 6). In Figure 6, after the 5 
min time point, the effect of the competitive inhibitor of NOS, LNNA becomes equilibrated 
and the PKG inhibition can be seen to sustain a cumulative active pool of NOS. 

In another experiment using an extended time-course of up to 360 min, L-NNA also 
enhanced the effect of PKG activator 8-Br-cGMP but reversed the effect of another PKG 
inhibitor Rp-8-Br-PET-cGMPS on NOS function (Figure 7). The graphs obtained had 
correlation values of R2 > 0.9 showing a real relationship between fluorescence changes and 
time of reaction with drugs. The slopes of the graphs all fall within a narrow range of 7.5 – 
8.19 showing lack of variation and indicating parallel shifts. This suggests a molecular 
relationship between NOS and PKG modulators based on receptor activity.  

These results suggest that the effects of PKG are directly on active NOS function. In 
summary, basal (and activated) NOS activity is regulated by the downstream activation of 
PKG by NO-stimulated cGMP production in endothelial cells. It appears that when NOS is 
activated, the NO produced diffuses to the smooth muscle but some of the NO triggers an 
endothelial PKG sensitive signaling that results in inhibition of the activated NOS within the 
endothelial cell. 
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endothelial NOS is not turned off until endothelial PKG is activated, thus ensuring a 
relationship between endothelial NO generation and corresponding vascular smooth muscle 
PKG function. In Figure 5 the effects of various PKG activator and inhibitor drugs also show 
that nitric oxide production in endothelial cells may be negatively regulated by protein 
kinase G feedback. In Figure 6 and Figure 7, the use of NOS inhibition shows that the 
protein kinase G effect appears to be specifically on nitric oxide synthase function. 

Lack of basal PKG activity produced by the antagonist, guanosine-3’, 5’-cyclic 
monophosphorothionate 8-bromo Rp isomer, increases basal NOS activity and the effect of 
the cGMP antagonist is inhibited by NOS inhibitor L-NNA (Figure 6). In Figure 6, after the 5 
min time point, the effect of the competitive inhibitor of NOS, LNNA becomes equilibrated 
and the PKG inhibition can be seen to sustain a cumulative active pool of NOS. 

In another experiment using an extended time-course of up to 360 min, L-NNA also 
enhanced the effect of PKG activator 8-Br-cGMP but reversed the effect of another PKG 
inhibitor Rp-8-Br-PET-cGMPS on NOS function (Figure 7). The graphs obtained had 
correlation values of R2 > 0.9 showing a real relationship between fluorescence changes and 
time of reaction with drugs. The slopes of the graphs all fall within a narrow range of 7.5 – 
8.19 showing lack of variation and indicating parallel shifts. This suggests a molecular 
relationship between NOS and PKG modulators based on receptor activity.  

These results suggest that the effects of PKG are directly on active NOS function. In 
summary, basal (and activated) NOS activity is regulated by the downstream activation of 
PKG by NO-stimulated cGMP production in endothelial cells. It appears that when NOS is 
activated, the NO produced diffuses to the smooth muscle but some of the NO triggers an 
endothelial PKG sensitive signaling that results in inhibition of the activated NOS within the 
endothelial cell. 



 
Advances in Protein Kinases 

 

156 

 

0

10000

20000

30000

40000

50000

60000

70000

0 20 40 60 80

TIME (MINS)

M
EA

N
 F

LU
O

R
ES

C
EN

C
E 

A
T 

  
48

5/
53

5 
N

M
M

M
M

DAF

BASAL

2 mM L-NAME

100 uM ACETYLCHOLINE

100 uM ACETYLCHOLINE                     
+1 mM 8-Br-cGMP

0

10000

20000

30000

40000

50000

60000

70000

0 20 40 60 80

TIME (MINS)

M
EA

N
 F

LU
O

R
ES

C
EN

C
E 

A
T 

  
48

5/
53

5 
N

M
M

M
M

DAF

BASAL

2 mM L-NAME

100 uM CARBACHOL

100 uM CARBACHOL                               
+1 mM 8-Br-cGMP

 
Fig. 3.38 Exogenously administered 8-Br-cGMP attenuates stimulated nitric oxide synthase 
function in ovine LMVECs. Confluent monolayers of sibling cells of passage 4 were used. A 
set of 12 wells with no cells was used to measure DAF autofluorescence in the reaction 
mixture over the time-course of the experiment. To determine the level of extraneous 
fluorescence in the experimental groups, a group of 12 microcultures were treated with NOS 
inhibitor 2 mM L-NAME 1 h before DAF. In all the other groups, drugs (100 microM acetyl 
choline or 100 microM carbachol followed by 1 mM 8-Br-cGMP) were administered just 
before a mixture of 1 microM DAF FM and 2.4 microM DAF-FM diacetate. The basal NO 
group received only the fluorophore. Cells were measured at intervals, starting at 15 min 
after DAF, for total NO (in intracellular and cell bathing medium) that combined with DAF 
to produce fluorescence. All graphs shown are from means of raw fluorescence ± SE of 8 or 
more microcultures per point from a single experiment. Figure shows a representative of 2 
similar experiments. 8-Br-cGMP antagonized the stimulating effects of both acetylcholine 
and carbachol on nitric oxide production. 
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Fig. 4.38 Exogenously administered 8-Br-cGMP attenuates basal nitric oxide synthase 
function in ovine LMVECs. Confluent monolayers of sibling cells of passage 2 were used in 
96 well clusters. They were treated with NOS inhibitor 2.4 mM L-NAME to determine the 
level of extraneous fluorescence in the experimental groups, with 20 nM – 2 microM 8-Br-
cGMP to observe its effect on basal nitric oxide production, with PKG inhibitor 100 ng/ml 
DT2 to determine if 8-Br-cGMP acts through PKG. DT2 or L-NAME were administered 1 h 
before DAF. 8-Br-cGMP was administered 5 min before DAF. A mixture of 0.5 microM DAF 
FM and 0.8 microM DAF-FM diacetate was used to measure the NO in the cell bathing 
medium and intracellular NO together. The basal NO group received only the fluorophore. 
All graphs shown are from means of corrected fluorescence ± SE of 8 or 12 microcultures per 
point from a single experiment. Final fluorescence measurements are raw means minus 
corresponding means of DAF autofluorescence. The figure is a representative of 3 
experiments. 
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Fig. 3.38 Exogenously administered 8-Br-cGMP attenuates stimulated nitric oxide synthase 
function in ovine LMVECs. Confluent monolayers of sibling cells of passage 4 were used. A 
set of 12 wells with no cells was used to measure DAF autofluorescence in the reaction 
mixture over the time-course of the experiment. To determine the level of extraneous 
fluorescence in the experimental groups, a group of 12 microcultures were treated with NOS 
inhibitor 2 mM L-NAME 1 h before DAF. In all the other groups, drugs (100 microM acetyl 
choline or 100 microM carbachol followed by 1 mM 8-Br-cGMP) were administered just 
before a mixture of 1 microM DAF FM and 2.4 microM DAF-FM diacetate. The basal NO 
group received only the fluorophore. Cells were measured at intervals, starting at 15 min 
after DAF, for total NO (in intracellular and cell bathing medium) that combined with DAF 
to produce fluorescence. All graphs shown are from means of raw fluorescence ± SE of 8 or 
more microcultures per point from a single experiment. Figure shows a representative of 2 
similar experiments. 8-Br-cGMP antagonized the stimulating effects of both acetylcholine 
and carbachol on nitric oxide production. 
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Fig. 4.38 Exogenously administered 8-Br-cGMP attenuates basal nitric oxide synthase 
function in ovine LMVECs. Confluent monolayers of sibling cells of passage 2 were used in 
96 well clusters. They were treated with NOS inhibitor 2.4 mM L-NAME to determine the 
level of extraneous fluorescence in the experimental groups, with 20 nM – 2 microM 8-Br-
cGMP to observe its effect on basal nitric oxide production, with PKG inhibitor 100 ng/ml 
DT2 to determine if 8-Br-cGMP acts through PKG. DT2 or L-NAME were administered 1 h 
before DAF. 8-Br-cGMP was administered 5 min before DAF. A mixture of 0.5 microM DAF 
FM and 0.8 microM DAF-FM diacetate was used to measure the NO in the cell bathing 
medium and intracellular NO together. The basal NO group received only the fluorophore. 
All graphs shown are from means of corrected fluorescence ± SE of 8 or 12 microcultures per 
point from a single experiment. Final fluorescence measurements are raw means minus 
corresponding means of DAF autofluorescence. The figure is a representative of 3 
experiments. 
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Fig. 5.39 Timecourse of the inhibition of nitric oxide production by protein kinase G: 
modifications by PKG inhibitor and activator drugs. Nitric oxide measurements were done 
using 4,5-diamino-fluorescein derivative, DAF-FM, (0.5 μM DAF-FM and 0.8 μM DAF FM 
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diacetate) added to stably confluent microcultures of LMVECs in 96-well clusters. To show 
the basic effect of PKG activation, cells were incubated with 100 μM 8-Br-cGMP. Other 
experimental groups were preincubated with a modulator drug: PKG inhibitors 100 μM Rp-
8-Br-PET-cGMPS or 50 nM guanosine 3’-5’-cyclic mono-phosphoro thionate-8-Br-Rp isomer 
Na salt; cGMP inhibitor: 4 μM Rp-8-pCPTcGMPS; or PKG activator: 100 μM guanosine-3’-5’-
cyclic monophosphate-β-phenyl-1NF-ethano-8-bromo sodium salt. Inhibitors were added 30 
min before DAF and activators were added with DAF. Total NO produced after 5, 90, 180 
and 270 min of incubation with DAF at 37 °C was measured using a Victor 1420 multilabel 
counter (Waltham, Massachusetts) with a fluorescein setting (λex/em 485/535 nm). Using 
the 90 min time point, the data plotted as mean ± SE show that 8-Br-cGMP reduces NO 
production in controls and in all the tests with cGMP/PKG inhibitor drugs as well as in tests 
with the PKG activator (p<0.05# in all cases). The cGMP/PKG inhibitor drugs (A), (B) and 
(C) significantly increased NO production (p<0.05* in all cases) and the PKG activator 
guanosine-3’-5’-cyclic monophosphate-β-phenyl-1NF-ethano-8-bromo sodium salt (D) 
significantly decreased NO production (p<0.05+) (lower figure). 

 
Fig. 6.38 Basal nitric oxide production in ovine LMVECs is enhanced by lack of basal 
endothelial PKG activity and this effect is attenuated by nitric oxide synthase inhibitor 
LNNA. Confluent monolayers of sibling cells of passage 4 were used in groups of N=12 for 
basal and N=6 for test groups of microcultures. Cells were treated with different 
concentrations of cGMP antagonist guanosine-3’, 5’-cyclic monophosphorothionate 8-bromo 
Rp isomer (for PKG inhibition) added 30 min before DAF or with the same concentrations of 
the cGMP antagonist plus 125 nM L-NNA previously added 2h before DAF. A mixture of 
0.5 microM DAF FM and 1 microM DAF-FM diacetate was used to measure total 
intracellular and cell bathing medium NO that combined with DAF to produce fluorescence. 
Measurements were made 15 min after DAF was applied. The arrow shows the level of 
basal NO at 15 min in an identical third group not treated with drugs. All graphs shown are 
from means ± SE. Figure shows a representative of 2 similar experiments. The PKG 
inhibition dose-dependently increased NO measured. The inhibition of this effect by L-NNA 
shows it is through NOS. 
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and 270 min of incubation with DAF at 37 °C was measured using a Victor 1420 multilabel 
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the 90 min time point, the data plotted as mean ± SE show that 8-Br-cGMP reduces NO 
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guanosine-3’-5’-cyclic monophosphate-β-phenyl-1NF-ethano-8-bromo sodium salt (D) 
significantly decreased NO production (p<0.05+) (lower figure). 
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Fig. 7.38 Specificity of PKG effects on NOS function: NOS inhibitor LNNA enhances the 
effect of PKG activator 8-Br-cGMP on NOS function and reverses the effect of PKG inhibitor 
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Rp-8-Br-PET-cGMPS on NOS function. Confluent monolayers of sibling cells of passage 4 
were used. Inhibitors, 6 mM L-NNA and 25 microM Rp-8-Br-PET-cGMPS were 
administered 2h and 1h respectively before DAF and the PKG activator, 25 microM 8-Br-
cGMP < 5 min before DAF. A mixture of 0.5 microM DAF FM and 0.8 microM DAF-FM 
diacetate was used to measure total intracellular and cell bathing medium NO that 
combined with DAF to produce fluorescence. All graphs shown are means ± SE of 12 for 
basal and 6 for tests microcultures per point. Figure shows a representative of 2 similar 
experiments. A: Inhibition by L-NNA or 8-Br-cGMP produced a parallel shift of the basal 
NOS activity graph downwards. B: Synergy of the effects of L-NNA and 8-Br-cGMP co-
administered.   C: The effect of PKG inhibition produces a parallel shift of basal NOS 
activity graph upwards and this shift is antagonized by L-NNA. 

5. Relationship of PKG activation and phosphorylation of NOS at various 
sites 
Constitutive nitric oxide synthase in endothelial cells is localized to caveolae 49, 50 where it 
docks into the intracellular domain 4 of the bradykinin B2 receptor.51 The structural protein 
of caveolae, caveolin-1, also binds to NOS keeping it inactive52 Activation of NOS leading to 
its dissociation from the complex is calcium dependent.9, 52  A further activation on serine 
1177/1179 is produced by kinase activity.42 Several kinases are known to phosphorylate 
NOS,53 regulating its activity negatively or positively under experimental conditions. Apart 
from constitutive caveolin-1, other negative regulators of NOS are NOSIP54 and NOSTRIN.55 
Both interfere with the association of NOS with caveolae and cause its redistribution from 
the plasma membrane to intercellular compartments with a decrease in nitric oxide (NO) 
production. 

Three positive regulators of NOS have been identified. The protein kinase AKt (PKB) 
phosphorylates NOS on serine 1177/1179, enhancing NOS activation.56 Protein kinase A 
also phosphorylates NOS to increase its activity.47 HSP90 is a molecular scaffold that 
facilitates the interaction of kinases and substrates including NOS. It facilitates the 
dissociation of NOS from caveolae in response to calcium-calmodulin.44, 57 An emerging role 
of protein kinase G in NOS regulation is interesting because not only is it a regular 
downstream component of the physiologic NO signaling pathway that could give feedback 
regulation, but also because experimentally, its involvement in NOS phosphorylation can be 
related to its regulation of NOS function. Presently, PKG is unnoticed as a physiological 
regulator of NOS.58 

We recently published fluorescence activated cell sorter (FACS) analysis of the relationship  
between PKG and endothelial NOS (Figures 8-10).39 In summary, 5 microM 8-Br-cGMP in <5 
min caused an increase in N-terminal labeling of NOS and a decrease in both C-terminal 
and serine 1177 labeling of NOS. 8-Br-cGMP appeared to increase PKG 1 and to decrease 
PKG 1 labeling. Changes in other phosphorylation sites were less consistent but overall 
mean channel fluorescence increased from 19.92 to 217.36 for serine 116 and decreased from 
329.27 to 254.03 for threonine 495 phosphorylation. Data indicated that PKG caused both 
molecular and phosphorylation changes in NOS. Thus an implicated role of PKG and serine 
116 phosphorylation site on NOS may be a future focus for studying the termination of 
activated NOS function and the vesicular processing of the spent enzyme. Several evidences 
from confocal microscopy further develop this.  
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Fig. 7.38 Specificity of PKG effects on NOS function: NOS inhibitor LNNA enhances the 
effect of PKG activator 8-Br-cGMP on NOS function and reverses the effect of PKG inhibitor 
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Rp-8-Br-PET-cGMPS on NOS function. Confluent monolayers of sibling cells of passage 4 
were used. Inhibitors, 6 mM L-NNA and 25 microM Rp-8-Br-PET-cGMPS were 
administered 2h and 1h respectively before DAF and the PKG activator, 25 microM 8-Br-
cGMP < 5 min before DAF. A mixture of 0.5 microM DAF FM and 0.8 microM DAF-FM 
diacetate was used to measure total intracellular and cell bathing medium NO that 
combined with DAF to produce fluorescence. All graphs shown are means ± SE of 12 for 
basal and 6 for tests microcultures per point. Figure shows a representative of 2 similar 
experiments. A: Inhibition by L-NNA or 8-Br-cGMP produced a parallel shift of the basal 
NOS activity graph downwards. B: Synergy of the effects of L-NNA and 8-Br-cGMP co-
administered.   C: The effect of PKG inhibition produces a parallel shift of basal NOS 
activity graph upwards and this shift is antagonized by L-NNA. 

5. Relationship of PKG activation and phosphorylation of NOS at various 
sites 
Constitutive nitric oxide synthase in endothelial cells is localized to caveolae 49, 50 where it 
docks into the intracellular domain 4 of the bradykinin B2 receptor.51 The structural protein 
of caveolae, caveolin-1, also binds to NOS keeping it inactive52 Activation of NOS leading to 
its dissociation from the complex is calcium dependent.9, 52  A further activation on serine 
1177/1179 is produced by kinase activity.42 Several kinases are known to phosphorylate 
NOS,53 regulating its activity negatively or positively under experimental conditions. Apart 
from constitutive caveolin-1, other negative regulators of NOS are NOSIP54 and NOSTRIN.55 
Both interfere with the association of NOS with caveolae and cause its redistribution from 
the plasma membrane to intercellular compartments with a decrease in nitric oxide (NO) 
production. 

Three positive regulators of NOS have been identified. The protein kinase AKt (PKB) 
phosphorylates NOS on serine 1177/1179, enhancing NOS activation.56 Protein kinase A 
also phosphorylates NOS to increase its activity.47 HSP90 is a molecular scaffold that 
facilitates the interaction of kinases and substrates including NOS. It facilitates the 
dissociation of NOS from caveolae in response to calcium-calmodulin.44, 57 An emerging role 
of protein kinase G in NOS regulation is interesting because not only is it a regular 
downstream component of the physiologic NO signaling pathway that could give feedback 
regulation, but also because experimentally, its involvement in NOS phosphorylation can be 
related to its regulation of NOS function. Presently, PKG is unnoticed as a physiological 
regulator of NOS.58 

We recently published fluorescence activated cell sorter (FACS) analysis of the relationship  
between PKG and endothelial NOS (Figures 8-10).39 In summary, 5 microM 8-Br-cGMP in <5 
min caused an increase in N-terminal labeling of NOS and a decrease in both C-terminal 
and serine 1177 labeling of NOS. 8-Br-cGMP appeared to increase PKG 1 and to decrease 
PKG 1 labeling. Changes in other phosphorylation sites were less consistent but overall 
mean channel fluorescence increased from 19.92 to 217.36 for serine 116 and decreased from 
329.27 to 254.03 for threonine 495 phosphorylation. Data indicated that PKG caused both 
molecular and phosphorylation changes in NOS. Thus an implicated role of PKG and serine 
116 phosphorylation site on NOS may be a future focus for studying the termination of 
activated NOS function and the vesicular processing of the spent enzyme. Several evidences 
from confocal microscopy further develop this.  
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Fig. 8.39 Schema of experimental protocol for fluorescence activated cell sorter analysis of the 
effect of cGMP on antibody labeling of NOS regions and protein kinase G isoforms. Sibling 
cells were pooled and equally distributed for controls and tests. 
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Fig. 9.39 Effect of PKG activation on percentage of cells with high fluorescence intensity for 
various immunolabeling. Cell suspensions in phosphate buffered saline (PBS) containing 5% 
antibiotic/antimycotic mixture were split equally into control and 5 μM 8-Br-cGMP 
treatment groups before fixation with 4% paraformaldehyde. Cell were permeabilized with 
methanol, blocked with 20 mg/ml bovine serum albumin (BSA) and then labeled with 1: 100 
primary antibodies against NOS N-terminus, NOS C-terminus, or serine 1177, serine 116, or 
threonine 495 phosphorylated NOS for 2h. They were counterlabelled with FITC conjugated 
secondary antibodies and ran through a BD FACSCallibur. Cells with positive signal of 
fluorescence were analysed using a FITC (fluorescein) filter (FL1). Upper figure shows 
gating of cells for 10 fluorescence units (y-axis) and 10 forward scatter units (x-axis). Middle 
table shows actual Cell Quest read out values for % gated. The mean values of the three de-
terminations were plotted in the lower figure. 
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Fig. 8.39 Schema of experimental protocol for fluorescence activated cell sorter analysis of the 
effect of cGMP on antibody labeling of NOS regions and protein kinase G isoforms. Sibling 
cells were pooled and equally distributed for controls and tests. 
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Fig. 9.39 Effect of PKG activation on percentage of cells with high fluorescence intensity for 
various immunolabeling. Cell suspensions in phosphate buffered saline (PBS) containing 5% 
antibiotic/antimycotic mixture were split equally into control and 5 μM 8-Br-cGMP 
treatment groups before fixation with 4% paraformaldehyde. Cell were permeabilized with 
methanol, blocked with 20 mg/ml bovine serum albumin (BSA) and then labeled with 1: 100 
primary antibodies against NOS N-terminus, NOS C-terminus, or serine 1177, serine 116, or 
threonine 495 phosphorylated NOS for 2h. They were counterlabelled with FITC conjugated 
secondary antibodies and ran through a BD FACSCallibur. Cells with positive signal of 
fluorescence were analysed using a FITC (fluorescein) filter (FL1). Upper figure shows 
gating of cells for 10 fluorescence units (y-axis) and 10 forward scatter units (x-axis). Middle 
table shows actual Cell Quest read out values for % gated. The mean values of the three de-
terminations were plotted in the lower figure. 
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Fig. 10.39 A. FACS analysis of the effect of PKG activation on NOS N-terminal and C-
terminal specific rabbit antibody labeling and pSer1177 NOS specific antibody labeling. 
Cells were immunolabeled as described for Figure 9. The fluorescence intensities of sample 
populations were captured with a Cell Quest software. Upper channels show control cells 
and lower channels show PKG activator 5 μM 8-Br-cGMP treated cells. Left panels were 
labeled with a rabbit anti N-terminal of NOS antibody. Middle panels were labeled with a 
rabbit anti C-terminus of NOS antibody. Right panels were labeled with a rabbit anti serine 
1177 phosphorylated NOS antibody. The fluorescence intensity range (y-axis) was increased 
by PKG activation for N-terminal labeling and decreased by PKG activation for C-terminal 
labeling. The fluorescence intensity range was decreased by PKG activation for serine 1177 
phosphorylation. B. FACS analysis of the effect of PKG activation on antibody labeling of 
protein kinase G isoforms. Upper channels show control cells and lower channels show PKG 
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activator 5 μM 8-BrcGMP treated cells. Left panels were labeled with a goat anti PKG 1α 
antibody. Right panels were labeled with a goat anti PKG 1β antibody. PKG activation 
increased total number of cells with >101 fluorescence units (FU) (y-axis) labeling for PKG 
1α and decreased the same labeling for PKG 1β. 

6. PKG phosphorylated nitric oxide synthase in endothelial cells 
The colocalization of serine 116-phosphorylated NOS with PKG suggests that PKG 
phosphorylates NOS at serine 116 but this has not been directly demonstrated. If this is true, 
serine 116 phosphorylation of NOS may be connected with the process of terminating the action 
of NOS after synthesizing NO. The functional data showing modulation of NO production by 
cGMP and the FACS data showing the effect of cGMP on C- and N-terminal expressions of NOS 
and phosphorylation expressions of NOS add up to suggest that serine-116 phosphorylated NOS 
is a spent form of the enzyme. Figure 11 from our published data32, 41 indicates that serine116-
phosphorylated NOS is not like nascent NOS that is known to be associated with the 
plasmalemma and golgi. Serine 116 phosphorylated NOS is found in the cytosol and in 
endoplasmic reticulum (ER) and nuclear site vesicles. Figure 1241 clearly shows that this form of 
NOS is not associated with the plasma membrane. On the other hand, unphosphorylated NOS 
colocalizes with caveolin in the plasmalemma and in the Golgi (Figure 13).41 
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Fig. 11. Serine 116-phosphorylated NOS is found in vesicular structures in endothelial cell 
endoplasmic reticulum and nuclear regions. Triple monolayers of untreated passage 3 
neonatal ovine lung microvascular endothelial cells were fixed with 4% paraformaldehyde, 
permeabilized with 0.2% triton X-100, blocked with 20% bovine serum albumin and then 
incubated with mouse anti protein disulfide isomerase (1: 200) (an endoplasmic reticulum 
(ER)-specific marker) and rabbit anti serine116-phosphorylated NOS (1: 200) primary 
antibodies for 2h at room temperature. They were counterstained with 1: 125 dilutions of 
F(ab)2 fragment specific sheep anti mouse conjugated to green fluorescein isothiocyanate 
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Fig. 10.39 A. FACS analysis of the effect of PKG activation on NOS N-terminal and C-
terminal specific rabbit antibody labeling and pSer1177 NOS specific antibody labeling. 
Cells were immunolabeled as described for Figure 9. The fluorescence intensities of sample 
populations were captured with a Cell Quest software. Upper channels show control cells 
and lower channels show PKG activator 5 μM 8-Br-cGMP treated cells. Left panels were 
labeled with a rabbit anti N-terminal of NOS antibody. Middle panels were labeled with a 
rabbit anti C-terminus of NOS antibody. Right panels were labeled with a rabbit anti serine 
1177 phosphorylated NOS antibody. The fluorescence intensity range (y-axis) was increased 
by PKG activation for N-terminal labeling and decreased by PKG activation for C-terminal 
labeling. The fluorescence intensity range was decreased by PKG activation for serine 1177 
phosphorylation. B. FACS analysis of the effect of PKG activation on antibody labeling of 
protein kinase G isoforms. Upper channels show control cells and lower channels show PKG 
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activator 5 μM 8-BrcGMP treated cells. Left panels were labeled with a goat anti PKG 1α 
antibody. Right panels were labeled with a goat anti PKG 1β antibody. PKG activation 
increased total number of cells with >101 fluorescence units (FU) (y-axis) labeling for PKG 
1α and decreased the same labeling for PKG 1β. 

6. PKG phosphorylated nitric oxide synthase in endothelial cells 
The colocalization of serine 116-phosphorylated NOS with PKG suggests that PKG 
phosphorylates NOS at serine 116 but this has not been directly demonstrated. If this is true, 
serine 116 phosphorylation of NOS may be connected with the process of terminating the action 
of NOS after synthesizing NO. The functional data showing modulation of NO production by 
cGMP and the FACS data showing the effect of cGMP on C- and N-terminal expressions of NOS 
and phosphorylation expressions of NOS add up to suggest that serine-116 phosphorylated NOS 
is a spent form of the enzyme. Figure 11 from our published data32, 41 indicates that serine116-
phosphorylated NOS is not like nascent NOS that is known to be associated with the 
plasmalemma and golgi. Serine 116 phosphorylated NOS is found in the cytosol and in 
endoplasmic reticulum (ER) and nuclear site vesicles. Figure 1241 clearly shows that this form of 
NOS is not associated with the plasma membrane. On the other hand, unphosphorylated NOS 
colocalizes with caveolin in the plasmalemma and in the Golgi (Figure 13).41 
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permeabilized with 0.2% triton X-100, blocked with 20% bovine serum albumin and then 
incubated with mouse anti protein disulfide isomerase (1: 200) (an endoplasmic reticulum 
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(FITC) and sheep anti rabbit conjugated to red cy-3 secondary antibodies. Pictures were 
taken with a DMIRE2 confocal inverted microscope and Leica v2.61 confocal software. Insert 
shows that a serine 116 phosphorylated NOS moiety passes through the ER and nuclear 
regions of quiescent cells in certain processing vesicles indicating a NOS metabolic pathway. 

 
Fig. 12. Plasmalemma associated tyrosine14-phosphorylated caveolin-1 and serine 116-
phosphorylated NOS are differentially located in endothelial cells. Triple monolayers of 
untreated passage 2 neonatal ovine lung microvascular endothelial cells were fixed with 4% 
paraformaldehyde, permeabilized with 0.2% triton X-100, blocked with 20% bovine serum 
albumin and then incubated with mouse anti tyrosine14-phosphorylated caveolin-1 (1: 200) 
and rabbit anti serine116-phosphorylated NOS (1: 200) primary antibodies for 2h at room 
temperature. They were counterstained with 1: 125 dilutions of F(ab’)2 fragment specific 
goat secondary antibodies against mouse conjugated to green alexa 488 and against rabbit 
conjugated to red alexa 594. Pictures of a field representative of all three monolayers are 
shown taken with a DMIRE2 confocal inverted microscope and Leica v2.61 confocal 
software. Upper panel shows separation of pY14-caveolin-1 marker distinctively in plasma 
membrane and pSer116-NOS marker distinctively in the cytosol and nuclear region. Insert 
from upper panel shown in lower panel depicts the intense distribution of the pSer116-NOS 
moiety in nuclear region vesicles. 

Caveolin-1 is a regulator of NOS that has been well studied. From published work, 
immunoprecipitation of NOS from bovine lung microvascular endothelial cells resulted in 
co-precipitation of caveolin-1.49 Caveolin-1 is well known to be abundant in the membrane 
region.59,60 The binding of caveolin-1 to NOS has been shown to negatively regulate NOS 
activity. 51,52 NOS is bound to caveolin-1 before being activated by extracellular signals and 
PKG does not appear to be involved in such inhibition of NOS at the plasma membrane. In 
the evidence presented here, PKG activation decreases the immunodetection of serine 1177 
phosphorylated moiety of NOS showing that it may be involved in deactivation of activated 
NOS (Figure 14). 
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Fig. 13. Caveolin-1 and endothelial NOS (NOS-3) colocalize in the plasmalemma and Golgi 
in untreated endothelial cells. Triple monolayers of passage 2 neonatal ovine lung 
microvascular endothelial cells were fixed with 4% paraformaldehyde, permeabilized with 
0.2% triton X-100, blocked with 20% bovine serum albumin and then incubated with affinity 
purified rabbit anti caveolin-1 (1: 200) and monoclonal anti NOS(1: 200) primary antibodies 
overnight at 4C. They were counterstained with 1: 125 dilutions of F(ab’)2 fragment specific 
goat secondary antibodies against rabbit conjugated to red alexa 594 and against mouse 
conjugated to green alexa 488. Pictures were taken with a DMIRE2 confocal inverted 
microscope and Leica v2.61 confocal software. Arrows show areas of caveolin-1 and NOS 
co-localization seen in random fields from two monolayers (A and B i) with en-largement of 
some membrane portion of B to show numerous minute membranous colocalization foci 
(yellow, B ii) (scale shows 10 micro meters). 
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Fig. 14.39 A: PKG activation decreases pSer1177-NOS immunofluorescence. To quantitatively 
determine the effect of PKG activation on pSer1177-NOS expression, stably confluent 
monolayers of LMVECs grown in 96-well clusters were treated with NOS inhibitor 1 mM L-
NNA 1h before or PKG activator 20 μM 8-Br-cGMP (Calbiochem, CA) 10 min before 
fixation. Monolayers fixed with 4% paraformaldehyde were permeabilized with 0.2 % triton 
X-100 in PBS for 2 min, blocked with Chemicon® blocking reagent by 30 min incubation, 
and then incubated with rabbit anti-pSer1177-NOS primary antibody (Santa Cruz) overnight 
at 4C. The cells were counter-labeled with an antirabbit fluorescein (FITC)-tagged secondary 
antibody (Sigma, MO). The fluorescence was read with a Victor 1420 multilabel counter 
with a fluorescein setting (λex/em 485/535 nm). Both L-NNA and 8-Br-cGMP significantly* 
decreased fluorescence produced by the presence of fluorescein-tagged serine 1177 
phosphorylation of NOS (p<0.01 in both). Figure is a representative of two studies. Insert, B, 
shows similar results of cGMP decreasing serine 1177 phosphorylated NOS expression in 
western blots. 

The process of regulation of NOS after production of nitric oxide is not yet delineated61, 62, 63, 

,42 and may be governed by subcellular translocation involving the Golgi network.64,65, 66, 67 
The nucleus has not been considered as playing a prominent role in the metabolism of NOS. 
We localized serine-116- phosphorylated NOS (pSer116-NOS) in distinct vesicles in the cell 
nuclei as well as in the endoplasmic reticulum. At both sites, we found pSer116-NOS 
colocalized with protein kinase G1. Thus, PKG appears to be directly involved in 
inactivation of NOS after NO production and to be chaperoned with spent NOS.  

7. The implication of increased intracellular serine116-NOS detection after 
exogenous cGMP administration to cultured cells  
Both in-cell fluorescence and Western blots detections suggest that serine-116-
phosphorylated NOS is normally found in the endothelial cells and can be increased by 
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exogenous cGMP administration (Figures 15 and 16). It appears that there is a basal 
mechanism of removal of this phosphorylated NOS and administration of excess cGMP 
overwhelms this mechanism causing an accumulation. The mechanism does not seem to be 
by destruction of the serine-116 terminal (FACS analysis) but may be by internalization and 
translocation in subcellular compartments. Vesicles are implicated as the use of filipin, 
which disrupts lipid membranes, disturbed the effects of cGMP on NOS (Figure 17).32 
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Fig. 15.40 PKG activation increases anti-serine116-NOS antibody labeling of NOS N-terminal 
fractions in normal endothelial cells. LMVECs from a single suspension were equally seeded 
in 100mm diameter dishes. Five-day-confluent triplicate monolayers were used for controls 
and identical triplicate monolayers of sibling cells were used as tests treated with 300 nM 8-
Br-cGMP (Calbiochem, CA) for 15 min before routine immunoblot analysis. After 
electrophoresis and transfer of proteins to a membrane, the membrane was blocked with 5% 
non-fat milk and then incubated with a primary antibody against phosphorylated serine-116 
region of NOS (1: 200 concentration, Sigma, St. Louis) at 4C for 24h with gentle rocking. 
Protein bands were visualized by horseradish peroxidase conjugated secondary antibodies 
(Amersham, Buckinghamshire, UK) using Super Signal® West Pico Chemiluminescent 
Substrate kit (Pierce, Rockford, IL) to prepare the developing solution. Membranes were 
exposed to Blue Lite Autorad Films (ISC BioExpress, Kaysville, UT), and the films were 
processed in a HOPE developer. The film developed from western blotting showed that 
serine-116 phosphorylated NOS can be normally found in control cells as enzyme fragments 
and that these fragments are increased by PKG activation. 
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Fig. 14.39 A: PKG activation decreases pSer1177-NOS immunofluorescence. To quantitatively 
determine the effect of PKG activation on pSer1177-NOS expression, stably confluent 
monolayers of LMVECs grown in 96-well clusters were treated with NOS inhibitor 1 mM L-
NNA 1h before or PKG activator 20 μM 8-Br-cGMP (Calbiochem, CA) 10 min before 
fixation. Monolayers fixed with 4% paraformaldehyde were permeabilized with 0.2 % triton 
X-100 in PBS for 2 min, blocked with Chemicon® blocking reagent by 30 min incubation, 
and then incubated with rabbit anti-pSer1177-NOS primary antibody (Santa Cruz) overnight 
at 4C. The cells were counter-labeled with an antirabbit fluorescein (FITC)-tagged secondary 
antibody (Sigma, MO). The fluorescence was read with a Victor 1420 multilabel counter 
with a fluorescein setting (λex/em 485/535 nm). Both L-NNA and 8-Br-cGMP significantly* 
decreased fluorescence produced by the presence of fluorescein-tagged serine 1177 
phosphorylation of NOS (p<0.01 in both). Figure is a representative of two studies. Insert, B, 
shows similar results of cGMP decreasing serine 1177 phosphorylated NOS expression in 
western blots. 

The process of regulation of NOS after production of nitric oxide is not yet delineated61, 62, 63, 

,42 and may be governed by subcellular translocation involving the Golgi network.64,65, 66, 67 
The nucleus has not been considered as playing a prominent role in the metabolism of NOS. 
We localized serine-116- phosphorylated NOS (pSer116-NOS) in distinct vesicles in the cell 
nuclei as well as in the endoplasmic reticulum. At both sites, we found pSer116-NOS 
colocalized with protein kinase G1. Thus, PKG appears to be directly involved in 
inactivation of NOS after NO production and to be chaperoned with spent NOS.  

7. The implication of increased intracellular serine116-NOS detection after 
exogenous cGMP administration to cultured cells  
Both in-cell fluorescence and Western blots detections suggest that serine-116-
phosphorylated NOS is normally found in the endothelial cells and can be increased by 
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exogenous cGMP administration (Figures 15 and 16). It appears that there is a basal 
mechanism of removal of this phosphorylated NOS and administration of excess cGMP 
overwhelms this mechanism causing an accumulation. The mechanism does not seem to be 
by destruction of the serine-116 terminal (FACS analysis) but may be by internalization and 
translocation in subcellular compartments. Vesicles are implicated as the use of filipin, 
which disrupts lipid membranes, disturbed the effects of cGMP on NOS (Figure 17).32 
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Fig. 15.40 PKG activation increases anti-serine116-NOS antibody labeling of NOS N-terminal 
fractions in normal endothelial cells. LMVECs from a single suspension were equally seeded 
in 100mm diameter dishes. Five-day-confluent triplicate monolayers were used for controls 
and identical triplicate monolayers of sibling cells were used as tests treated with 300 nM 8-
Br-cGMP (Calbiochem, CA) for 15 min before routine immunoblot analysis. After 
electrophoresis and transfer of proteins to a membrane, the membrane was blocked with 5% 
non-fat milk and then incubated with a primary antibody against phosphorylated serine-116 
region of NOS (1: 200 concentration, Sigma, St. Louis) at 4C for 24h with gentle rocking. 
Protein bands were visualized by horseradish peroxidase conjugated secondary antibodies 
(Amersham, Buckinghamshire, UK) using Super Signal® West Pico Chemiluminescent 
Substrate kit (Pierce, Rockford, IL) to prepare the developing solution. Membranes were 
exposed to Blue Lite Autorad Films (ISC BioExpress, Kaysville, UT), and the films were 
processed in a HOPE developer. The film developed from western blotting showed that 
serine-116 phosphorylated NOS can be normally found in control cells as enzyme fragments 
and that these fragments are increased by PKG activation. 
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Fig. 16.32 Protein kinase G (PKG) activation decreases immunofluorescence of nitric oxide 
synthase (NOS) and increases that of the serine 116 phosphorylated analogue, pSer116-NOS, 
in lung microvascular endothelial cells (LMVECs). A: The PKG-modulating drugs were 
incubated with cells 30 min before fixation. Cells were processed using routine fluorescence 
immunohistochemistry with specific primary antibodies and species corresponding 
secondary antibodies. Left upper panels show that eNOS in control cells is found in the 
plasmalemma and cytosol as green Alexa 488-tagged NOS and also in the nucleus as red 
cy3-tagged NOS; the lower panels show that both 170 micromol/L diethylenetriamine 
NONOate (DETANONOate) and 3 micromol/L 8-Br-cGMP decrease NOS-cy3 expression. 
Right upper panels show that pSer116-NOS in control cells is found in the cytosol as green 
Alexa 488-tagged pSer116-NOS and also in the nucleus as red cy3-tagged NOS; the lower 
panels show that both 170 micromol/L DETANONOate and 3 micromol/L 8-Br-cGMP 
increased pSer116-NOS-cy3 expression in the cytosol and nucleus. Figures are 
representative of two experiments. B: The graph shows quantitative modification of serine 
116 immunofluorescence by 8-Br-cGMP. Stably confluent monolayers of LMVEC (n = 3) 
were treated with the PKG activator 20 micro mol/L 8-Br-cGMP with/without 20 
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micromol/L PKG inhibitor Rp-phenyl-1,N2-etheno-8-bromoguanosine-3’,5’-cyclic 
monophosphorothionate (Rp-8-bromo-PET-cGMPS) 10 min before fixation with 4% 
paraformaldehyde. The inhibitors were given 1 h before the activator. Fluorescence 
immunohistochemistry was performed with fluorescein-tagged secondary antibody. The 
fluorescence was read with a Victor 1420 multilabel counter (Perkin-Elmer, Waltham, MA, 
USA) with a fluorescein setting (ex/em 485/535 nm). Fluorescence intensity was increased 
by 8-Br-cGMP (p < 0.05) and the effect was attenuated by Rp-8-Br-PET-cGMPS (p < 0.05). 
The figure is a representative of two experiments. 

 
Fig. 17.32 Lipid vesicles are involved in protein kinase G (PKG) interaction with nitric oxide 
synthase (NOS). Confluent monolayers were treated with cholesterol extractor 2 
micromol/L cyclodextrin (CD) for 2 h to disrupt lipid vesicles and then incubated with 
various concentrations of 8-Br-cGMP and a combination of 0.5 micromol/L DAF-FM and 
cell-permeable 0.8 micromol/L DAF-FM diacetate, plus 4 microg/mL calcium ionophore to 
stimulate nitric oxide (NO) production. Nitric oxide produced was measured after 15 min of 
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Fig. 16.32 Protein kinase G (PKG) activation decreases immunofluorescence of nitric oxide 
synthase (NOS) and increases that of the serine 116 phosphorylated analogue, pSer116-NOS, 
in lung microvascular endothelial cells (LMVECs). A: The PKG-modulating drugs were 
incubated with cells 30 min before fixation. Cells were processed using routine fluorescence 
immunohistochemistry with specific primary antibodies and species corresponding 
secondary antibodies. Left upper panels show that eNOS in control cells is found in the 
plasmalemma and cytosol as green Alexa 488-tagged NOS and also in the nucleus as red 
cy3-tagged NOS; the lower panels show that both 170 micromol/L diethylenetriamine 
NONOate (DETANONOate) and 3 micromol/L 8-Br-cGMP decrease NOS-cy3 expression. 
Right upper panels show that pSer116-NOS in control cells is found in the cytosol as green 
Alexa 488-tagged pSer116-NOS and also in the nucleus as red cy3-tagged NOS; the lower 
panels show that both 170 micromol/L DETANONOate and 3 micromol/L 8-Br-cGMP 
increased pSer116-NOS-cy3 expression in the cytosol and nucleus. Figures are 
representative of two experiments. B: The graph shows quantitative modification of serine 
116 immunofluorescence by 8-Br-cGMP. Stably confluent monolayers of LMVEC (n = 3) 
were treated with the PKG activator 20 micro mol/L 8-Br-cGMP with/without 20 
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micromol/L PKG inhibitor Rp-phenyl-1,N2-etheno-8-bromoguanosine-3’,5’-cyclic 
monophosphorothionate (Rp-8-bromo-PET-cGMPS) 10 min before fixation with 4% 
paraformaldehyde. The inhibitors were given 1 h before the activator. Fluorescence 
immunohistochemistry was performed with fluorescein-tagged secondary antibody. The 
fluorescence was read with a Victor 1420 multilabel counter (Perkin-Elmer, Waltham, MA, 
USA) with a fluorescein setting (ex/em 485/535 nm). Fluorescence intensity was increased 
by 8-Br-cGMP (p < 0.05) and the effect was attenuated by Rp-8-Br-PET-cGMPS (p < 0.05). 
The figure is a representative of two experiments. 

 
Fig. 17.32 Lipid vesicles are involved in protein kinase G (PKG) interaction with nitric oxide 
synthase (NOS). Confluent monolayers were treated with cholesterol extractor 2 
micromol/L cyclodextrin (CD) for 2 h to disrupt lipid vesicles and then incubated with 
various concentrations of 8-Br-cGMP and a combination of 0.5 micromol/L DAF-FM and 
cell-permeable 0.8 micromol/L DAF-FM diacetate, plus 4 microg/mL calcium ionophore to 
stimulate nitric oxide (NO) production. Nitric oxide produced was measured after 15 min of 
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incubation with DAF. Control cells were similarly treated with the exclusion of only CD. (A) 
Cell medium NO measurements from cells treated with CD showed greater NO production. 
In the absence of CD, 8-Br-cGMP caused a decrease in NO production. Cells with disrupted 
lipid lacked 8-Br-cGMP-inhibition of NOS. (B) Cell lysate NO measurements increased for 
various concentrations of 8-Br-cGMP in cells treated with CD compared with cells not 
treated with CD. Lipid disruption with CD raised NO production significantly (p < 0.01 for 
each 8-Br-cGMP concentration; n = 6). The effect of lipid disruption diminished with 
increasing concentrations of 8-Br-cGMP. (C) Time-course of the effect of CD on basal NO 
production. Cells were used in groups of 12 wells each for various controls and tests. All test 
groups were pretreated before adding DAF with 100 mmol/L PKG activator guanosine-3’-
5’-cyclic monophosphonate--phenyl-1NF-ethano-8-Br Na salt (8-Br-cGMP-PEB; 10 min 
before) without or with 20 mmol/L CD (given 2 h before) or with CD alone. Controls were 
included. Using paired t-tests, the differences at the 270 min time-point between both the 
controls and 8-Br-cGMP-PEB groups and the controls and CD groups were significant at p < 
0.05.  

8. Hypothetical comparison of the negative regulatory roles of caveolin-1 and 
PKG on endothelial NOS - a review of literature.  
Figure 18 and Table 1 compare the role of the well-studied caveolin-1 and the emerging role 
of PKG in inhibiting NOS. Both are endogenous components of cellular function under 
physiologic conditions. Caveolin-1 has been known as a negative regulator of NOS for many 
years but there is lack of significant clinical usage derived from this in terms of drug and 
molecular targeting and endogenous NO regulation. The suggested feedback role of PKG in 
the NOS metabolic cycle needs further studies for possible clinical applications. One aspect 
may be to target the N-terminal moiety (serine 116 region) that might be involve in 
transcription and de novo synthesis of NOS enzyme. This may be manipulated for utilization 
in vascular, neuronal, and other functional disorders involving NO. 
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Fig. 18. Hypothetical schema of differential subcellular co-localization of caveolin-1 or 
PKG1beta as inhibitors of NOS in endothelial cells. Caveolin-1 co-localizes with and is 
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known to inhibit nascent NOS produced in the Golgi or supplied to the plasma membrane 
for extracellular signals. The figure depicts caveolin-1 bound to NOS in the Golgi network 
and plasmalemma as Figure 13 indicates and as previous workers have shown.67, 68, 69, 62, 63 ,64 
The figure also depicts that PKG inhibits NOS after it is activated in the cytosol and is 
involved in the recycling of spent NOS as Figure 2 indicates. By some mechanism PKG 
colocalizes with NOS or with a NOS fragment in the nuclear region. Key: N = free nitric 
oxide synthase; C-N = hypothetical caveolin-1-NOS complex; PKG-N = hypothetical protein 
kinase G-NOS complex. 

 
 
 
 
 
COMPARISON CAVEOLIN-1 PKG 
Molecular effect on NOS post-translational 

inhibition62, 63, 52  
post activity inhibition32, 38 

Speculation on the form 
of NOS affected 

nascent (membrane bound) 
NOS64, 65, 66 

active NOS after NO production, or 
spent NOS 39, 40, 41  

 
Subcellular co-
localization with NOS 

plasma membrane, 
caveolae, golgi50, 67, 68, 69 

Cytosol, nucleus, endoplasmic 
reticulum32, 41 

Biological result makes NOS available for 
extracellular signals49, 52, 56, 

43, 68 

pro-translocation phosphorylation for 
enzyme degradation and recycling32, 

40, 41 

Activators calcium-calmodulin 53,68, 70, 

71 

albumin72, 73 

membrane lipid 
disruption72, 32  
bradykinin, acetyl choline66 

cGMP analogues38, 39 

 

Effect of activators increased NO production72, 

73 
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Inhibitors hypoxia 72, 74 cGMP analogues38, 39 

 
Effect of inhibitors decreased NO production72 increased NO production38, 39 

 
 

Table 1. Comparison of the negative regulatory roles of constitutive caveolin-1 and 
constitutive PKG on nitric oxide synthase in the endothelium. 

Protein Kinase G inhibits activated NOS by a feedback mechanism. Its actions appear to 
involve phosphorylation changes as well as molecular changes on the NOS molecule (Figure 
19) that determine the fate of the spent enzyme. The spent enzyme, from pictorial 
indications, appears to enter a vesicular system possibly as a degraded N-terminal form. The 
role of this cycle and the therapeutic possibilities linked to it are yet to be expanded.  
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incubation with DAF. Control cells were similarly treated with the exclusion of only CD. (A) 
Cell medium NO measurements from cells treated with CD showed greater NO production. 
In the absence of CD, 8-Br-cGMP caused a decrease in NO production. Cells with disrupted 
lipid lacked 8-Br-cGMP-inhibition of NOS. (B) Cell lysate NO measurements increased for 
various concentrations of 8-Br-cGMP in cells treated with CD compared with cells not 
treated with CD. Lipid disruption with CD raised NO production significantly (p < 0.01 for 
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increasing concentrations of 8-Br-cGMP. (C) Time-course of the effect of CD on basal NO 
production. Cells were used in groups of 12 wells each for various controls and tests. All test 
groups were pretreated before adding DAF with 100 mmol/L PKG activator guanosine-3’-
5’-cyclic monophosphonate--phenyl-1NF-ethano-8-Br Na salt (8-Br-cGMP-PEB; 10 min 
before) without or with 20 mmol/L CD (given 2 h before) or with CD alone. Controls were 
included. Using paired t-tests, the differences at the 270 min time-point between both the 
controls and 8-Br-cGMP-PEB groups and the controls and CD groups were significant at p < 
0.05.  
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PKG on endothelial NOS - a review of literature.  
Figure 18 and Table 1 compare the role of the well-studied caveolin-1 and the emerging role 
of PKG in inhibiting NOS. Both are endogenous components of cellular function under 
physiologic conditions. Caveolin-1 has been known as a negative regulator of NOS for many 
years but there is lack of significant clinical usage derived from this in terms of drug and 
molecular targeting and endogenous NO regulation. The suggested feedback role of PKG in 
the NOS metabolic cycle needs further studies for possible clinical applications. One aspect 
may be to target the N-terminal moiety (serine 116 region) that might be involve in 
transcription and de novo synthesis of NOS enzyme. This may be manipulated for utilization 
in vascular, neuronal, and other functional disorders involving NO. 
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Fig. 18. Hypothetical schema of differential subcellular co-localization of caveolin-1 or 
PKG1beta as inhibitors of NOS in endothelial cells. Caveolin-1 co-localizes with and is 
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known to inhibit nascent NOS produced in the Golgi or supplied to the plasma membrane 
for extracellular signals. The figure depicts caveolin-1 bound to NOS in the Golgi network 
and plasmalemma as Figure 13 indicates and as previous workers have shown.67, 68, 69, 62, 63 ,64 
The figure also depicts that PKG inhibits NOS after it is activated in the cytosol and is 
involved in the recycling of spent NOS as Figure 2 indicates. By some mechanism PKG 
colocalizes with NOS or with a NOS fragment in the nuclear region. Key: N = free nitric 
oxide synthase; C-N = hypothetical caveolin-1-NOS complex; PKG-N = hypothetical protein 
kinase G-NOS complex. 
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Table 1. Comparison of the negative regulatory roles of constitutive caveolin-1 and 
constitutive PKG on nitric oxide synthase in the endothelium. 

Protein Kinase G inhibits activated NOS by a feedback mechanism. Its actions appear to 
involve phosphorylation changes as well as molecular changes on the NOS molecule (Figure 
19) that determine the fate of the spent enzyme. The spent enzyme, from pictorial 
indications, appears to enter a vesicular system possibly as a degraded N-terminal form. The 
role of this cycle and the therapeutic possibilities linked to it are yet to be expanded.  
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Fig. 19. A hypothetical depiction of molecular and phosphorylation effects of PKG on NOS. 

9. Conclusions 
 Protein kinase G isoforms are normally found in endothelial cells 
 NO signaling activates guanylate cyclase and leads to activation of PKG in endothelial 

cells 
 PKG activation via NO-GC-cGMP signaling in endothelial cells appears to exert a 

feedback on active NOS. 
 Serine116-phosphorylated NOS appears to be spent NOS and to be chaperoned with 

PKG 1beta 
 Serine116-phosphorylated NOS moiety enters a vesicular system including the nucleus. 
 Serine116-phosphorylated NOS moiety may be an important messenger for 

replenishing the cell with nascent NOS enzyme. 
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1. Introduction 
Tyrosine kinases (TKs) are key regulators of signal transduction pathways that modulate 
essential biological processes, such as cellular differentiation, metabolism and proliferation, 
as well as, protein synthesis, cell cycle progression and apoptosis (Schlessinger, 2000). These 
enzymes modify protein function by transferring phosphate groups from adenosine 
triphosphate (ATP) or guanosine triphosphate (GTP) to free hydroxyl groups on tyrosine 
residues. Under physiological conditions, kinase activity is regulated by protein 
phosphatases that dephosphorylate and inactivate signaling pathways. However, these 
signaling pathways can become dysregulated in lung diseases, such as non-small cell lung 
cancer (NSCLC), asthma, chronic obstructive pulmonary disease (COPD) and idiopathic 
pulmonary fibrosis (IPF). This chapter will provide an overview of the pathways mediated 
by receptor and non-receptor tyrosine kinases, as well as their role in the pathogenesis of 
lung disease. Furthermore, the emerging role of TK inhibitors (TKIs) for the treatment of 
NSCLC, asthma, COPD and IPF will be discussed. 

1.1 Receptor tyrosine kinases and non-receptor tyrosine kinases 

Receptor tyrosine kinases (RTKs) play essential roles in growth factor and cytokine receptor 
signaling. Over 58 RTKs have been identified, which include epidermal growth factor 
receptors (EGFR), ephrin receptors, fibroblast growth factor receptors (FGFR), platelet 
derived growth factor receptors (PDGFR), RAR-related orphan receptors (ROR), vascular 
endothelial growth factor receptors (VEGFR), the hepatocyte growth factor receptor (MET) 
and the insulin receptor (Hubbard & Miller, 2007; Robinson, Wu, & Lin, 2000). RTKs are 
comprised of an extracellular ligand-binding domain, a transmembrane domain and an 
intracellular kinase domain (Robinson et al., 2000). Upon ligand binding, RTKs undergo 
conformational changes that induce homo- or hetero- dimerization and autophosphorylation 
of intracellular kinase domains at specific tyrosine residues. This activates downstream 
signaling pathways that recruit non-receptor tyrosine kinases (non-RTKs) and activate 
serine/threonine kinase signaling pathways.  
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The EGFR belongs to a family of RTKs that includes EGFR, ERBB2 (HER2), ERBB3 (HER3) 
and ERBB4 (HER4), which play key roles in cellular growth, proliferation and differentiation. 
All EGFR family members have intrinsic TK activity, except ERBB3 (Sibilia, Kroismayr, 
Lichtenberger, Natarajan, Hecking, & Holcmann, 2007). EGF receptors exist as inactive 
monomers that undergo conformational changes upon binding of EGF or transforming 
growth factor- (TGF-), which facilitates receptor homodimerization or heterodimerization 
(Fig. 1) (Garrett et al., 2002; Odaka, Kohda, Lax, Schlessinger, & Inagaki, 1997; Ogiso et al., 
2002). This is followed by intermolecular autophosphorylation of key tyrosine residues in 
the activation loop of catalytic TK domains (Grandal & Madshus, 2008). The carboxy-
terminal phosphotyrosine residues then recruit signaling molecules with Src homology 2 
(SH2) and protein tyrosine-binding domains to activate downstream signaling pathways. 
Downstream EGF receptor signaling pathways include the mitogen-activated protein kinase 
(MAPK) pathway, phosphoinositol 3'-kinase (PI3K), phospholipase C (PLC) and Janus 
tyrosine kinases (JAK) and signal transducers and activators of transcription (STAT) 

 
Fig. 1.  Growth Factor Receptor Signaling Pathways. Upon ligand binding, tyrosine residues 
on the EGFR intracellular domain become autophosphorylated. This allows the receptor to 
interact with SH2 or PTB adaptor proteins (e.g., Grb2), which activates downstream 
signaling pathways, such as PLC-, PI3K-Akt, Ras-Raf-Mek-Eer and JAK-STATs, to 
modulate cell proliferation, migration, differentiation, and apoptosis. mTOR, mammalian 
target of rapamycin; Sos, son of sevenless; Grb2, growth factor receptor-bound protein 2; 
Mek, MAPK kinase; Erk, extracellular signal-regulated kinase. Adapted from reference 
(Ratushny, Astsaturov, Burtness, Golemis, & Silverman, 2009). 
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(Ciardiello & Tortora, 2008; Laskin & Sandler, 2004). Activation of the MAPK signaling 
pathway occurs via the small GTPase, Ras, which exchanges GDP for GTP and stimulates 
the Raf-Mek-Erk cascade, to modulate key cellular processes, including gene transcription, 
G1/S cell-cycle progression and cell proliferation (Ho & Laskin, 2009). The PLC pathway is 
activated via cleavage of phosphatidylinositol (4,5)-bisphosphate (PIP2) on the cell 
membrane to form second messenger molecules, inositol triphosphate (IP3) and 
diacylglyerol (DAG). IP3 triggers the release of intracellular calcium stores, while DAG 
activates protein kinase C (PKC) (Milano, De Rosa, Iaffaioli, & Caponigro, 2007). The PI3K 
pathway activates Akt and mammalian target of rapamycin (mTOR), which regulates gene 
transcription, cell proliferation and migration (Herbst, Heymach, & Lippman, 2008). The 
JAK-STAT pathway (JAK2, STAT1, STAT3 and STAT5) stimulates transcription of nuclear 
factors that promote inflammation, cell survival and oncogenesis (Quesnelle, Boehm, & 
Grandis, 2007; Silva, 2004).  

In contrast, non-RTKs cannot bind ligands and do not possess a transmembrane domain, 
but are activated by cytoplasmic tyrosine kinases. There are 32 cytoplasmic non-RTKs that 
can be divided into nine sub-families, which include Src, Csk (cytoplasmic tyrosine kinase), 
Ack (activated p21CDC42 kinase, tyrosine kinase, non-receptor 2 (Tnk2)), Fak (focal 
adhesion kinase), Tec, Fes/Fer, Syk (spleen tyrosine kinase), Abl (Abelson murine leukemia 
viral oncogene homolog), and JAKs (Manning, Whyte, Martinez, Hunter, & Sudarsanam, 
2002; Parsons & Parsons, 2004). These non-RTKs activate downstream signaling cascades 
and transcription factors to initiate gene transcription and thereby modify important cellular 
functions. As discussed below, cytokine receptors and immune receptors are examples of 
receptors that signal via non-RTKs. 

1.2 Cytokine receptors  

Cytokines are small signaling proteins that regulate key physiological cellular functions, 
such as inflammation, and innate and adaptive immune responses. Receptors for cytokines 
belonging to the Type I and Type II cytokine families, as well as members of the interleukin 
(IL)-6 and IL-11 families, signal via JAK non-RTKs. For example, Type I cytokine receptors, 
such as IL-4 and IL-13 receptors, are multimeric receptors that share the common cytokine 
receptor -subunit (c), whereas the IL-3, IL-5 and granulocyte-macrophage colony 
stimulating factor (GM-CSF) receptors share the common cytokine receptor -chain (c), 
(Pesu, Laurence, Kishore, Zwillich, Chan, & O'Shea, 2008). Upon ligand binding, receptor 
oligomerization and signal transduction occur via the interaction of specific JAK isoforms 
(JAK1, JAK2, JAK3 and TYK2) with the intracytoplasmic domains of cytokine receptors (Fig. 
2) (Ghoreschi, Laurence, & O'Shea, 2009).  

The Type I cytokines, prolactin, erythropoietin, thrombopoietin, GM-CSF, IL-3 and IL-5, 
signal through JAK2, while IL-6 family members (IL-6, IL-11), IL-10 family members (IL-10, 
IL-19, IL-20, IL-22) and the Type II cytokine, interferon (IFN)-, signal through JAK1 and 
JAK2 (Ghoreschi et al., 2009). In contrast, JAK3 only associates with receptors that share the 
common -chain (c), such as receptors for IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 (Argetsinger 
et al., 1993; Bacon, McVicar, Ortaldo, Rees, O'Shea, & Johnston, 1995; Johnston et al., 1994; 
Muller et al., 1993; Parganas et al., 1998; Parham et al., 2002). The biological importance of 
JAK signaling pathways is illustrated by the congenital absence of JAK3, which causes a  
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Fig. 2. Cytokine Receptor Signaling Pathways.  Following ligand binding to cytokine 
receptors, receptor-associated JAKs become activated and phosphorylate specific receptor 
tyrosine residues on the receptor intracytoplasmic domain. This leads to the recruitment of 
STATs, which are then tyrosine-phosphorylated. Activated STATs dimerize, translocate to 
the nucleus, and bind to STAT binding sites in the promoter regions of target genes to 
induce gene transcription. Adapted from reference (Malaviya & Laskin, 2010). 

primary immunodeficiency disorder termed T–B+NK– severe combined immunodeficiency 
disease. This demonstrates the key role for JAK3 in the development of T cells and natural 
killer cells (Macchi et al., 1995; Russell et al., 1995). JAK activation leads to tyrosine 
phosphorylation and the recruitment and activation of STAT transcription factors. There are 
seven STAT family members (STAT1–6 with two STAT5 proteins) that form homo- or 
hetero-dimers and translocate to the nucleus after being phosphorylated in the cytoplasm to 
regulate gene transcription (Darnell, 1997). For example, activation of the IL-4 receptor 
stimulates JAK1 to associate with the IL-4R chain and JAK3 to associate with the c chain, 
which results in the activation of STAT6(Takeda et al., 1996). In contrast, IL-13 can interact 
with both the IL-4R chain and the IL-13R1 chain to activate JAK1, JAK2, Tyk2, and STAT6 
(Pernis & Rothman, 2002; Schindler, 2002; Wills-Karp et al., 1998). 

1.3 Immune receptors  

The high affinity IgE receptor (FcRI), the T cell receptor (TCR) and the B cell receptor (BCR) 
are immune receptors expressed by mast cells, T cells and B cells, respectively. These 
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receptors are composed of antigen-binding subunits and signal transducing subunits that 
consist of one or more immunoreceptor tyrosine-based activation motifs (ITAMs), 
[Y(2X)I/L(6–8X)Y(2X)I/L] (Pitcher & van Oers, 2003). FcRI, is a tetrameric protein (2 
chains) consisting of the IgE binding  chain, a signal-amplifying  chain and two disulfide-
linked  chains, which contain ITAMs for signal transduction (Fig. 3) (Novak, Kraft, & 
Bieber, 2001). The TCR consists of either  or  heterodimer subunits that recognize 
antigen presented within the context of Major Histocompatibility Complex (MHC) 
molecules (Fig. 4). The BCR consists of a membrane immunoglobulin isotype molecule (IgD, 
IgM, IgE or IgG) that binds antigen and Ig heterodimers, which contain ITAM sequences 
(Fig. 5) (Schamel & Reth, 2000). Upon tyrosine phosphorylation, ITAMs act as docking sites 
for non-RTKs and SH2 containing adaptor proteins or as phosphotyrosine-binding domains 
to activate signal transduction cascades.  

 
Fig. 3. FcRI Receptor Signaling Pathways. Engagement of the high affinity FcRI on mast 
cells and basophils by the Fc region of IgE results in phosphorylation of receptor ITAMs by 
Lyn and Fyn, thereby generating docking sites for these proteins, as well as for Syk. Binding 
to ITAMs up-regulates Fyn, Lyn and Syk kinase activity that phosphorylate downstream 
signaling molecules. Multi-protein complexes are then formed, which activate MAPK 
pathways and generate second messenger molecules, leading to cellular activation. Adapted 
from reference (Colgan & Hankel, 2010). 

Signaling via immune receptors is initiated by Src-family kinases (SFKs) that phosphorylate 
ITAMs (Lowell, 2011). This recruits Syk to the SH2 domain of phosphorylated ITAM motifs 
and activates downstream signaling pathways.  SFKs consist of nine members; Src, Fyn, Lck, 
Hck, Lyn, Fgr, Blk, Yes, and Yrk. Src is widely expressed, whereas the expression of  
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Fig. 4. T Cell Receptor (TCR) Signaling Pathways. TCR engagement by antigen bound to 
major histocompatibility complex proteins activates Lck, which phosphorylates ITAMs in 
the CD3 zeta chains to recruit and activate Syk. This leads to phosphorylation of 
downstream signaling molecules and formation of multi-protein complexes nucleated by 
the LAT adapter protein. Components of these complexes activate MAPK pathways, 
generate second messenger molecules and activate transcription factors that induce T cell 
proliferation and differentiation. Adapted from reference (Colgan & Hankel, 2010). 

hematopoietic cell kinase (Hck) and lymphoid cell kinase (Lck) are more restricted (Thomas 
& Brugge, 1997). Src normally adopts an inactive conformation, such that Y416 in the 
activation loop is buried between the N-lobe and C-lobe of the kinase domain. This 
conformation is maintained by interactions between the SH3 domain and the linker region 
connecting the SH2 domain with the catalytic domain, as well as by binding of the SH2 
domain to the C-terminal tail in response to phosphorylation of Y527. Activation occurs 
when the high affinity ligand binding disrupts the interactions between the SH2 and SH3 
domains, thereby allowing unfolding and exposure of Y416 for autophosphorylation (Benati 
& Baldari, 2008). This recruits the SH2-containing Syk to phosphorylate the adaptor proteins, 
LAT and LAB (linker for activation of T and B cells, respectively), Grb2, Gab2, Gads, SLP-76 
and SLP-65 (SH2 domain-containing leukocyte protein of 76kDa/65kDa), as well as the GTP 
exchange factors, Sos and Vav, which activate MAPK signaling (Colgan & Hankel, 2010). 
This activates the Tec family non-RTKs, Itk (inducible T cell kinase) and Btk (Bruton’s 
tyrosine kinase), as well as PLC and PI3K. The Tec family can also activate PLC to 
hydrolyse PIP2 into IP3 and DAG, which in turn mobilizes intracellular calcium and  
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Fig. 5. B Cell Receptor Signaling Pathways. Aggregation of the B-cell antigen receptor (BCR) 
by antigen leads to rapid activation of the Src family kinases, Lyn, Blk, and Fyn, as well as 
the Syk and Btk. This initiates the formation of a ‘signalosome’ composed of the BCR, Src 
family kinases, adaptor proteins such as CD19, and signaling enzymes, such as PLC2, PI3K, 
and Vav. Signals emanating from the signalosome activate multiple signaling cascades that 
involve kinases, GTPases, and transcription factors, which modulate cell proliferation and 
differentiation, as well as antibody generation. Adapted from reference (Wong, 2005). 

activates PKC isoforms ,  and  (Miller & Berg, 2002). This is essential for activation of the 
transcription factor nuclear factor-B (NF-B), which mediates immune receptor signaling 
via CARMA1/BCL10/MALT1 and IB kinases (Li, Rickert, & Karin, 2004). 

Cross-linking of IgE bound to FcRI by multivalent antigen activates Lyn, followed by 
activation of Syk, which phosphorylates LAT and SLP-76 (Kawakami & Galli, 2002). This 
activates Btk and induces mast cell degranulation and activation. The TCR heterodimer 
associates with CD3 molecules that contain ITAM sequences (Colgan & Hankel, 2010). 
During TCR activation, Lck and Fyn phosphorylate ITAMs on CD3, which recruits Syk to 
phosphorylate LAT and SLP-76. This activates Itk causing T cell activation (Nel, 2002; 
Samelson, 2002). Upon BCR activation, phosphorylation of ITAMs by Lyn, Fyn or Blk 
recruits Syk, which phosphorylates LAB and SLP-65 to activate Btk (Dal Porto, Gauld, 
Merrell, Mills, Pugh-Bernard, & Cambier, 2004). This leads to cellular proliferation and 
differentiation, which generates a population of antibody-secreting plasma and memory B 
cells.  
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2. The role of tyrosine kinases in non small cell lung cancer 
Lung cancer is the leading cause of cancer-related death worldwide and accounted for an 
estimated 157,300 deaths in the US in 2010 (Jemal, Siegel, Xu, & Ward, 2010). Approximately 
85% to 90% of all lung cancer cases are NSCLCs, such as adenocarcinoma, squamous cell 
carcinoma and large-cell carcinoma. Advanced-stage NSCLC is currently an incurable 
disease and less than 30% of patients with metastatic NSCLC respond to platinum-based 
chemotherapy. The EGFR is activated in more than half of the patients with NSCLC as a 
result of either protein over-expression, gene mutations or an increase in gene copy number 
(Balak et al., 2006; Chitale et al., 2009; Ding et al., 2008; Soh et al., 2009; Weir et al., 2007). 
EGFR mutations are usually heterozygous, with the mutant alleles showing gene 
amplification involving exons 18 to 21 that encode the kinase domain. Therefore, inhibitors 
of EGFR signaling have been developed as a novel approach for the treatment of NSCLC. 

2.1 Use of EGFR inhibitors for the treatment of NSCLC 

The EGFR inhibitors, erlotinib and gefitinib, were developed to attenuate excessive EGFR 
signaling as a novel approach for the treatment of NSCLC (Cataldo, Gibbons, Perez-Soler, & 
Quintas-Cardama, 2011). Erlotinib (Tarceva®) is currently approved by the U.S. Food and 
Drug Administration as a second line therapy for patients with locally advanced or 
metastatic NSCLC after failure of at least one prior chemotherapy regimen or as 
maintenance therapy for patients with NSCLC whose disease has not progressed after four 
cycles of platinum-based first-line chemotherapy (Genentech, 2011). In contrast, continued 
treatment with genfitinib (Iressa®) as monotherapy is limited to patients who are 
responding or have previously responded to gefinitib treatment for NSCLC after failure of 
both platinum-based and docetaxel chemotherapies (AstraZeneca, 2005). This restriction is 
based upon a large, placebo-controlled, randomized trial in patients with advanced NSCLC, 
which did not show an improvement in survival with gefitinib as second- or third-line 
treatment for NSCLC (Thatcher et al., 2005). Gefitinib may continue to be used in clinical 
trials under a new drug application. 

These tyrosine kinase inhibitors (TKIs) are small molecules that bind orthosteric and/or 
allosteric sites to competitively inhibit ATP phosphorylation or irreversibly inhibit its 
activity (Noble, Endicott, & Johnson, 2004). Erlotinib and gefitinib are most effective in 
patients with EGFR mutations, such as L858R and G719S, which result in increased EGFR 
activation (Carey et al., 2006; Yun et al., 2007; Yun et al., 2008). Inhibition of EGFR mutants 
leads to increased cell death mediated by an apoptotic pathway that is dependent upon Bim, 
a Bcl-2 family member that is pro-apoptotic and regulated by Erk signaling (Costa et al., 
2008; Cragg, Kuroda, Puthalakath, Huang, & Strasser, 2007; Deng et al., 2007; Gong et al., 
2007). Although most patients tolerate erlotinib and gefitinib, some patients experience 
serious side effects such as diarrhea, rash, nausea and interstitial lung disease (Makris et al., 
2007; Shah et al., 2005; Shepherd et al., 2005). Patients may have primary resistance due to 
EGFR drug-resistant mutations, such as EGFRvIII, which is a constitutively active form of 
EGFR caused by the deletion of exons 2 – 7 (Greulich et al., 2005; Inukai et al., 2006; 
Maheswaran et al., 2008; Prudkin, Tang, & Wistuba, 2009; Wu et al., 2008), mutations in 
downstream signaling pathways that co-occur with EGFR mutations, such as the PI3K 
catalytic subunit, PIK3CA (Kawano et al., 2006), or mutations that occur in other 
downstream genes, such as k-Ras and b-Raf (Brose et al., 2002; Davies et al., 2002; Linardou 
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et al., 2008; Mok et al., 2009; Pao et al., 2005b; Wheeler, Dunn, & Harari, 2010; Zhang & 
Chang, 2008). Furthermore, despite an initial positive response to treatment, acquired 
resistance can develop following 6 to 12 months of therapy with erlotinib or gefitinib. 
Acquired resistance to erlotinib or gefintib can occur via several mechanisms, such as 
second-site mutations and amplification of the MET oncogene, which encodes a RTK for 
hepatocyte growth factor that activates a ERBB3 (HER3)-dependent PI3K/Akt pathway 
(Bean et al., 2007; Engelman et al., 2007; Wheeler et al., 2010; Zhang & Chang, 2008). For 
example, the T790M mutation occurs in 50% of EGFR-mutant tumors that develop acquired 
resistance to erlotinib or gefitinib via a mechanism that involves increased affinity for ATP 
binding (Fig. 6) (Kobayashi et al., 2005; Pao et al., 2005a; Wheeler et al., 2010; Yun et al., 
2008). 

 
Fig. 6. Inhibition of EGFR Signaling by Tyrosine Kinase Inhibitors and Mechanisms of 
Resistance in Non-small Cell Lung Cancers. Panel A. Intracellular binding of TKIs, erlotinib 
or gefitinib, to the ATP-binding site of the tyrosine kinase domain of EGFR blocks kinase 
activity and inhibits downstream signaling pathways responsible for cellular proliferation. 
Panel B. The T790M mutation, detected in approximately 50% of patients who relapse while 
receiving an EGFR TKI, causes steric hindrance that prevents TKI binding and promotes 
constitutive activation of the mutated EGFR kinase. Panel C. Amplification of the MET 
oncogene activates downstream signaling through the PI3K–Akt pathway in an EGFR-
independent fashion despite effective EGFR tyrosine kinase inhibition by TKI.  Adapted 
from reference (Cataldo et al., 2011). 
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2008; Cragg, Kuroda, Puthalakath, Huang, & Strasser, 2007; Deng et al., 2007; Gong et al., 
2007). Although most patients tolerate erlotinib and gefitinib, some patients experience 
serious side effects such as diarrhea, rash, nausea and interstitial lung disease (Makris et al., 
2007; Shah et al., 2005; Shepherd et al., 2005). Patients may have primary resistance due to 
EGFR drug-resistant mutations, such as EGFRvIII, which is a constitutively active form of 
EGFR caused by the deletion of exons 2 – 7 (Greulich et al., 2005; Inukai et al., 2006; 
Maheswaran et al., 2008; Prudkin, Tang, & Wistuba, 2009; Wu et al., 2008), mutations in 
downstream signaling pathways that co-occur with EGFR mutations, such as the PI3K 
catalytic subunit, PIK3CA (Kawano et al., 2006), or mutations that occur in other 
downstream genes, such as k-Ras and b-Raf (Brose et al., 2002; Davies et al., 2002; Linardou 
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second-site mutations and amplification of the MET oncogene, which encodes a RTK for 
hepatocyte growth factor that activates a ERBB3 (HER3)-dependent PI3K/Akt pathway 
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resistance to erlotinib or gefitinib via a mechanism that involves increased affinity for ATP 
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Fig. 6. Inhibition of EGFR Signaling by Tyrosine Kinase Inhibitors and Mechanisms of 
Resistance in Non-small Cell Lung Cancers. Panel A. Intracellular binding of TKIs, erlotinib 
or gefitinib, to the ATP-binding site of the tyrosine kinase domain of EGFR blocks kinase 
activity and inhibits downstream signaling pathways responsible for cellular proliferation. 
Panel B. The T790M mutation, detected in approximately 50% of patients who relapse while 
receiving an EGFR TKI, causes steric hindrance that prevents TKI binding and promotes 
constitutive activation of the mutated EGFR kinase. Panel C. Amplification of the MET 
oncogene activates downstream signaling through the PI3K–Akt pathway in an EGFR-
independent fashion despite effective EGFR tyrosine kinase inhibition by TKI.  Adapted 
from reference (Cataldo et al., 2011). 
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2.2 Strategies to overcome EGFR resistance 

Various strategies have been developed to address TKI resistance, such as the development 
of second and third generation TKIs. The irreversible inhibitor, BIBW2992 (Afatinib; 
Boehringer Ingelheim), has been shown to have potent activity against EGFR and ERBB2 
that overcomes resistance secondary to T790M EGFR mutations.  BIBW2992 has been shown 
to reduce the survival of cancer cell lines and induce tumor regression in xenograft and 
transgenic lung cancer models (Li et al., 2008). Phase I clinical trials have demonstrated that 
daily oral BIBW2992 has durable anti-tumor activity and is safely tolerated (Yap et al., 2010). 
Combination therapy with BIBW2992 and an EGFR-specific antibody, cetuximab, further 
overcame T790M EGFR resistance in a murine model (Regales et al., 2009), which suggests 
that this approach may represent an alternative treatment option. Although combined 
inhibition of VEGFR and EGFR has been reported to reduce tumor growth in xenograft 
models of EGFR inhibitor resistance (Naumov et al., 2009), this approach did not improve 
survival in a phase III clinical trial of NSCLC when erlotinib was combined with 
bevacizumab, an antibody against VEGF (Herbst et al., 2011). Combination of erlotinib with 
sorafenib, a multi-TKI of VEGFR, c-Kit, PDGFR, b-Raf and c-Raf, had some therapeutic 
benefit in EGFR resistant patients with NSCLC as the median overall survival was 
prolonged to 8 months in the erlotinib/sorafenib group as compared to 4.5 months in the 
placebo/erlotinib group (P = 0.019) (Spigel et al., 2011). The same strategy might also be 
used to overcome mutations in pathways downstream of EGFR (Sos et al., 2010). For 
example, simultaneous targeting of EGFR and its downstream target, Akt, using BIBW2992 
and rapamycin, reduced tumor size and protein phosphorylation in murine NSCLC models 
(Perera et al., 2009). Similar findings have been shown using erlotinib combined with 
rapamycin to treat NSCLC cell lines (A549, H1299, H1650 and H1975) in vitro (Nakachi et al., 
2010). Furthermore, alternative TKIs, such as sorafenib and crizotinib, an inhibitor of 
anaplastic lymphoma kinase (Alk) and Met, might be used to overcome mutations in other 
EGFR-related genes, such as b-Raf (Brose et al., 2002; Davies et al., 2002), k-Ras (Pao et al., 
2005b) and Alk (Soda et al., 2007)(Comoglio, Giordano, & Trusolino, 2008; Ou et al., 2011; 
Takezawa et al., 2009).  

3. Therapeutic use of TKIs in inflammatory airway diseases 
New treatments are needed for patients with severe asthma or COPD. While the majority of 
asthmatics can be adequately controlled with low-to-moderate doses of inhaled 
corticosteroids, approximately 5% to 10% of patients have severe disease that is refractory to 
standard treatments (Program, 2007; Wenzel & Busse, 2007). These individuals have 
persistent symptoms and recurrent disease exacerbations despite high-doses of inhaled 
corticosteroids plus long-acting 2-agonists or oral corticosteroids. New treatment options 
are needed as oral corticosteroids are associated with serious and potentially debilitating 
side effects, such as diabetes, hypertension, weight gain, impaired host defense, reduced 
bone density, cataracts, skin atrophy, and myopathy. Limited treatment options also exist 
for patients with COPD, which include inhaled and oral corticosteroids, inhaled 2-agonists, 
inhaled anti-cholinergics and phosphodiesterase inhibitors.  

Signaling via RTKs and non-RTKs has been implicated in the pathogenesis of asthma and 
COPD, especially in patients with severe disease who are resistant to corticosteroid therapy 
(Adcock, Chung, Caramori, & Ito, 2006). Therefore, TKIs have been proposed as an 
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alternative approach for the treatment of asthma and COPD. In addition, although TKIs are 
designed to target specific protein kinases, they frequently have activity towards additional 
targets, which may be valuable in treating diseases other than those for which the TKI was 
originally developed. For example, imatinib (Gleevec™) was originally designed as a Bcr-
Abl inhibitor for the treatment of chronic myelogenous leukemia (CML), but was also found 
to inhibit c-Kit, PDGFR/, and CSF1R (Buchdunger et al., 2000; Druker et al., 1996; 
Heinrich, Griffith, Druker, Wait, Ott, & Zigler, 2000). Although these off-target effects may 
lead to unanticipated toxicities, it may also represent an opportunity to extend the utility of 
TKIs for the treatment of lung disease.  

3.1 Asthma 

Asthma is a common respiratory illness that afflicts roughly 300 million people worldwide 
(Braman, 2006). Asthma prevalence is highest in developed countries, including the UK 
(>15%), USA (~11%) and Australia (~15%), where it accounts for approximately 1% to 2% of 
the healthcare annual budget (Masoli, Fabian, Holt, & Beasley, 2004). There is a positive 
correlation between healthcare costs and asthma severity, as individuals with severe disease 
and frequent exacerbations represent approximately 5% to 10% of patients, but account for 
up to 50% of the costs (Godard, Chanez, Siraudin, Nicoloyannis, & Duru, 2002). Asthma is 
characterized by airway inflammation, airway remodeling, mucus hypersecretion and 
enhanced smooth muscle contractility (i.e., airway hyperreactivity) (Anderson, 2008; Barnes, 
2008; Fanta, 2009; Holgate & Polosa, 2006; Rogers, 2004). Allergic airway inflammation is 
mediated by the recruitment of eosinophils, neutrophils, basophils, activated mast cells, and 
Th2-type CD4+ T cells that produce a characteristic set of cytokines, typified by IL-4, IL-5, 
IL-9, and IL-13 (Barnes, 2008). Structural changes that lead to airway wall remodeling 
include mucous cell metaplasia, airway smooth muscle cell hypertrophy and hyperplasia, 
epithelial cell proliferation, subepithelial fibrosis, basement membrane thickening, and 
vascular hyperplasia (Anderson, 2008; Barnes, 2008; Cohen et al., 2007; Fanta, 2009; Holgate 
& Polosa, 2006). Airway hyperreactivity (AHR) is an additional cardinal feature of asthma 
that results in increased airflow resistance and airflow obstruction (Fanta, 2009). Mucus 
hypersecretion also contributes to airway obstruction via mucus plugging in the airway (Del 
Donno, Bittesnich, Chetta, Olivieri, & Lopez-Vidriero, 2000; Rogers, 2007).  

3.1.1 The potential role of RTK inhibitors for the treatment of asthma 

Multiple lines of evidence support a role for RTKs in the pathogenesis of asthma. For 
example, increased tyrosine phosphorylation has been observed in the airway epithelium of 
patients with severe asthma who are resistant to corticosteroids (Hamilton et al., 2005). 
Similarly, PDGFR- expression is increased in patients with severe asthma and may 
contribute to fibrotic airway remodeling responses (Lewis et al., 2005). Furthermore, a 
WNT/tenascin/PDGFR pathway has been implicated in the pathogenesis of airway smooth 
muscle hyperplasia and hypertrophy in a murine model of allergen-induced asthma (Cohen, 
Ihida-Stansbury, Lu, Panettieri, Jones, & Morrisey, 2009). Expression of c-Kit and its ligand 
stem cell factor (SCF) are also increased in the airways of asthmatic patients as compared to 
non-asthmatic control subjects (Al-Muhsen, Shablovsky, Olivenstein, Mazer, & Hamid, 2004; 
Bradding, Walls, & Holgate, 2006). Enhanced c-Kit signaling plays an important role in the 
activation of mast cells and dendritic cells, AHR, mucus hyperproduction, collagen 
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2.2 Strategies to overcome EGFR resistance 

Various strategies have been developed to address TKI resistance, such as the development 
of second and third generation TKIs. The irreversible inhibitor, BIBW2992 (Afatinib; 
Boehringer Ingelheim), has been shown to have potent activity against EGFR and ERBB2 
that overcomes resistance secondary to T790M EGFR mutations.  BIBW2992 has been shown 
to reduce the survival of cancer cell lines and induce tumor regression in xenograft and 
transgenic lung cancer models (Li et al., 2008). Phase I clinical trials have demonstrated that 
daily oral BIBW2992 has durable anti-tumor activity and is safely tolerated (Yap et al., 2010). 
Combination therapy with BIBW2992 and an EGFR-specific antibody, cetuximab, further 
overcame T790M EGFR resistance in a murine model (Regales et al., 2009), which suggests 
that this approach may represent an alternative treatment option. Although combined 
inhibition of VEGFR and EGFR has been reported to reduce tumor growth in xenograft 
models of EGFR inhibitor resistance (Naumov et al., 2009), this approach did not improve 
survival in a phase III clinical trial of NSCLC when erlotinib was combined with 
bevacizumab, an antibody against VEGF (Herbst et al., 2011). Combination of erlotinib with 
sorafenib, a multi-TKI of VEGFR, c-Kit, PDGFR, b-Raf and c-Raf, had some therapeutic 
benefit in EGFR resistant patients with NSCLC as the median overall survival was 
prolonged to 8 months in the erlotinib/sorafenib group as compared to 4.5 months in the 
placebo/erlotinib group (P = 0.019) (Spigel et al., 2011). The same strategy might also be 
used to overcome mutations in pathways downstream of EGFR (Sos et al., 2010). For 
example, simultaneous targeting of EGFR and its downstream target, Akt, using BIBW2992 
and rapamycin, reduced tumor size and protein phosphorylation in murine NSCLC models 
(Perera et al., 2009). Similar findings have been shown using erlotinib combined with 
rapamycin to treat NSCLC cell lines (A549, H1299, H1650 and H1975) in vitro (Nakachi et al., 
2010). Furthermore, alternative TKIs, such as sorafenib and crizotinib, an inhibitor of 
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2005b) and Alk (Soda et al., 2007)(Comoglio, Giordano, & Trusolino, 2008; Ou et al., 2011; 
Takezawa et al., 2009).  

3. Therapeutic use of TKIs in inflammatory airway diseases 
New treatments are needed for patients with severe asthma or COPD. While the majority of 
asthmatics can be adequately controlled with low-to-moderate doses of inhaled 
corticosteroids, approximately 5% to 10% of patients have severe disease that is refractory to 
standard treatments (Program, 2007; Wenzel & Busse, 2007). These individuals have 
persistent symptoms and recurrent disease exacerbations despite high-doses of inhaled 
corticosteroids plus long-acting 2-agonists or oral corticosteroids. New treatment options 
are needed as oral corticosteroids are associated with serious and potentially debilitating 
side effects, such as diabetes, hypertension, weight gain, impaired host defense, reduced 
bone density, cataracts, skin atrophy, and myopathy. Limited treatment options also exist 
for patients with COPD, which include inhaled and oral corticosteroids, inhaled 2-agonists, 
inhaled anti-cholinergics and phosphodiesterase inhibitors.  

Signaling via RTKs and non-RTKs has been implicated in the pathogenesis of asthma and 
COPD, especially in patients with severe disease who are resistant to corticosteroid therapy 
(Adcock, Chung, Caramori, & Ito, 2006). Therefore, TKIs have been proposed as an 
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alternative approach for the treatment of asthma and COPD. In addition, although TKIs are 
designed to target specific protein kinases, they frequently have activity towards additional 
targets, which may be valuable in treating diseases other than those for which the TKI was 
originally developed. For example, imatinib (Gleevec™) was originally designed as a Bcr-
Abl inhibitor for the treatment of chronic myelogenous leukemia (CML), but was also found 
to inhibit c-Kit, PDGFR/, and CSF1R (Buchdunger et al., 2000; Druker et al., 1996; 
Heinrich, Griffith, Druker, Wait, Ott, & Zigler, 2000). Although these off-target effects may 
lead to unanticipated toxicities, it may also represent an opportunity to extend the utility of 
TKIs for the treatment of lung disease.  

3.1 Asthma 

Asthma is a common respiratory illness that afflicts roughly 300 million people worldwide 
(Braman, 2006). Asthma prevalence is highest in developed countries, including the UK 
(>15%), USA (~11%) and Australia (~15%), where it accounts for approximately 1% to 2% of 
the healthcare annual budget (Masoli, Fabian, Holt, & Beasley, 2004). There is a positive 
correlation between healthcare costs and asthma severity, as individuals with severe disease 
and frequent exacerbations represent approximately 5% to 10% of patients, but account for 
up to 50% of the costs (Godard, Chanez, Siraudin, Nicoloyannis, & Duru, 2002). Asthma is 
characterized by airway inflammation, airway remodeling, mucus hypersecretion and 
enhanced smooth muscle contractility (i.e., airway hyperreactivity) (Anderson, 2008; Barnes, 
2008; Fanta, 2009; Holgate & Polosa, 2006; Rogers, 2004). Allergic airway inflammation is 
mediated by the recruitment of eosinophils, neutrophils, basophils, activated mast cells, and 
Th2-type CD4+ T cells that produce a characteristic set of cytokines, typified by IL-4, IL-5, 
IL-9, and IL-13 (Barnes, 2008). Structural changes that lead to airway wall remodeling 
include mucous cell metaplasia, airway smooth muscle cell hypertrophy and hyperplasia, 
epithelial cell proliferation, subepithelial fibrosis, basement membrane thickening, and 
vascular hyperplasia (Anderson, 2008; Barnes, 2008; Cohen et al., 2007; Fanta, 2009; Holgate 
& Polosa, 2006). Airway hyperreactivity (AHR) is an additional cardinal feature of asthma 
that results in increased airflow resistance and airflow obstruction (Fanta, 2009). Mucus 
hypersecretion also contributes to airway obstruction via mucus plugging in the airway (Del 
Donno, Bittesnich, Chetta, Olivieri, & Lopez-Vidriero, 2000; Rogers, 2007).  

3.1.1 The potential role of RTK inhibitors for the treatment of asthma 

Multiple lines of evidence support a role for RTKs in the pathogenesis of asthma. For 
example, increased tyrosine phosphorylation has been observed in the airway epithelium of 
patients with severe asthma who are resistant to corticosteroids (Hamilton et al., 2005). 
Similarly, PDGFR- expression is increased in patients with severe asthma and may 
contribute to fibrotic airway remodeling responses (Lewis et al., 2005). Furthermore, a 
WNT/tenascin/PDGFR pathway has been implicated in the pathogenesis of airway smooth 
muscle hyperplasia and hypertrophy in a murine model of allergen-induced asthma (Cohen, 
Ihida-Stansbury, Lu, Panettieri, Jones, & Morrisey, 2009). Expression of c-Kit and its ligand 
stem cell factor (SCF) are also increased in the airways of asthmatic patients as compared to 
non-asthmatic control subjects (Al-Muhsen, Shablovsky, Olivenstein, Mazer, & Hamid, 2004; 
Bradding, Walls, & Holgate, 2006). Enhanced c-Kit signaling plays an important role in the 
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Advances in Protein Kinases 

 

192 

deposition, and airway inflammation in asthma (Krishnamoorthy et al., 2008; Paniagua et 
al., 2006; Yu, Tsai, Tam, Jones, Zehnder, & Galli, 2006). In experimental models of asthma, 
SCF has been shown to mediate AHR, airway remodeling, and the production of pro-
inflammatory cytokines (TNF, IL-5) and chemokines (CCL2, CCL5, CCL6, CCL17), and 
mucous cell metaplasia (Berlin, Hogaboam, & Lukacs, 2006; Berlin, Lincoln, Tomkinson, & 
Lukacs, 2004; Campbell, Hogaboam, Lincoln, & Lukacs, 1999; Dolgachev, Thomas, Berlin, & 
Lukacs, 2007). Lastly, VEGF signaling has been shown to induce an asthmatic phenotype in 
murine models (Lee et al., 2004).   

These data support the concept of investigating the role of TKIs for the treatment of asthma. 
For example, imatinib has been shown to attenuate airway inflammation, AHR and fibrosis 
in murine models of allergic disease (Berlin & Lukacs, 2005). This was also demonstrated 
with sunitinib, a RTK inhibitor of VEGFR, PDGFR, c-Kit and fetal liver tyrosine kinase 
receptor 3 (FLT-3), which is used as an alternative treatment for imatinib-resistant CML 
(Huang, Liu, Du, Yao, & Yin, 2009). Furthermore, masitinib, a multi-target RTK inhibitor of 
c-Kit and PDGFR, has recently been shown to improve disease control in a clinical trial of 
severe, corticosteroid-resistant asthma (Humbert et al., 2009). Finally, EGFR activation plays 
a central role in the induction of mucin synthesis and mucous cell hyperplasia (Burgel & 
Nadel, 2004; Tamaoka et al., 2008). Gefinitib treatment inhibits EGFR and PI3K/Akt 
activation in ovalbumin (OVA) sensitized mice, which suggests that this approach might be 
beneficial for the treatment of asthma (Hur et al., 2007). House dust mite (HDM), a common 
aeroallergen that causes atopic asthma, has been shown to enhance EGFR signaling and 
epithelial-to-mesenchymal transition (EMT) in airway epithelial cells and thereby promote 
airway remodeling in asthma (Heijink, Postma, Noordhoek, Broekema, & Kapus, 2010). 
Furthermore, inhibition of EGFR signaling prevents TGF-/HDM-induced EMT, which 
suggests that this approach might be utilized to attenuate airway remodeling in asthma. 

3.1.2 Treatment of asthma with non-RTK inhibitors   

3.1.2.1 Src kinase inhibitors 

In human eosinophils, binding of eotaxin (CCL11) to CCR3 activates SFKs, such as Hck, Fgr 
and Lyn, as well as Syk, to enhance tyrosine phosphorylation, chemotaxis and respiratory 
burst. Cross-linking of FcRI with multivalent antigen in mast cells and basophils activates 
Lyn with resultant calcium mobilization, actin polymerization, shape change, and secretion 
of pro-inflammatory cytokines, such as IL-6, IL-13 and TNF- (Amoui, Draberova, Tolar, & 
Draber, 1997; Furumoto, Nunomura, Terada, Rivera, & Ra, 2004; Kepley, Wilson, & Oliver, 
1998; Vonakis et al., 2005). Lyn deficient mice develop severe persistent asthma, which 
demonstrates that Lyn is a critical negative regulator of Th2 immunity (Beavitt et al., 2005). 
Furthermore, a Lyn blocking peptide and the Src-selective inhibitor, PP1, can attenuate 
eosinophil activation, differentiation and survival (Adachi, Stafford, Sur, & Alam, 1999; 
Lynch, Giembycz, Daniels, Barnes, & Lindsay, 2000). Lck is expressed primarily by T 
lymphocytes and plays an essential role in immune responses (Faith, Akdis, Akdis, Simon, 
& Blaser, 1997; Molina et al., 1992). Lck deficient mice have impaired thymocyte 
development, lack Th2 cells and are unable to mount antigen-dependent immune responses 
(Karnitz et al., 1992). Thus, Lck plays a crucial role in T-cell maturation and antigen-induced 
T-cell activation, which suggests that a Lck inhibitor could be utilized for the treatment of 
autoimmune and inflammatory diseases (Burchat et al., 2002). SFKs have also been reported 
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to mediate angiotensin II-induced hyperresponsiveness of rat bronchial smooth muscle 
(Sakai et al., 2010).  

3.1.2.2 Syk inhibitors 

Syk, which is activated by integrins and oxidative stress, has an important role in signal 
transduction (Au-Yeung et al., 2009). Syk is expressed by all hematopoietic cells, as well as 
by fibroblasts, endothelial cells, hepatocytes and epithelium (Ulanova et al., 2005). Its role 
in modulating the function of non-hematopoietic cells, however, is uncertain. Mice with a 
spontaneous point mutation in Syk have altered TCR signaling that leads to the positive 
selection of autoimmune T cells and autoimmune arthritis (Sakaguchi et al., 2003). 
Interestingly, this was not observed in a patient with a Syk variant (Picard et al., 2009). Syk 
induces mast cell degranulation via FcRI signaling, T and B lymphocyte development and 
activation, as well as IL-5- and GM-CSF-mediated eosinophil survival (Yanagi, Inatome, 
Takano, & Yamamura, 2001). The inhibition of Syk by antisense nucleotides blocks 
eosinophil survival and its deletion in mast cells prevents IgE-induced mast cell activation 
and AHR (Matsubara et al., 2006; Stenton et al., 2002). Thus, Syk inhibition has the 
potential to suppress mast cell-driven airway bronchoconstriction, hyperreactivity and 
inflammation. Consistent with this, mice with an inducible deletion of Syk or those treated 
with a pharmacological Syk inhibitor (BAY61-3606) displayed reduced OVA-induced 
eosinophilia (Wex et al., 2011). BAY61-3606 has also been reported to attenuate OVA-
induced airway inflammation, lipid mediator release, cytokine synthesis and mast cell 
degranulation in rats (Yamamoto et al., 2003). Similarly, another Syk inhibitor, R406, 
inhibited airway hyperreactivity, pulmonary eosinophilia and goblet cell metaplasia in a 
murine model of OVA-induced asthma (Matsubara et al., 2006). The Syk-selective inhibitor, 
piceatannol, has also been shown to attenuate antigen-mediated bronchial contraction of 
guinea pig airways in vitro (Seow, Chue, & Wong, 2002). Anti-sense approaches to 
knockdown Syk expression have also suppressed airway inflammation in rat asthma 
models, as well as antigen-induced contraction of isolated tracheas (Stenton et al., 2002). 
Finally, the Syk inhibitor, R-112, has also been shown to improve symptoms of seasonal 
allergic rhinitis (Meltzer, Berkowitz, & Grossbard, 2005). An alternative compound, R-343, 
has completed phase I clinical trials for asthma and phase II trials are being planned 
(Norman, 2009).  

3.1.2.3 Tec inhibitors 

Inducible T cell kinase (Itk) plays an important role in T cell activation and differentiation, 
as well as in the differentiation and function of Th2-type cells, which modulate the 
pathogenesis of asthma. Consistent with this, Itk deficient mice have reduced antigen-
specific T cell recruitment to the lung, decreased IL-5 and IL-13 production, reduced 
antigen-mediated T cell proliferative responses, as well as attenuated eosinophil infiltration 
and mucus production (Mueller & August, 2003). Reduced airway inflammation in Itk 
knockout mice is caused by an increase in  T cells that attenuate mast cell responses 
(Felices, Yin, Kosaka, Kang, & Berg, 2009; Qi et al., 2009). Itk deficient mice also have 
reduced AHR (Ferrara, Mueller, Sahu, Ben-Jebria, & August, 2006). Itk deficiency is also 
associated with a decrease in IL-17A expression by Th17 cells that is mediated via the 
transcription factor, NFATc1 (nuclear factor of activated T cells) (Gomez-Rodriguez et al., 
2009). Lastly, double Itk and Btk knockout mice have severely impaired FcRI-dependent 
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deposition, and airway inflammation in asthma (Krishnamoorthy et al., 2008; Paniagua et 
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mucous cell metaplasia (Berlin, Hogaboam, & Lukacs, 2006; Berlin, Lincoln, Tomkinson, & 
Lukacs, 2004; Campbell, Hogaboam, Lincoln, & Lukacs, 1999; Dolgachev, Thomas, Berlin, & 
Lukacs, 2007). Lastly, VEGF signaling has been shown to induce an asthmatic phenotype in 
murine models (Lee et al., 2004).   
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in murine models of allergic disease (Berlin & Lukacs, 2005). This was also demonstrated 
with sunitinib, a RTK inhibitor of VEGFR, PDGFR, c-Kit and fetal liver tyrosine kinase 
receptor 3 (FLT-3), which is used as an alternative treatment for imatinib-resistant CML 
(Huang, Liu, Du, Yao, & Yin, 2009). Furthermore, masitinib, a multi-target RTK inhibitor of 
c-Kit and PDGFR, has recently been shown to improve disease control in a clinical trial of 
severe, corticosteroid-resistant asthma (Humbert et al., 2009). Finally, EGFR activation plays 
a central role in the induction of mucin synthesis and mucous cell hyperplasia (Burgel & 
Nadel, 2004; Tamaoka et al., 2008). Gefinitib treatment inhibits EGFR and PI3K/Akt 
activation in ovalbumin (OVA) sensitized mice, which suggests that this approach might be 
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Lynch, Giembycz, Daniels, Barnes, & Lindsay, 2000). Lck is expressed primarily by T 
lymphocytes and plays an essential role in immune responses (Faith, Akdis, Akdis, Simon, 
& Blaser, 1997; Molina et al., 1992). Lck deficient mice have impaired thymocyte 
development, lack Th2 cells and are unable to mount antigen-dependent immune responses 
(Karnitz et al., 1992). Thus, Lck plays a crucial role in T-cell maturation and antigen-induced 
T-cell activation, which suggests that a Lck inhibitor could be utilized for the treatment of 
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to mediate angiotensin II-induced hyperresponsiveness of rat bronchial smooth muscle 
(Sakai et al., 2010).  

3.1.2.2 Syk inhibitors 

Syk, which is activated by integrins and oxidative stress, has an important role in signal 
transduction (Au-Yeung et al., 2009). Syk is expressed by all hematopoietic cells, as well as 
by fibroblasts, endothelial cells, hepatocytes and epithelium (Ulanova et al., 2005). Its role 
in modulating the function of non-hematopoietic cells, however, is uncertain. Mice with a 
spontaneous point mutation in Syk have altered TCR signaling that leads to the positive 
selection of autoimmune T cells and autoimmune arthritis (Sakaguchi et al., 2003). 
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inflammation. Consistent with this, mice with an inducible deletion of Syk or those treated 
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knockdown Syk expression have also suppressed airway inflammation in rat asthma 
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and mucus production (Mueller & August, 2003). Reduced airway inflammation in Itk 
knockout mice is caused by an increase in  T cells that attenuate mast cell responses 
(Felices, Yin, Kosaka, Kang, & Berg, 2009; Qi et al., 2009). Itk deficient mice also have 
reduced AHR (Ferrara, Mueller, Sahu, Ben-Jebria, & August, 2006). Itk deficiency is also 
associated with a decrease in IL-17A expression by Th17 cells that is mediated via the 
transcription factor, NFATc1 (nuclear factor of activated T cells) (Gomez-Rodriguez et al., 
2009). Lastly, double Itk and Btk knockout mice have severely impaired FcRI-dependent 
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mast cell responses (Iyer et al., 2011). Pharmacological Itk inhibitors have been developed as 
potential new treatments for inflammatory diseases (Das et al., 2006). BMS-488516 and BMS-
509744 inhibit Itk kinase activity by reducing TCR-induced functions, including PLC1 
tyrosine phosphorylation, calcium mobilization, IL-2 secretion, and T-cell proliferation in 
vitro, as well as suppress IL-2 production in mice (Lin et al., 2004). BMS-509744 also 
significantly diminished lung inflammation in a mouse model of OVA-induced allergic 
asthma (Lin et al., 2004). Additional Itk inhibitors have been synthesized based upon the (4 
or 5-aryl)pyrazolyl-indole scaffold that is selective for Itk (Velankar et al., 2010). 
Furthermore, irreversible inhibition of Btk with the highly selective inhibitor, PCI-32765, has 
been shown to block IgE-mediated activation of human basophils (MacGlashan, Honigberg, 
Smith, Buggy, & Schroeder, 2011).  

3.1.2.4 JAK inhibitors 

JAK inhibition represents another potential therapeutic approach for the treatment of 
asthma. JAK3 is expressed by many cells involved in the pathogenesis of asthma, such as 
mast cells, T cells, macrophages and dendritic cells. For example, RANTES induces rapid 
tyrosine phosphorylation of CCR5, activation of JAK2 and JAK3, and formation of STAT1 
and STAT3 dimers in human T cells (Bacon, Szabo, Yssel, Bolen, & Schall, 1996; Wong & 
Fish, 1998; Wong et al., 2001). Stromal cell-derived factor-1a (SDF-1a) triggers CXCR4 
receptor dimerization and activates JAK2, JAK3, and Syk, causing transendothelial 
migration of human T cell lines (Ticchioni et al., 2002; Vila-Coro, Rodriguez-Frade, Martin 
De Ana, Moreno-Ortiz, Martinez, & Mellado, 1999). Although JAK3 is primarily responsible 
for cytokine signaling, it also has other functional roles. For example, JAK3 plays a pivotal 
role in FcRI-mediated mast cell responses. Consistent with this, the JAK3 inhibitor, CP-
690550 attenuated pulmonary eosinophilia, as well as IL-13 and eotaxin production in an 
OVA-model of allergic airway disease, while targeting JAK3 with WHI-P97 attenuated both 
pulmonary eosinophilia and AHR (Kudlacz, Conklyn, Andresen, Whitney-Pickett, & 
Changelian, 2008; Malaviya et al., 2000; Malaviya, Zhu, Dibirdik, & Uckun, 1999). Similarly, 
the JAK3 inhibitor, WHI-P131 has been shown to inhibit IgE-mediated mast cell 
degranulation (Kudlacz et al., 2008; Malaviya et al., 2000; Malaviya et al., 1999). 
Furthermore, a pan-JAK inhibitor, pyridone 6 encapsulated in polyactic-coglycolic acid 
nanoparticles, has been shown to suppress Th2 inflammation and pulmonary eosinophilia, 
but not airway hyperreactivity in a murine OVA-challenge model (Matsunaga et al., 2011).  

3.2 Chronic Obstructive Pulmonary Disease 

COPD is a common lung disease, with an estimated prevalence of 210 million 
individuals in 2007. Furthermore, COPD is the fifth most common cause of mortality 
worldwide and accounted for approximately 3 million deaths in 2005 (Marwick & 
Chung, 2010). COPD-related deaths are predicted to rise by 30% in the next 10 years and 
will become the third leading cause of death worldwide by 2030. COPD is typically 
caused by the exposure of noxious particles or gases, such as those contained in cigarette 
smoke or fossil fuels found in environmental air pollution (Buist et al., 2007; Chung & 
Adcock, 2008; Mannino & Buist, 2007). COPD is manifested by the destruction of the 
lung parenchyma with resultant emphysema and inflammation. Patients with COPD 
have an increase in lung macrophages, neutrophils and CD8+ T cells (Hogg et al., 2004; 
Saetta, Turato, Maestrelli, Mapp, & Fabbri, 2001). This inflammatory process is 
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orchestrated by chemokines, such as CCL2, CXCL1, CXCL8, and cytokines, such as TNF, 
IL-1, IL-6, and IFN- (Barnes, 2008).  

Mucous cell metaplasia is another important manifestation of COPD that results in mucus 
overproduction and airway obstruction in patients with chronic bronchitis. Consistent with 
this, expression of EGFRs and airway mucins are increased in airway epithelial cells of 
smokers, as compared with non-smokers (de Boer, Hau, van Schadewijk, Stolk, van Krieken, 
& Hiemstra, 2006; Takeyama et al., 2001). Signaling through EGFR involves dual oxidase 1 
and the production of reactive oxygen species to activate TNF-alpha converting enzyme 
(TACE, ADAM17), which induces mucin production via a pathway involving increased 
TGF- shedding and EGFR phosphorylation (Shao & Nadel, 2005). Binding of CCL20 to 
CCR6 has been shown to exaggerate EGFR-dependent MUC5AC production by human 
airway epithelial cells (Kim, Lewis, & Nadel, 2011). EGFR activation also participates in 
CXCL8 (IL-8) production by bronchial epithelial cells (Richter et al., 2002). Furthermore, 
EGFR signaling via STAT and Erk1/2 reduces expression of IL-8 and ICAM-1 by bronchial 
epithelial cells following rhinovirus infection, which is a common trigger of COPD 
exacerbations (Liu, Gualano, Hibbs, Anderson, & Bozinovski, 2008). The role of EGFR 
activation in airway mucin production and IL-8 expression suggests that EGFR blockade 
might be considered as a treatment approach for COPD. However, a clinical trial of an 
inhaled EGFR inhibitor (BIBW2948 BS) in 48 patients with COPD did not significantly 
decrease airway epithelial cell mucin stores and was also poorly tolerated (Woodruff et al., 
2010). Thus, additional studies will be required to establish whether there is a role for EGFR 
inhibition in the treatment of COPD. Lastly, COPD patients may develop NSCLC due to 
altered EGFR signaling and aberrant methylation, which may have a unique genetic profile 
compared to NSCLC patients without COPD (Suzuki et al., 2010). 

3.3 Idiopathic Pulmonary Fibrosis 

Idiopathic pulmonary fibrosis (IPF) is a progressive lung disorder that is associated with a 
relentless deterioration in lung function and a median survival of only 2.5 to 3.5 years after 
diagnosis (King, Pardo, & Selman, 2011; Ley, Collard, & King, 2011). IPF has an estimated 
prevalence of 13 to 20 cases per 100,000 and has a higher predominance in men than women. 
In addition, the frequency of IPF increases with age, with disease typically occurring in 
patients greater than 50 years of age. The etiology of IPF may reflect a dysregulated airway 
epithelial cell repair response to repetitive injury, which causes apoptosis of epithelial and 
endothelial cells. This results in the release of pro-fibrotic mediators that mediate the 
migration and proliferation of mesenchymal cells, the formation of fibroblast/myofibroblast 
foci, alveolar destruction and excessive collagen deposition despite minimal inflammation. 
Various stimuli such as cigarette smoke, wood or metal dust, viral infection and gastro-
esophageal reflux/aspiration can contribute to the development of IPF (Iwai, Mori, Yamada, 
Yamaguchi, & Hosoda, 1994; Raghu, Yang, Spada, Hayes, & Pellegrini, 2006; Steele et al., 
2005; Tobin, Pope, Pellegrini, Emond, Sillery, & Raghu, 1998; Ueda et al., 1992).  Genes that 
have been associated with the pathogenesis of IPF include surfactant protein C (Thomas et 
al., 2002), surfactant protein A2 (Nogee, Dunbar, Wert, Askin, Hamvas, & Whitsett, 2002; 
Wang et al., 2009), mucin 5B (MUC5B) (Seibold et al., 2011) and human telomerase reverse 
transcriptase (TERT) and telomerase RNA component (TERC) (Alder et al., 2008; Armanios 
et al., 2007; Cronkhite et al., 2008; Tsakiri et al., 2007).  
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orchestrated by chemokines, such as CCL2, CXCL1, CXCL8, and cytokines, such as TNF, 
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Mucous cell metaplasia is another important manifestation of COPD that results in mucus 
overproduction and airway obstruction in patients with chronic bronchitis. Consistent with 
this, expression of EGFRs and airway mucins are increased in airway epithelial cells of 
smokers, as compared with non-smokers (de Boer, Hau, van Schadewijk, Stolk, van Krieken, 
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and the production of reactive oxygen species to activate TNF-alpha converting enzyme 
(TACE, ADAM17), which induces mucin production via a pathway involving increased 
TGF- shedding and EGFR phosphorylation (Shao & Nadel, 2005). Binding of CCL20 to 
CCR6 has been shown to exaggerate EGFR-dependent MUC5AC production by human 
airway epithelial cells (Kim, Lewis, & Nadel, 2011). EGFR activation also participates in 
CXCL8 (IL-8) production by bronchial epithelial cells (Richter et al., 2002). Furthermore, 
EGFR signaling via STAT and Erk1/2 reduces expression of IL-8 and ICAM-1 by bronchial 
epithelial cells following rhinovirus infection, which is a common trigger of COPD 
exacerbations (Liu, Gualano, Hibbs, Anderson, & Bozinovski, 2008). The role of EGFR 
activation in airway mucin production and IL-8 expression suggests that EGFR blockade 
might be considered as a treatment approach for COPD. However, a clinical trial of an 
inhaled EGFR inhibitor (BIBW2948 BS) in 48 patients with COPD did not significantly 
decrease airway epithelial cell mucin stores and was also poorly tolerated (Woodruff et al., 
2010). Thus, additional studies will be required to establish whether there is a role for EGFR 
inhibition in the treatment of COPD. Lastly, COPD patients may develop NSCLC due to 
altered EGFR signaling and aberrant methylation, which may have a unique genetic profile 
compared to NSCLC patients without COPD (Suzuki et al., 2010). 
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Idiopathic pulmonary fibrosis (IPF) is a progressive lung disorder that is associated with a 
relentless deterioration in lung function and a median survival of only 2.5 to 3.5 years after 
diagnosis (King, Pardo, & Selman, 2011; Ley, Collard, & King, 2011). IPF has an estimated 
prevalence of 13 to 20 cases per 100,000 and has a higher predominance in men than women. 
In addition, the frequency of IPF increases with age, with disease typically occurring in 
patients greater than 50 years of age. The etiology of IPF may reflect a dysregulated airway 
epithelial cell repair response to repetitive injury, which causes apoptosis of epithelial and 
endothelial cells. This results in the release of pro-fibrotic mediators that mediate the 
migration and proliferation of mesenchymal cells, the formation of fibroblast/myofibroblast 
foci, alveolar destruction and excessive collagen deposition despite minimal inflammation. 
Various stimuli such as cigarette smoke, wood or metal dust, viral infection and gastro-
esophageal reflux/aspiration can contribute to the development of IPF (Iwai, Mori, Yamada, 
Yamaguchi, & Hosoda, 1994; Raghu, Yang, Spada, Hayes, & Pellegrini, 2006; Steele et al., 
2005; Tobin, Pope, Pellegrini, Emond, Sillery, & Raghu, 1998; Ueda et al., 1992).  Genes that 
have been associated with the pathogenesis of IPF include surfactant protein C (Thomas et 
al., 2002), surfactant protein A2 (Nogee, Dunbar, Wert, Askin, Hamvas, & Whitsett, 2002; 
Wang et al., 2009), mucin 5B (MUC5B) (Seibold et al., 2011) and human telomerase reverse 
transcriptase (TERT) and telomerase RNA component (TERC) (Alder et al., 2008; Armanios 
et al., 2007; Cronkhite et al., 2008; Tsakiri et al., 2007).  
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At present, there is no effective treatment for IPF. Only lung transplantation has reported to 
prolong survival (King et al., 2011). The finding that fibrogenic growth factors, such as TGF-
, PDGF, FGF and VEGF signal via RTKs has lead to the concept that TKIs might be utilized 
as a novel treatment approach for IPF (Downey, 2011).  Consistent with this, inhibition of 
pro-fibrotic signaling pathways mediated by TGF-, PDGF, FGF, IGF and VEGF can prevent 
matrix deposition and fibroblast proliferation (Abdollahi et al., 2005; Chaudhary et al., 2007; 
Choi et al., 2009). Furthermore, the EGFR inhibitor, gefitinib has been reported to prevent 
bleomycin-induced IPF in murine models (Ishii, Fujimoto, & Fukuda, 2006; Wang et al., 
2010), while gefitinib and erlotinib have been shown to reduce TGF--induced IPF in a 
murine model (Hardie et al., 2008). The role of TKIs for the treatment of IPF has been 
investigated in clinical trials. A recent multicenter, double-blind trial of imatinib in 119 
patients with mild-to-moderate IPF did not improve survival or lung function (Daniels, 
Lasky, Limper, Mieras, Gabor, & Schroeder, 2010). In contrast, more promising results were 
reported by a recent 12-month, phase 2 clinical trial of 432 patients that investigated the 
efficacy of the TKI, BIBF 1120 (Indedanib), as compared to placebo (Richeldi et al., 2011). 
BIBF 1120 is a multi-receptor tyrosine kinase inhibitor that targets PDGFR, VEGFRs 1, 2 and 
3 and FGFRs 1, 2 and 3. This study found a trend towards a reduction in decline of lung 
function, with fewer acute exacerbations and preserved quality of life. This result suggests 
that TKIs that target multiple fibrogenic pathways might represent an efficacious treatment 
approach for IPF (Downey, 2011). This could represent a major advance for the treatment of 
IPF patients.    

4. Conclusion 
Activation of RTKs and non-RTKs play key roles in the pathogenesis of NSCLC and lung 
diseases, such as asthma, COPD and IPF. Although the TKI, erlotinib, has advanced to 
clinical practice as a second-line treatment for NSCLC, TKIs have not yet been shown to be 
effective for the treatment of severe asthma or COPD. Recent results, however, have 
suggested that use of a TKI that inhibits multiple tyrosine kinase targets, might slow disease 
progression in IPF. If confirmed to be efficacious, TKI treatment could represent a major 
advance for the treatment of this progressive and fatal lung disease. Thus, the future is 
bright as continued advances in the development of TKIs may lead to novel treatment 
approaches for patients with severe lung diseases with high associated mortalities, such as 
IPF and NSCLC. Furthermore, personalizing TKI therapy to target specific RTKs and non-
RTKs that mediate disease pathogenesis may allow for more accurate treatment and reduce 
unwanted off-target effects.  
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At present, there is no effective treatment for IPF. Only lung transplantation has reported to 
prolong survival (King et al., 2011). The finding that fibrogenic growth factors, such as TGF-
, PDGF, FGF and VEGF signal via RTKs has lead to the concept that TKIs might be utilized 
as a novel treatment approach for IPF (Downey, 2011).  Consistent with this, inhibition of 
pro-fibrotic signaling pathways mediated by TGF-, PDGF, FGF, IGF and VEGF can prevent 
matrix deposition and fibroblast proliferation (Abdollahi et al., 2005; Chaudhary et al., 2007; 
Choi et al., 2009). Furthermore, the EGFR inhibitor, gefitinib has been reported to prevent 
bleomycin-induced IPF in murine models (Ishii, Fujimoto, & Fukuda, 2006; Wang et al., 
2010), while gefitinib and erlotinib have been shown to reduce TGF--induced IPF in a 
murine model (Hardie et al., 2008). The role of TKIs for the treatment of IPF has been 
investigated in clinical trials. A recent multicenter, double-blind trial of imatinib in 119 
patients with mild-to-moderate IPF did not improve survival or lung function (Daniels, 
Lasky, Limper, Mieras, Gabor, & Schroeder, 2010). In contrast, more promising results were 
reported by a recent 12-month, phase 2 clinical trial of 432 patients that investigated the 
efficacy of the TKI, BIBF 1120 (Indedanib), as compared to placebo (Richeldi et al., 2011). 
BIBF 1120 is a multi-receptor tyrosine kinase inhibitor that targets PDGFR, VEGFRs 1, 2 and 
3 and FGFRs 1, 2 and 3. This study found a trend towards a reduction in decline of lung 
function, with fewer acute exacerbations and preserved quality of life. This result suggests 
that TKIs that target multiple fibrogenic pathways might represent an efficacious treatment 
approach for IPF (Downey, 2011). This could represent a major advance for the treatment of 
IPF patients.    

4. Conclusion 
Activation of RTKs and non-RTKs play key roles in the pathogenesis of NSCLC and lung 
diseases, such as asthma, COPD and IPF. Although the TKI, erlotinib, has advanced to 
clinical practice as a second-line treatment for NSCLC, TKIs have not yet been shown to be 
effective for the treatment of severe asthma or COPD. Recent results, however, have 
suggested that use of a TKI that inhibits multiple tyrosine kinase targets, might slow disease 
progression in IPF. If confirmed to be efficacious, TKI treatment could represent a major 
advance for the treatment of this progressive and fatal lung disease. Thus, the future is 
bright as continued advances in the development of TKIs may lead to novel treatment 
approaches for patients with severe lung diseases with high associated mortalities, such as 
IPF and NSCLC. Furthermore, personalizing TKI therapy to target specific RTKs and non-
RTKs that mediate disease pathogenesis may allow for more accurate treatment and reduce 
unwanted off-target effects.  
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1. Introduction 
Myotonic dystrophy protein kinase (DMPK) is a member of the AGC super family of 
serine/threonine protein kinases (Caenepeel et al., 2004; Manning et al., 2002). The DMPK 
human gene encodes several alternative spliced protein products believed to be involved in 
remodeling of the actin cytoskeleton, mitochondrial dynamics, ion homeostasis and nuclear 
envelope stability. DMPK and its isoforms are mainly expressed in skeletal, heart and 
smooth muscle, and brain, the main targets of myotonic dystrophy type 1 (DM1) (Groenen 
et al., 2000; Ueda et al., 2000). DM1 is the most common form of muscular dystrophy in 
adults with a frequency of 1 in 8,000 individuals worldwide. It is a multisystem dominantly 
inherited disorder characterized by myotonia, progressive muscular weakness and wasting, 
cardiac defects, cataracts and frontal balding, as well as several central nervous system 
(CNS) manifestations (Harper et al., 2002). The disease is caused by the expansion of an 
unstable (CTG)n repeat in the 3’-untranslated region (3’-UTR) of the DMPK gene (Brook et 
al., 1992; Fu et al., 1992; Mahadevan, M. et al., 1992). In healthy population the CTG tract is 
polymorphic with alleles ranging from 5 to 37 in length. Individuals carrying the DM1 
premutation, a tract between 38 and 49 CTG repeats, generally are asymptomatic but are at 
risk of transmitting a pathological expanded mutation. In contrast, a CTG expansion 
between 50 and 4000 CTG repeats results in DM1 disease. Affected families show the 
phenomenon of anticipation; longer expansions correlate with an earlier age of onset and 
more severe course in subsequent generations. Based on their clinical presentation DM1 is 
classified into four subtypes: late onset, classic DM1, childhood onset and congenital DM1 
(CDM) (Harley et al., 1992). An RNA-mediated dominant gain-of-function is currently 
accepted as the pathogenic mechanism to explain features of the DM1. DMPK toxic 
transcripts accumulate as nuclear foci (Davis et al., 1997; Taneja et al., 1995), interfering with 
the activity of RNA-interacting proteins and altering RNA metabolism, notably the splicing 
programme (Ranum & Day, 2004). Although reduced DMPK protein levels in DM1 tissues 
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polymorphic with alleles ranging from 5 to 37 in length. Individuals carrying the DM1 
premutation, a tract between 38 and 49 CTG repeats, generally are asymptomatic but are at 
risk of transmitting a pathological expanded mutation. In contrast, a CTG expansion 
between 50 and 4000 CTG repeats results in DM1 disease. Affected families show the 
phenomenon of anticipation; longer expansions correlate with an earlier age of onset and 
more severe course in subsequent generations. Based on their clinical presentation DM1 is 
classified into four subtypes: late onset, classic DM1, childhood onset and congenital DM1 
(CDM) (Harley et al., 1992). An RNA-mediated dominant gain-of-function is currently 
accepted as the pathogenic mechanism to explain features of the DM1. DMPK toxic 
transcripts accumulate as nuclear foci (Davis et al., 1997; Taneja et al., 1995), interfering with 
the activity of RNA-interacting proteins and altering RNA metabolism, notably the splicing 
programme (Ranum & Day, 2004). Although reduced DMPK protein levels in DM1 tissues 
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are well described (Fu et al., 1993; Hofmann-Radvanyi et al., 1993; Krahe et al., 1995; Novelli 
et al., 1993), the specific role of DMPK in the pathogenesis of the disease is not completely 
understood. Studies focused on the biology of this protein had received little attention, as 
protein product of DMPK gene seemed to have no direct role in the disease. Identification of 
novel DMPK targets, and comparative differences of DMPK isoforms have started to emerge 
(Groenen et al., 2000; Kaliman & Llagostera, 2008; Mulders et al., 2011; Oude Ophuis et al., 
2009a; van Herpen et al., 2005). This chapter offers the current knowledge about the 
structure, expression patterns and function of DMPK and its isoforms. A better 
understanding of DMPK biology will enable us to speculate how this protein could be 
involved in the pathophysiology of DM1.  

2. Myotonic Dystrophy Protein Kinase gene 
2.1 Localization and structure of the DMPK gene  

The DMPK human gene is located on the long (q) arm of chromosome 19 at position 13.3 
covering 13 kb in length. The gene is composed of 15 exons coding a full-length protein of 
692 amino acids with a composite domain structure. The DMPK gene is transcribed in the 
telomere-to-centromere orientation, giving rise to a set of primary transcripts that are subject 
to extensive alternative splicing (Figure 1). The (CTG)n repeat lies within the 3’-UTR of the 
gene, in the exon 15 downstream of the translation stop signal, and approximately 500 bp 
upstream of the poly (A) signal (Groenen et al., 2000; Jansen et al., 1992; Mahadevan, M.S. et 
al., 1993).  

Characterization of the promoter region has showed that DMPK gene contains a conserved 
GC box to which the transcription factor Sp1 binds. Four E-box elements within the first 
intron mediate interactions with upstream promoter elements to up-regulate its 
transcription in myoblast (Storbeck et al., 1998).  The (CTG)n repeat tract is located in a gene-
dense region; in fact the expansion overlaps with the promoter region of the downstream 
neighboring SIX5 gene. SIX5 expression is needed for eye development in the fruit fly and 
regulates distal limb muscle development in the mouse (Otten & Tapscott, 1995; Ranum & 
Day, 2004; Wang et al., 1994). In DM1 an anti-sense DMPK transcript is originated from SIX5 
regulatory region. This transcript extends into an insulator element on the 3’UTR of DMPK 
regulating the environmental chromatin structure of the region (Cho et al., 2005).  

2.2 Alternative splicing and DMPK isoforms 

Initial bioinformatic analysis of the DMPK gene, and subsequent expression studies have 
demonstrated that six major DMPK isoforms can arise in both humans and mice as a 
result of extensive alternative splicing. In the full-length polypeptide, four distinct 
domains can be distinguished: a leucine-rich N terminus comprised by 40 amino acid that 
are shared by all DMPK isoforms, a serine/threonine protein kinase domain specified by 
exons 2 to 8, an -helical coiled-coil region encoded by the exons 9 to 12, the VSGGG 
motif and a the C terminus. The presence of VSGGG motif and the nature of the C-
terminus, the most important distinction among DMPK isoforms, are both determined by 
alternative splicing (Groenen et al., 2000; Jansen et al., 1992; Mahadevan, M.S. et al., 1993) 
(Figure 1).  
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Fig. 1. The human DMPK gene and its splicing isoforms. (A) DMPK gene is composed of 15 
exons, represented by rectangles. The (CTG)n expansion mutation over exon 15 is shown. 
Exons that are subject to alternative splicing are also indicated. (B) Schematic representation 
of the protein domain organization of the DMPK isoforms. All isoforms have a leucine-rich 
N-terminus domain (LRD), a serine/threonine protein kinase domain (PDK), a VSGGG 
motif, and an -helical coiled-coil domain. C-terminal tail is specific to each isoform and 
determines their subcellular localization. 

It can be distinguished DMPK isoforms with (A to D isoforms) or without a C-terminal 
extension (DMPK E and F). The alternative splice of the first four nucleotides of exon 14 
produces two different open reading frames (ORFs) encoding proteins with C-terminal tail 1 
or 2. An additional C-terminal with tail 3 is originated by the direct joining of exons 12 and 
15 sequences, due to the splicing of exons 13-14. In this case, an ORF with stop codon at the 
beginning of exon 15 is generated. Altogether, the six distinct isoforms constitutes the 
DMPK profile in different cell types and tissues.  

As predicted, the alternative splicing of DMPK pre-mRNA determines the structure and 
function of DMPK products. For instance, the inclusion of exon 14 generates ~ 70-kDa 
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proteins with a hydrophobic C terminus carrying the tail 1 (isoforms A and B), whereas 
exclusion of the first four nucleotides from this exon results in the production of ~ 70-kDa 
proteins with less hydrophobic C terminus carrying the tail 2 (isoforms C and D). The 
presence of both tail 1 and tail 2 confers to the protein the capacity to anchor into 
membranes of endoplasmic reticulum and mitochondria. In contrast, isoforms with tail 3 as 
C terminus (isoforms E and F) adopt a cytosolic localization (van Herpen et al., 2005; 
Wansink et al., 2003). Interestingly, a tissue-specific expression pattern of DMPK isoforms 
have been showed in brain and smooth, cardiac and skeletal muscle.  

There is a cryptic splice acceptor site in exon 15 of the human DMPK gene that defines the 
inclusion of an additional exon (exon 16). The fusion between exons 14 and 16 results in 
removal of the 5’ part of exon 15, including the (CUG)n repeat, generating the so-called 
DMPK G isoform. This transcript encodes a ~ 69-kDa protein with a unique C-terminal tail 
(tail 4). Because of the absence of the (CUG)n repeat, DMPK G transcripts can freely exit the 
nucleus, which might result in efficient DMPK G expression in DM1 cells (Tiscornia & 
Mahadevan, 2000; Wansink et al., 2003).  

3. The DMPK family of proteins  
DMPK belongs to the AGC super family of related serine/threonine protein kinases 
(Caenepeel et al., 2004; Manning et al., 2002). DMPK shows higher homology with myotonic 
dystrophy kinase-related Cdc42-binding kinases (MRCKs), comprise by MRCK, MRCK 
and MRCKproteins (Figure 2). Regarding to the DMPK kinase domain, there is a 60% of 
sequence identity between DMPK and MRCKs (Leung et al., 1998; Ng et al., 2004). DMPK is 
closely related to the Rho-associated kinases I and II (ROCK1/ROCK2), with 45 and 43% 
identity respectively (Riento & Ridley, 2003), as well as to citron kinase (CRIK), with about 
41% sequence identity (Madaule et al., 1998). DMPK is also related in a lower degree to the 
NDR family (consisting of NDR1, NDR2) and Lat’s proteins (Lat 1 or Lat 2), and more 
distantly, to PKA, PKB (Akt), and PKC, the archetypes of the AGC group (Caenepeel et al., 
2004; Manning et al., 2002). 

3.1 Structural domains of DMPK  

All DMPK family members are composed of the four following domains: an N terminal 
leucine-rich domain, a kinase domain, an -helical coiled-coil region, and the C-terminal 
domain (Groenen et al., 2000; Mahadevan, M.S. et al., 1993) (Figure 1). DMPK and other 
family members have important differences among them, mainly in their size and overall 
protein domain composition. MRCKs, ROCKs and CRIK contain a number of additional 
domains with distinct functions, such as the GTPase binding domain, the pleckstrin 
homology domain (PH), the cysteine-rich domain and the citron homology domain (CNH), 
as shown in the Figure 2 (Riento & Ridley, 2003; Zhao & Manser, 2005). Both DMPK and 
ROCKs are able to form dimmers. Structural studies on DMPK, ROCKs, and MRCK have 
shown that dimerization depends on the regions N- and C-terminal immediately adjacent to 
the kinase domain (Doran et al., 2004; Garcia et al., 2006; Jacobs et al., 2006; Tan et al., 2001). 
DMPK is regulated by activation loop phosphorylation, dimerization and trans-
autophosphorylation (Elkins et al., 2009). Although specific sites have not yet been 
identified, the residues Ser234, Thr240 and Thr403 conserved in DMPK and MRCKs, are 
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probably implicated in DMPK activation (Tan et al., 2001; Wansink et al., 2003). In the 
following sections, the structural domains that comprise DMPK are described in detail. 

3.1.1 Lucine-Rich Domain 

In DMPK, the Leucine-Rich Domain (LRD) encodes a peptide of approximately 70 amino 
acids, in which, almost every fourth amino acid is a leucine. This domain constitutes a 
highly non-polar amino-terminal region that is constant in all DMPK isoforms, and presents 
93% of sequence identity between human and mouse forms. This high degree of interspecies 
conservation suggests a potential role for this domain in DMPK activity (van der Ven et al., 
1993; Waring et al., 1996). A segment of this region conforms the leucine zipper motif, which 
is conserved in all DMPK family members. Although the MRCK and ROCK-II leucine 
zipper motifs mediate the dimerization, or even oligomerization, of GTPase-regulated 
kinases, the DMPK leucine zipper motif seems not to be involved in multimerization (Bush 
et al., 2000; Zhang & Epstein, 2003). Then, the specific role played by the DMPK N-terminal 
leucine-rich domain remains to be revealed. In many cases, protein kinase activity is 
modulated by domains flanking the catalytic domain (Manning et al., 2002). Therefore, it is 
thought that the leucine-rich domain may regulate the DMPK kinase activity, due to its 
proximity to the serine/threonine protein domain. The leucine-rich domain might link 
DMPK to signaling modules, or alternatively may help DMPK to localize to specific 
subcellular compartments (Manning et al., 2002). Further studies are necessary to clarify the 
functional activity of this domain.  

 
Fig. 2. Domain organization of DMPK and five major AGC proteins closely related. All 
proteins present a N-terminal leucine-rich domain (LRD), a protein kinase domain (PKD) 
and a C-terminal domain (C); most of them present also a coiled coil domain. AGC proteins 
have some domains that are distinctive of certain members, such as protein kinase C 
conserved region 1 domain or cysteine-rich domain (C1), pleckstrin homology domain (PH), 
citron homology domain (CNH), P21 Rho binding domain (PBD), Rho effector domain 
(HR1) and ubiquitin-associated domain (UBA).   



 
Advances in Protein Kinases 216 

proteins with a hydrophobic C terminus carrying the tail 1 (isoforms A and B), whereas 
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presence of both tail 1 and tail 2 confers to the protein the capacity to anchor into 
membranes of endoplasmic reticulum and mitochondria. In contrast, isoforms with tail 3 as 
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41% sequence identity (Madaule et al., 1998). DMPK is also related in a lower degree to the 
NDR family (consisting of NDR1, NDR2) and Lat’s proteins (Lat 1 or Lat 2), and more 
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probably implicated in DMPK activation (Tan et al., 2001; Wansink et al., 2003). In the 
following sections, the structural domains that comprise DMPK are described in detail. 

3.1.1 Lucine-Rich Domain 
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1993; Waring et al., 1996). A segment of this region conforms the leucine zipper motif, which 
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zipper motifs mediate the dimerization, or even oligomerization, of GTPase-regulated 
kinases, the DMPK leucine zipper motif seems not to be involved in multimerization (Bush 
et al., 2000; Zhang & Epstein, 2003). Then, the specific role played by the DMPK N-terminal 
leucine-rich domain remains to be revealed. In many cases, protein kinase activity is 
modulated by domains flanking the catalytic domain (Manning et al., 2002). Therefore, it is 
thought that the leucine-rich domain may regulate the DMPK kinase activity, due to its 
proximity to the serine/threonine protein domain. The leucine-rich domain might link 
DMPK to signaling modules, or alternatively may help DMPK to localize to specific 
subcellular compartments (Manning et al., 2002). Further studies are necessary to clarify the 
functional activity of this domain.  

 
Fig. 2. Domain organization of DMPK and five major AGC proteins closely related. All 
proteins present a N-terminal leucine-rich domain (LRD), a protein kinase domain (PKD) 
and a C-terminal domain (C); most of them present also a coiled coil domain. AGC proteins 
have some domains that are distinctive of certain members, such as protein kinase C 
conserved region 1 domain or cysteine-rich domain (C1), pleckstrin homology domain (PH), 
citron homology domain (CNH), P21 Rho binding domain (PBD), Rho effector domain 
(HR1) and ubiquitin-associated domain (UBA).   
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3.1.2 Protein kinase domain 

The catalytic domain between residues 70 and 349 carries out the kinase function. This 
domain transfers the gamma phosphate from nucleoside triphosphate (ATP) to the hydroxyl 
group of serine or threonine residues on the target protein, which results in a 
conformational change that affects protein function. Serine/Threonine protein kinase 
domain has eleven major conserved subdomains, separated by regions of lower 
conservation (Hanks & Hunter, 1995). In the active conformation, the kinase domain folds in 
a structure of two lobes: an N-terminal lobe formed by  sheets with a single  helices (B 
and C helices) and a larger C-terminal lobe containing mainly  helices and the activation 
loop (Huse & Kuriyan, 2002; Krupa et al., 2004; Nolen et al., 2004). Activation loop 
phosphorylation and autophosphorylation of DMPK induce a conformational change that 
stabilizes the kinase domain in an open conformation permissive for substrate binding. The 
ATP binding site is situated in the cleft at the interface of the N-terminal and C-terminal 
lobes. This highly conserved region creates the phosphate-binding loop site (P-loop), that is 
a glycine-rich GXGXG consensus sequence (with  usually being phenylalanine or 
tyrosine) (Hanks & Hunter, 1995). DMPK is also known as a Lys/Arg-directed kinase. An 
invariant lysine (Lys100) in the ATP binding region makes contact with the  and -
phosphates of ATP, promoting in coordination with the P-loop the phosphotransfer from 
ATP (Wansink et al., 2003).  

It is generally accepted that, in the nonphosphorylated state, activation loop folds into the 
active site blocking the binding of ATP and peptide substrate (Adams, 2003; Hanks & 
Hunter, 1995; Johnson et al., 1996). However, mass spectrometry of crystallized recombinant 
DMPK (unphosphorylated) has showed that activation loop occupies a well-ordered 
conformation that does not impede access to the nucleotide or substrates binding sites, 
resembling an active conformation (Elkins et al., 2009). A conserved structure in DMPK and 
ROCK1, the EF/F loop, interact with the activation loop to stabilize this active 
conformation. Also important for catalysis is the position of helix C in close proximity to 
the active site. This helix is highly structured, unlike the structures of several inactive 
kinases, and formation of a bridge between C and 3 (residues Glu119 and Lys100 of 
DMPK) is an indicator of the active kinase conformation. This suggests that DMPK could be 
active without phosphorylation, however there is still the question of what the structural 
impact of phosphorylation at the conserved phosphorylation sites (Ser234, Thr240 and 
Thr403) would be (Elkins et al., 2009).  

3.1.3 The VSGGG Motif 

The VSGGG motif is unique among DMPK-related kinases. As previously mentioned, the 
presence of this pentapeptide is defined by alternative splicing, and is found in A, C, E and 
G DMPK isoforms (Figure 2) (Wansink et al., 2003). It has been shown that VSGGG motif 
modulates DMPK autophosphorylation activity, an event that is usually required to regulate 
activity of many protein kinases (Johnson et al., 1996; van Herpen et al., 2005). The presence 
of Serine 379 in the VSGGG motif has a marked effect on the conformational state of the 
protein but it is not clear whether the presence of the motif increases the kinase activity by 
stabilization of the active conformation, or if the motif makes a turn-motif serine/threonine 
more available for autophosphorylation. Interestingly, it has been showed that DMPK 
isoforms lacking the VSGGG motif (B, D, and F) are also phosphorylated in this region. 

Myotonic Dystrophy Protein Kinase: Structure, Function and  
Its Possible Role in the Pathogenesis of Myotonic Dystrophy Type 1 219 

Adjacent sequences the VSGGG motif may be used as phosphoracceptors (residues Thr375 
or Thr379) or a different conformational regulation is possibly taking place.  

3.1.4 Coiled-coil region 

The coiled-coil domain is a common structural motif, formed by approximately 5% of all 
amino acids in proteins (Wolf et al., 1997), including transcription factors, signaling enzymes 
and motor proteins. Typically, it consists of two to five -helices wrapped around each other 
into a left-handed helix to form a supercoil. Whereas regular-helices go through 3.6 
residues for each complete turn, the distortion imposed upon each helix within a left-
handed coiled-coil in DMPK lowers this value to around 3.5 residues. Thus a heptad repeat 
(seven residues) occurs every two turns of the helix (Landschulz et al., 1988; Lupas, 1996). 

The most commonly observed type of coiled-coil is left-handed, with anywhere from two (in 
designed coiled-coils) to 200 of these repeats in a protein (Burkhard et al., 2001; Kohn et al., 
1997). The heptad repeat is commonly denoted (a-b-c-d-e-f-g)n in one helix, and (a’-b’-c’-d’-
e’-f’-g’)n in the other one (Lupas, 1996; Mason & Arndt, 2004). In this model, a and d are 
typically nonpolar core residues found at the interface of the two helices, whereas e and g 
are solvent exposed polar residues that give specificity between the two helices through 
electrostatic interactions. Interactions between a-a’ and d-d’ helices drive the “hydrophobic 
collapse” and formation of the supercoil, whereas e-g’ and g-e’ ionic interactions determine 
the specificity of the interhelical interaction (Mason & Arndt, 2004). 

In DMPK the coiled-coil domain consist of only ~9 heptad repeats, containing 
approximately 65 amino acids. The DMPK coiled-coil domain is smaller than that of other 
AGC family members (Figure 2). DMPK isoforms could form high-molecular-weight 
complexes, due to homo- and heteromultimerization of up to 10 DMPK molecules (Bush et 
al., 2000; Zhang & Epstein, 2003). This multimerization is mediated by coiled-coil 
interactions, and occurs independently of alternatively spliced protein segments or DMPK 
activity (van Herpen et al., 2005). When a coiled-coil heptad repeat is mutated to glycines, 
the coiled-coil mutants are still capable of autophosphorylation and transphosphorylation, 
but the rates of their kinase activities are significantly lowered. Furthermore, it has been 
shown that the coiled-coil domain is important for the cellular localization of DMPK 
mitochondrial isoforms (van Herpen et al., 2005). In summary, the coiled-coil domain is 
involved in DMPK multimerization, substrate binding, kinase activity and subcellular 
localization. 

3.1.5 C-terminal domain 

The C-terminal domain appears to play an autoinhibitory role as C-terminally truncated 
DMPK activity is increased by 3-fold for MBP and 10-fold for myosin phosphatase target 
subunit (MYPT1). This inhibitory activity is mapped in the residues 550 to 629, which has 
also been implicated in oligomerization (Bush et al., 2000; Wansink et al., 2003).  

Interestingly, alternative splicing affecting the C-terminal domain appears to determine the 
subcellular localization of DMPK isoforms (Groenen et al., 2000). DMPK isoforms with long 
C-terminal domain (DMPK A to D) anchor into membranes of the endoplasmic reticulum or 
mitochondria, whereas isoforms with no C-terminal extension (DMPK E and F) adopt a 
cytosolic localization. 
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The structure of DMPK illustrates that the most varied part of AGC proteins is the long C-
terminal domain, compared with the structure of the closely related ROCKs, MRCKs and 
CRIK. Long C-terminal domain containing 96 and 97 amino acids, are named as tail 1 and 
tail 2, respectively. These tails are characterized by unique structures without homology to 
any other protein and by a single C-terminal hydrophobic stretch. The presence of tail 1 
anchored DMPK A and DMPK B into membranes of the endoplasmic reticulum, whereas 
tail 2 is responsible for DMPK association with the mitochondrial outer membrane (van 
Herpen et al., 2005; Wansink et al., 2003) (Figure 2). Interestingly, presence of the coiled-coil 
region in DMPK C and DMPK D is essential for tail 2 to target isoforms to the mitochondrial 
membrane. Not much is known about the relationship between tail anchor structure and 
membrane specificity, and its avidity for lipid composition. A specific role of the signal 
recognition particle for targeting of similar proteins to the ER has been reported (Abell et al., 
2004), but detailed insight on the mechanism of membrane insertion is currently lacking. 
Data from various studies suggest that shared structural elements in the C terminal reflect 
the only critical features implicated in membrane selectivity. For instance, the fact that 
amino acids in the DMPK A tail are all neutral is consistent with this observation, and may 
determine binding strength. Taking these data together, we can conclude that the strong 
hydrophobic character of the DMPK A isoform constitutes the endoplasmic reticulum 
targeting signal. This is compatible with other studies showing that artificially engineered 
stretches of hydrophobic amino acids of different lengths can be sufficient for endoplasmic 
reticulum targeting (Whitley et al., 1996; Yang et al., 1997). On the contrary, targeting of 
DMPK C to the mitochondrial outer membrane seems to be more elaborate, and additional 
structural information is necessary to make conclusions.  

On the other hand, as showed figure 2, DMPK E and DMPK F isoforms do not contain the 
C-terminal domain. They present only two amino acids long segment, named tail 3, without 
any targeting information (Mulders et al., 2011; Whitley et al., 1996; Yang et al., 1997). 
Although the coiled-coil domain confers by itself no targeting properties, as evidenced from 
the cytosolic localization of DMPK E, the amino acid information in this domain seems to be 
a critical component for the correct association of DMPK C to the mitochondrial outer 
membrane. Finally, the minor human isoform DMPK G, which shows a cytosolic 
localization, has a C-Terminal domain with a function still unknown. Some authors have 
named this C-terminal domain as tail 4 (Wansink et al., 2003). Further studies are necessary 
to known in depth the impact of the C-terminal domain on DMPK isoforms cellular 
localization. 

4. Expression pattern of DMPK 
4.1 Tissue distribution of DMPK 

Expression data based on mRNA analysis (in-situ hybridization, northern blot and RT-PCR) 
have showed a wide expression profile of DMPK in mouse and human tissue samples. 
DMPK mRNA is highly expressed in skeletal, cardiac, and smooth muscle and at lesser 
extent in different brain areas. Others tissues and organs that express DMPK mRNA include 
bone, testis, eye, skin, thymus, lung and liver. In contrast, no expression of DMPK transcript 
is found in ovary, pancreas and kidney (Jansen et al., 1992; O'Cochlain et al., 2004; Sarkar et 
al., 2004). The production of DMPK antibodies by using peptides or recombinant DMPK 
protein as immunogen has made possible the detection of DMPK at protein level (Lam et al., 
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2000; Pham et al., 1998; Ueda et al., 2000). DMPK antibodies recognize protein products 
varying in size from ~42- to 84-kDa, being the smaller proteins (42- to 50-kDa) not real 
products of the DMPK gene (Lam et al., 2000; van der Ven et al., 1993). In general, mRNA 
and DMPK protein expression appear strongly correlated. Highest levels of DMPK gene 
products are found in smooth muscle (Jansen et al., 1992; O'Cochlain et al., 2004; Sarkar et 
al., 2004), heart and skeletal muscle (Groenen et al., 2000; Lam et al., 2000; O'Cochlain et al., 
2004; Sarkar et al., 2004). DMPK at protein level has also been identified in several brain 
regions (van der Ven et al., 1993) both in neurons and glia. Interestingly astrocytes from 
brain cortex show higher DMPK levels compared with neurons (Oude Ophuis et al., 2009a). 
DMPK transcripts and protein products are also detected in fetal eyes, adult retina, corneal 
epithelia and optic nerve (Winchester et al., 1999).  

Expression of DMPK during development has also been explored. DMPK expression is 
significantly increases in skeletal muscle between 9 and 16 weeks of human muscle 
development. The large increase in protein accumulation correlates with the formation of 
second-generation muscle fibers, and the major period of muscle formation. Increase in 
DMPK expression is also observed during in vitro myogenic differentiation (Furling et al., 
2003). In other studies, DMPK protein expression has been revealed in eye, skin and 
intestine chick embryos as well as in heart and skeletal muscle, specifically in postmitotic 
myocytes, where it activates myotubes formation (Harmon et al., 2008). In brain and spinal 
cord of rat, DMPK begins to be expressed after birth and increases gradually to peak at 
postnatal day 21 in many regions. After that and proceeding to the adult stage, DMPK 
expression becomes more restricted to certain cell groups like spinal motor neurons 
(Balasubramanyam et al., 1998). Immunoreactive neurons have been observed in the early 
fetal frontal cortex and cerebellar granule cell layer before 29 weeks of gestation (Endo et al., 
2000).  

Regarding the DMPK isoforms expression pattern, it has been showed that long membrane-
anchored isoforms are expressed in heart, diaphragm and skeletal muscle while short 
cytosolic isoforms are highly expressed in bladder and stomach. Interestingly, both long- 
and short-isoforms are expressed in diverse brain regions (Oude Ophuis et al., 2009a). Other 
reports have demonstrated that the four different ~74-kDa full-length DMPK isoforms are 
present in heart, skeletal muscle and brain, in contrast to the two C-terminally truncated 
~68-kDa isoforms that are restricted to smooth muscle and to a lesser extent at heart 
(Groenen et al., 2000).  

4.2 Differential subcellular localization 

Detailed analyses of the subcellular localization of DMPK isoforms carrying distinct C 
termini have been performed. By applying electron and confocal microscopy and 
immunodetection approaches after overexpressing individual isoforms in several cell types, 
it has been demonstrated that unique sequences arrangement in the C terminus tail of 
DMPK control the specificity of anchoring into intracellular membranes. DMPK E and F 
mouse isoforms carrying a truncated tail present an evident cytosolic localization. In 
contrast, DMPK A, B, C and D mouse isoforms carrying a hydrophobic tail are associated 
specifically with either the endoplasmic reticulum or the mitochondrial outer membrane. In 
agreement with this, the corresponding human DMPK A and C proteins localized to 
mitochondria. Furthermore, the expression of mouse and human DMPK A, but not DMPK C 
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myocytes, where it activates myotubes formation (Harmon et al., 2008). In brain and spinal 
cord of rat, DMPK begins to be expressed after birth and increases gradually to peak at 
postnatal day 21 in many regions. After that and proceeding to the adult stage, DMPK 
expression becomes more restricted to certain cell groups like spinal motor neurons 
(Balasubramanyam et al., 1998). Immunoreactive neurons have been observed in the early 
fetal frontal cortex and cerebellar granule cell layer before 29 weeks of gestation (Endo et al., 
2000).  

Regarding the DMPK isoforms expression pattern, it has been showed that long membrane-
anchored isoforms are expressed in heart, diaphragm and skeletal muscle while short 
cytosolic isoforms are highly expressed in bladder and stomach. Interestingly, both long- 
and short-isoforms are expressed in diverse brain regions (Oude Ophuis et al., 2009a). Other 
reports have demonstrated that the four different ~74-kDa full-length DMPK isoforms are 
present in heart, skeletal muscle and brain, in contrast to the two C-terminally truncated 
~68-kDa isoforms that are restricted to smooth muscle and to a lesser extent at heart 
(Groenen et al., 2000).  

4.2 Differential subcellular localization 

Detailed analyses of the subcellular localization of DMPK isoforms carrying distinct C 
termini have been performed. By applying electron and confocal microscopy and 
immunodetection approaches after overexpressing individual isoforms in several cell types, 
it has been demonstrated that unique sequences arrangement in the C terminus tail of 
DMPK control the specificity of anchoring into intracellular membranes. DMPK E and F 
mouse isoforms carrying a truncated tail present an evident cytosolic localization. In 
contrast, DMPK A, B, C and D mouse isoforms carrying a hydrophobic tail are associated 
specifically with either the endoplasmic reticulum or the mitochondrial outer membrane. In 
agreement with this, the corresponding human DMPK A and C proteins localized to 
mitochondria. Furthermore, the expression of mouse and human DMPK A, but not DMPK C 
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isoforms in mammalian cells caused clustering of ER or mitochondria. That means that 
DMPK has a possible role in organelle distribution and dynamics (van Herpen et al., 2005; 
Wansink et al., 2003). Subcellular localization of the DMPK protein during cardiac myocytes 
differentiation has been analyzed in chicken and mouse cardiac myoblast, and in C2C12 
cells transfected with a vector expressing the DMPK fused to the reporter protein GFP. The 
analysis revealed a shift in the DMPK subcellular localization during myogenesis, from the 
perinuclear region to the cellular membrane, suggesting the possibility that DMPK performs 
different roles during this process (Reddy et al., 1996). Electron microscopy analyses in adult 
rat spinal motor neurons reveal a localization of DMPK in the endoplasmic reticulum and 
dendritic microtubules, suggesting a function in membrane trafficking and secretion within 
neurons associated with cognition, memory, and motor control (Balasubramanyam et al., 
1998). In addition, multiple subcellular localizations have been assigned to DMPK, including 
neuromuscular and myotendinous junctions (Berul et al., 1999; Berul et al., 2000; Shimokawa 
et al., 1997) and terminal cisternae and intercalated discs of skeletal muscle sarcoplasmic 
reticulum (Benders et al., 1997; Pall et al., 2003; Saba et al., 1999). Furthermore, DMPK 
localization to gap junctions of the intercalated discs has been reported in the heart and 
Purkinje fibers (Kaliman et al., 2005; Mounsey et al., 2000b). 

5. DMPK function 
5.1 Transgenic and knockout mice 

In order to elucidate the DMPK function and its possible involvement in DM1 pathogenesis, 
several transgenic and knockout mice had been created. DMPK totally deficient (DMPK-/-) 
mice develop a late-onset and progressive skeletal myopathy showing variation in muscle 
fiber size, increased fiber degeneration and fibrosis with ultra structural changes, and a 50% 
decrease in force generation. Inconsistent and minor changes in head and neck muscle fibers 
in adult mouse are also shown (Jansen et al., 1996; Reddy et al., 1996). In addition, the 
DMPK-/- mouse shows cardiac conductions defects, which include first-, second-, and third-
degree atrioventricular (A–V) block in His-Purkinje regions. This effect demonstrates that 
conduction system is specifically compromised; supporting the idea that loss of DMPK 
plays a significant role in the cardiac DM1 phenotype (Berul et al., 1999; Berul et al., 2000). 
DMPK deficit also cause an enhanced basal contractility of single cardiomyocytes with 
associated increase in intracellular Ca2+, suggesting that DMPK has a modulator role in the 
control of intracellular Ca2+ concentration (Benders et al., 1997; Pall et al., 2003). In addition, 
hypophosphorylation of phospholamban (PLN), a muscle-specific sarcoplasmic reticulum 
Ca2+-ATPase (SERCA2a) inhibitor, causes a deregulation of Ca2+ uptake in sarcoplasmic 
reticulum vesicles of ventricular homogenates from DMPK-/- mice (Kaliman et al., 2005). An 
effect on Na+ current amplitude in DMPK-/- myocytes because of reduced channel number is 
also observed (Mounsey et al., 2000b; Reddy et al., 2002). Supporting this result, multiple 
late re-opening of Na+ channels is observed when DMPK is absent in both cardiac and 
skeletal muscles. This is reflected in a plateau of non-inactivating macroscopic Na+ current 
and prolongation of cardiac action potentials (Lee et al., 2003). Altogether these findings 
suggest the existence of a regulatory DMPK pathway for cardiac contractility, and provide a 
suitable molecular mechanism for DM1 heart pathology. A common feature in DM1 is 
insulin resistance, which is a major factor in the development of type 2 diabetes (Biddinger 
& Kahn, 2006). DMPK-/- mice exhibit impaired insulin signalling in muscle tissues but not in 
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adipocytes and liver. These mice also display metabolic derangements such as abnormal 
glucose tolerance, reduced glucose uptake and impaired insulin-dependent GLUT4 
trafficking in muscle. Altogether, these data indicate that reduced DMPK expression may 
directly influence the onset of insulin resistant in DM1 patients and suggest that DMPK 
could represent a gene of susceptibility to type 2-diabetes (Llagostera et al., 2007). 

A transgenic murine line overexpressing the complete human DMPK gene (Tg26-hDMPK) 
has been generated. In this animal model, skeletal muscle shows myopathy with myotonic 
discharges coupled with deficit in sarcolemmal chloride channels. Deficient exercise 
endurance, fiber degeneration and smooth muscle tone deficit with systemic hypotension 
are also present in the Tg26-hDMPK mouse. Heart from these mice develops 
cardiomyopathic remodeling and propensity for dysrhythmia, characterized by overt 
intracellular calcium overload that promotes nuclear translocation of transcription factors 
responsible for maladaptive gene reprogramming. The cumulative stress induced by 
permanent overexpression of DMPK gene products increases the risk of some distinctive 
muscle traits of DM1 (O'Cochlain et al., 2004). Additional overexpression studies using 
different transgenic lines show enhanced neonatal mortality in addition to hypertrophic 
cardiomyopathy (Jansen et al., 1996). In DM1, membrane inclusions accumulate in lens fiber 
cells producing cataracts. Overexpression of DMPK with enzymatic activity in epithelial 
lens cells led to apoptotic-like blebbing of plasma membrane and reorganization of the actin 
cytoskeleton. This may be relevant to the removal of membrane organelles, a necessary 
process during normal lens differentiation (Jin et al., 2000). 

5.2 DMPK function in muscle and brain tissues 

The function of DMPK protein is not completely understood yet, however, several reports 
have described the participation of this protein in different cellular processes notably in both 
muscle and brain tissues. 

DMPK has been described as an important factor during myogenesis. The differentiation 
process begins with the exit of the proliferating myoblast from the cell cycle and activation 
of the differentiation program throughout the expression of myogenic factors, such as MyoD 
and myogenin. Additionally, morphological changes are needed for myotube formation. 
Overexpression of DMPK in BC3H1 cells (Bush et al., 1996) or its depletion in C2C12 cells 
(Harmon et al., 2008) have demonstrated the role of DMPK as a regulator of myogenin 
expression during muscle differentiation. Overexpression of DMPK in chick cardiac and 
skeletal myocytes, and C2C12 cells provoked rounding cells that are brought to apoptosis, 
which suggest a pro-apoptotic role for DMPK. In addition, depletion of DMPK in C2C12 
cells prevented cell fusion, a necessary step for myotube formation (Harmon et al., 2008). As 
mentioned previously, DMPK knockout transgenic mice have been employed to study the 
function of DMPK. Disruption of normal muscle function both in muscle and heart is 
attributed to altered DMPK expression (Jansen et al., 1996; Reddy et al., 1996). CDM, the 
most severe form of DM1, is associated with several developmental defects that include 
delayed muscle development. Myoblasts from CDM embryos have a reduced capacity to 
differentiate, and interestingly, produce less than 50% of DMPK protein levels, implying a 
specific role for DMPK in embryonic myocyte development (Furling et al., 2001; Furling et 
al., 2003). Overall, these data suggest that DMPK is crucially involved in myogenesis. 
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isoforms in mammalian cells caused clustering of ER or mitochondria. That means that 
DMPK has a possible role in organelle distribution and dynamics (van Herpen et al., 2005; 
Wansink et al., 2003). Subcellular localization of the DMPK protein during cardiac myocytes 
differentiation has been analyzed in chicken and mouse cardiac myoblast, and in C2C12 
cells transfected with a vector expressing the DMPK fused to the reporter protein GFP. The 
analysis revealed a shift in the DMPK subcellular localization during myogenesis, from the 
perinuclear region to the cellular membrane, suggesting the possibility that DMPK performs 
different roles during this process (Reddy et al., 1996). Electron microscopy analyses in adult 
rat spinal motor neurons reveal a localization of DMPK in the endoplasmic reticulum and 
dendritic microtubules, suggesting a function in membrane trafficking and secretion within 
neurons associated with cognition, memory, and motor control (Balasubramanyam et al., 
1998). In addition, multiple subcellular localizations have been assigned to DMPK, including 
neuromuscular and myotendinous junctions (Berul et al., 1999; Berul et al., 2000; Shimokawa 
et al., 1997) and terminal cisternae and intercalated discs of skeletal muscle sarcoplasmic 
reticulum (Benders et al., 1997; Pall et al., 2003; Saba et al., 1999). Furthermore, DMPK 
localization to gap junctions of the intercalated discs has been reported in the heart and 
Purkinje fibers (Kaliman et al., 2005; Mounsey et al., 2000b). 

5. DMPK function 
5.1 Transgenic and knockout mice 

In order to elucidate the DMPK function and its possible involvement in DM1 pathogenesis, 
several transgenic and knockout mice had been created. DMPK totally deficient (DMPK-/-) 
mice develop a late-onset and progressive skeletal myopathy showing variation in muscle 
fiber size, increased fiber degeneration and fibrosis with ultra structural changes, and a 50% 
decrease in force generation. Inconsistent and minor changes in head and neck muscle fibers 
in adult mouse are also shown (Jansen et al., 1996; Reddy et al., 1996). In addition, the 
DMPK-/- mouse shows cardiac conductions defects, which include first-, second-, and third-
degree atrioventricular (A–V) block in His-Purkinje regions. This effect demonstrates that 
conduction system is specifically compromised; supporting the idea that loss of DMPK 
plays a significant role in the cardiac DM1 phenotype (Berul et al., 1999; Berul et al., 2000). 
DMPK deficit also cause an enhanced basal contractility of single cardiomyocytes with 
associated increase in intracellular Ca2+, suggesting that DMPK has a modulator role in the 
control of intracellular Ca2+ concentration (Benders et al., 1997; Pall et al., 2003). In addition, 
hypophosphorylation of phospholamban (PLN), a muscle-specific sarcoplasmic reticulum 
Ca2+-ATPase (SERCA2a) inhibitor, causes a deregulation of Ca2+ uptake in sarcoplasmic 
reticulum vesicles of ventricular homogenates from DMPK-/- mice (Kaliman et al., 2005). An 
effect on Na+ current amplitude in DMPK-/- myocytes because of reduced channel number is 
also observed (Mounsey et al., 2000b; Reddy et al., 2002). Supporting this result, multiple 
late re-opening of Na+ channels is observed when DMPK is absent in both cardiac and 
skeletal muscles. This is reflected in a plateau of non-inactivating macroscopic Na+ current 
and prolongation of cardiac action potentials (Lee et al., 2003). Altogether these findings 
suggest the existence of a regulatory DMPK pathway for cardiac contractility, and provide a 
suitable molecular mechanism for DM1 heart pathology. A common feature in DM1 is 
insulin resistance, which is a major factor in the development of type 2 diabetes (Biddinger 
& Kahn, 2006). DMPK-/- mice exhibit impaired insulin signalling in muscle tissues but not in 
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adipocytes and liver. These mice also display metabolic derangements such as abnormal 
glucose tolerance, reduced glucose uptake and impaired insulin-dependent GLUT4 
trafficking in muscle. Altogether, these data indicate that reduced DMPK expression may 
directly influence the onset of insulin resistant in DM1 patients and suggest that DMPK 
could represent a gene of susceptibility to type 2-diabetes (Llagostera et al., 2007). 

A transgenic murine line overexpressing the complete human DMPK gene (Tg26-hDMPK) 
has been generated. In this animal model, skeletal muscle shows myopathy with myotonic 
discharges coupled with deficit in sarcolemmal chloride channels. Deficient exercise 
endurance, fiber degeneration and smooth muscle tone deficit with systemic hypotension 
are also present in the Tg26-hDMPK mouse. Heart from these mice develops 
cardiomyopathic remodeling and propensity for dysrhythmia, characterized by overt 
intracellular calcium overload that promotes nuclear translocation of transcription factors 
responsible for maladaptive gene reprogramming. The cumulative stress induced by 
permanent overexpression of DMPK gene products increases the risk of some distinctive 
muscle traits of DM1 (O'Cochlain et al., 2004). Additional overexpression studies using 
different transgenic lines show enhanced neonatal mortality in addition to hypertrophic 
cardiomyopathy (Jansen et al., 1996). In DM1, membrane inclusions accumulate in lens fiber 
cells producing cataracts. Overexpression of DMPK with enzymatic activity in epithelial 
lens cells led to apoptotic-like blebbing of plasma membrane and reorganization of the actin 
cytoskeleton. This may be relevant to the removal of membrane organelles, a necessary 
process during normal lens differentiation (Jin et al., 2000). 

5.2 DMPK function in muscle and brain tissues 

The function of DMPK protein is not completely understood yet, however, several reports 
have described the participation of this protein in different cellular processes notably in both 
muscle and brain tissues. 

DMPK has been described as an important factor during myogenesis. The differentiation 
process begins with the exit of the proliferating myoblast from the cell cycle and activation 
of the differentiation program throughout the expression of myogenic factors, such as MyoD 
and myogenin. Additionally, morphological changes are needed for myotube formation. 
Overexpression of DMPK in BC3H1 cells (Bush et al., 1996) or its depletion in C2C12 cells 
(Harmon et al., 2008) have demonstrated the role of DMPK as a regulator of myogenin 
expression during muscle differentiation. Overexpression of DMPK in chick cardiac and 
skeletal myocytes, and C2C12 cells provoked rounding cells that are brought to apoptosis, 
which suggest a pro-apoptotic role for DMPK. In addition, depletion of DMPK in C2C12 
cells prevented cell fusion, a necessary step for myotube formation (Harmon et al., 2008). As 
mentioned previously, DMPK knockout transgenic mice have been employed to study the 
function of DMPK. Disruption of normal muscle function both in muscle and heart is 
attributed to altered DMPK expression (Jansen et al., 1996; Reddy et al., 1996). CDM, the 
most severe form of DM1, is associated with several developmental defects that include 
delayed muscle development. Myoblasts from CDM embryos have a reduced capacity to 
differentiate, and interestingly, produce less than 50% of DMPK protein levels, implying a 
specific role for DMPK in embryonic myocyte development (Furling et al., 2001; Furling et 
al., 2003). Overall, these data suggest that DMPK is crucially involved in myogenesis. 
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Ion homeostasis is a determinant mechanism regulated by membrane permeability to 
cations (Na+, Ca2+, K+) or anions (Cl-). Transmembrane ion flux is the predominant factor in 
controlling the excitation–contraction coupling mechanism. Alteration in the function of 
voltage-dependent L-type Ca2+ (the dihidropiridine receptor DHPR) and Na+ channels has 
been shown in DMPK mice models (Benders et al., 1997), which evidences the importance of 
DMPK in the maintenance of this homeostasis. That is consistent with the fact that DHPR is 
a target of DMPK and that its activity is altered in DMPK-/- cells (Benders et al., 1997). 
Reduction in Na+ current amplitude in DMPK-/- mice muscle has also been demonstrated 
(Mounsey et al., 2000b; Reddy et al., 2002). Furthermore, activity and membrane localization 
of chloride channel phospholemman (PLM), which regulates Cl- currents, is also modulated 
by DMPK (Mounsey et al., 2000a). All these data suggest that DMPK is involved in 
regulating the initial events of excitation–contraction coupling in skeletal muscle, and 
controlled then, ion homeostasis. In the other hand, proteins involved indirect or directly 
with the cytoskeleton (MYPT1 and SRF) and nuclear envelope (Lamin A/C) integrity were 
reported as DMPK partners (Harmon et al., 2011; Iyer et al., 2003; Muranyi et al., 2001), 
suggesting the participation of DMPK in these cellular processes.   

One of the most common DM1 alterations, the atrioventricular conduction block, was 
shown to be dependent on DMPK levels in a mechanism not yet understood (Berul et al., 
2000; Saba et al., 1999). In addition, DMPK-/- mice with cardiac contractility deregulation 
exhibit an impaired SERCA2a function. This ATPase is regulated by PLN protein, which is 
phosphorylated by DMPK (Kaliman et al., 2005). Furthermore, cardiac dysfunction, 
hypertrophic cardiomyopathy, propensity for dysrhythmia and enhanced neonatal 
mortality has been reported in the DMPK mice (O'Cochlain et al., 2004). Altogether, these 
findings delineate a feasible molecular mechanism for DM1 heart pathology.  

Participation of DMPK in DM1 brain physiology has also been reported. Mis-localization of 
DMPK occurs in DM1, and even at higher extent in the CDM (Endo et al., 2000). In the CNS an 
involvement of DMPK in important physiological processes has been suggested, including 
membrane trafficking and neuro-secretion. DMPK is expressed in a subpopulation of neurons 
associated with cognition, memory, and motor control. It is localized in the endoplasmic 
reticulum and dendritic microtubules within adult spinal motor neurons (Balasubramanyam 
et al., 1998). DMPK has been also associated with intracellular communication functions, due 
to its synaptic localization in cerebellum, hippocampus, midbrain and medulla (Whiting et al., 
1995). DMPK might contribute to synaptic plasticity and cognitive function via cytoskeletal 
remodeling. Long-term potentiation (LTP) is a use-dependent form of synaptic plasticity that 
contributes to the cellular basis of memory storage and other cognitive functions. Changes in 
the actin cytoskeleton are important for mechanisms underlying LTP including changes in 
synaptic and dendritic spine shapes (Engert & Bonhoeffer, 1999; Fischer et al., 2000; Kim & 
Lisman, 1999). Phosphorylation of myosin phosphatase by DMPK promotes an increase in the 
phosphorylation state of myosin, which supports the assembly and contractility of the actin 
cytoskeleton (Muranyi et al., 2001). Thus, deregulation of DMPK expression could influences 
directly on actin cytoskeleton remodeling (Jin et al., 2000). These data together with abnormal 
LTP measures in a DMPK null mice (Schulz et al., 2003) suggest that DMPK have a key role in 
synaptic plasticity in such a way that DMPK depletion might contribute to the cognitive 
dysfunction associated with CDM, which is characterized by strong motor function and brain 
disability.  
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5.3 DMPK-protein interactions and function 

DMPK protein is a serine/threonine kinase with preference for substrates with an arginine 
residue upstream of the phosphoacceptor site (serine or threonine), followed by a 
hydrophobic residue (usually leucine or valine), and another arginine (Bush et al., 2000). The 
consensus recognition motif on substrates -RxxS/TL/VR- is similar to that of PKC and 
CaMKII. DMPK has the capability to form multimeric complexes among individual 
molecules, as revealed by gel-filtration experiments on cell lysates expressing DMPK A, C, E 
or F isoforms (van Herpen et al., 2006). As remarked previously, coiled-coil domain 
mediates multimerization, which in turn modulates DMPK binding to substrate and 
phosphorylation. Multimerization also influences subcellular targeting properties of 
individual DMPK isoforms (van Herpen et al., 2006; Zhang & Epstein, 2003). On the other 
hand, DMPK targets are involved in important cell functions notably ion homeostasis and 
actin cytoskeleton remodeling (Table 1).  
 

PROTEIN NORMAL FUNCTION DM1 ASSOCIATED 
PHENOTYPE  

REFERENCES 

PLN Ion (Ca2+) homeostasis Cardiac contractility 
alterations 

(Kaliman et al., 
2005) 

PLM Ion (Cl-) homeostasis Myotonia (Mounsey et al., 
2000b) (Mounsey 
et al., 2000a) 

DHPR Ion (Ca2+) homeostasis Deregulation of 
excitation-contraction 
coupling 

(Benders et al., 
1997) (Timchenko, 
L. et al., 1995) 

MYPT Calcium sensitization 
Regulation of the 
cytoskeletal structure   

Calcium 
desensitization 
Cytoskeleton 
rearrangement defects 

(Muranyi et al., 
2001) (Mulders et 
al., 2011)  

SRF Alpha-actin gene 
transcription regulator 

Synaptic plasticity 
abnormalities 
Cataracts  

(Iyer et al., 2003) 
(Schulz et al., 2003) 
(Jin et al., 2000) 

Lamin A/C Nuclear envelope 
integrity  

Muscle wasting (Harmon et al., 
2011) 

CUG-BP Alternative splicing 
regulator  

Splicing alteration (Roberts et al., 
1997) 

ATP synthase 
α and  
Trifunctional 
enzyme  

Mitochondrial proteins  Mitochondrial 
morphology (?)                 

(Forner et al., 2010)  
(Oude Ophuis et 
al., 2009b) 

Table 1. Partners and phosphorylation targets of DMPK implicated in the DM1 phenotype. 

Cardiac contractility dysfunction is an alteration commonly present in DM1 patients and 
DMPK-/- mouse model. Cardiac contraction and relaxation cycle is an important cell process 
regulated by intracellular calcium levels. In cardiac sarcoplasmic reticulum, SERCA2a 
regulates the cytoplasmic levels of Ca2+, and SERCA2a in turn is tightly controlled by the 
sarcoplasmic reticulum membrane protein PLN. Hence, nonhosphorylated PLN inhibits 
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Ion homeostasis is a determinant mechanism regulated by membrane permeability to 
cations (Na+, Ca2+, K+) or anions (Cl-). Transmembrane ion flux is the predominant factor in 
controlling the excitation–contraction coupling mechanism. Alteration in the function of 
voltage-dependent L-type Ca2+ (the dihidropiridine receptor DHPR) and Na+ channels has 
been shown in DMPK mice models (Benders et al., 1997), which evidences the importance of 
DMPK in the maintenance of this homeostasis. That is consistent with the fact that DHPR is 
a target of DMPK and that its activity is altered in DMPK-/- cells (Benders et al., 1997). 
Reduction in Na+ current amplitude in DMPK-/- mice muscle has also been demonstrated 
(Mounsey et al., 2000b; Reddy et al., 2002). Furthermore, activity and membrane localization 
of chloride channel phospholemman (PLM), which regulates Cl- currents, is also modulated 
by DMPK (Mounsey et al., 2000a). All these data suggest that DMPK is involved in 
regulating the initial events of excitation–contraction coupling in skeletal muscle, and 
controlled then, ion homeostasis. In the other hand, proteins involved indirect or directly 
with the cytoskeleton (MYPT1 and SRF) and nuclear envelope (Lamin A/C) integrity were 
reported as DMPK partners (Harmon et al., 2011; Iyer et al., 2003; Muranyi et al., 2001), 
suggesting the participation of DMPK in these cellular processes.   

One of the most common DM1 alterations, the atrioventricular conduction block, was 
shown to be dependent on DMPK levels in a mechanism not yet understood (Berul et al., 
2000; Saba et al., 1999). In addition, DMPK-/- mice with cardiac contractility deregulation 
exhibit an impaired SERCA2a function. This ATPase is regulated by PLN protein, which is 
phosphorylated by DMPK (Kaliman et al., 2005). Furthermore, cardiac dysfunction, 
hypertrophic cardiomyopathy, propensity for dysrhythmia and enhanced neonatal 
mortality has been reported in the DMPK mice (O'Cochlain et al., 2004). Altogether, these 
findings delineate a feasible molecular mechanism for DM1 heart pathology.  

Participation of DMPK in DM1 brain physiology has also been reported. Mis-localization of 
DMPK occurs in DM1, and even at higher extent in the CDM (Endo et al., 2000). In the CNS an 
involvement of DMPK in important physiological processes has been suggested, including 
membrane trafficking and neuro-secretion. DMPK is expressed in a subpopulation of neurons 
associated with cognition, memory, and motor control. It is localized in the endoplasmic 
reticulum and dendritic microtubules within adult spinal motor neurons (Balasubramanyam 
et al., 1998). DMPK has been also associated with intracellular communication functions, due 
to its synaptic localization in cerebellum, hippocampus, midbrain and medulla (Whiting et al., 
1995). DMPK might contribute to synaptic plasticity and cognitive function via cytoskeletal 
remodeling. Long-term potentiation (LTP) is a use-dependent form of synaptic plasticity that 
contributes to the cellular basis of memory storage and other cognitive functions. Changes in 
the actin cytoskeleton are important for mechanisms underlying LTP including changes in 
synaptic and dendritic spine shapes (Engert & Bonhoeffer, 1999; Fischer et al., 2000; Kim & 
Lisman, 1999). Phosphorylation of myosin phosphatase by DMPK promotes an increase in the 
phosphorylation state of myosin, which supports the assembly and contractility of the actin 
cytoskeleton (Muranyi et al., 2001). Thus, deregulation of DMPK expression could influences 
directly on actin cytoskeleton remodeling (Jin et al., 2000). These data together with abnormal 
LTP measures in a DMPK null mice (Schulz et al., 2003) suggest that DMPK have a key role in 
synaptic plasticity in such a way that DMPK depletion might contribute to the cognitive 
dysfunction associated with CDM, which is characterized by strong motor function and brain 
disability.  
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residue upstream of the phosphoacceptor site (serine or threonine), followed by a 
hydrophobic residue (usually leucine or valine), and another arginine (Bush et al., 2000). The 
consensus recognition motif on substrates -RxxS/TL/VR- is similar to that of PKC and 
CaMKII. DMPK has the capability to form multimeric complexes among individual 
molecules, as revealed by gel-filtration experiments on cell lysates expressing DMPK A, C, E 
or F isoforms (van Herpen et al., 2006). As remarked previously, coiled-coil domain 
mediates multimerization, which in turn modulates DMPK binding to substrate and 
phosphorylation. Multimerization also influences subcellular targeting properties of 
individual DMPK isoforms (van Herpen et al., 2006; Zhang & Epstein, 2003). On the other 
hand, DMPK targets are involved in important cell functions notably ion homeostasis and 
actin cytoskeleton remodeling (Table 1).  
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Cardiac contractility dysfunction is an alteration commonly present in DM1 patients and 
DMPK-/- mouse model. Cardiac contraction and relaxation cycle is an important cell process 
regulated by intracellular calcium levels. In cardiac sarcoplasmic reticulum, SERCA2a 
regulates the cytoplasmic levels of Ca2+, and SERCA2a in turn is tightly controlled by the 
sarcoplasmic reticulum membrane protein PLN. Hence, nonhosphorylated PLN inhibits 
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SERCA2a function, whereas phosphorylated PLN reverse such inhibition (Frank et al., 2003; 
MacLennan & Kranias, 2003). It has been reported that PLN is a target of PKA kinase and 
CaMKII. However, Kaliman and co-workers reported that DMPK colocalizes and interacts 
with PLN promoting its phosphorylation. In fact, PLN protein is found under a 
nonphosphorylated state in DMPK-/- mice, where Ca2+ uptake is highly reduced. Disruption 
of the interaction between PLN and DMPK and/or loss of the PLN activity regulatory 
mechanism, due to DMPK downregulation, might explain at least in part the cardiac 
pathology observed in DM1 patients (Kaliman et al., 2005). 

Interestingly, the splicing regulator CUGBP, member of the CELF family, is also a DMPK 
target. CUGBP was described as a CUG-binding protein with high avidity to single-strand 
RNA containing CUG repeats (Ladd et al., 2001).  It has been shown in DM1 patients and 
DMPK knockout mice that phosphorylation and intracellular localization of CUGBP is 
regulated by DMPK. By using immunoprecipitation and kinase activity assays, the 
interaction between CUGBP-DMPK and the subsequent CUGBP phosphorylation were 
demonstrated (Roberts et al., 1997). DMPK phosphorylates CUGBP thereby decreasing its 
nuclear levels, which is consistent with the augment of CUGBP nuclear levels found in 
cultured cells from DM1 patients (Roberts et al., 1997). A plausible interpretation of these 
findings is that DMPK downregulation results in increased levels of the nonphosphorylated 
form of CUGBP, which might cause an increase in the nuclear levels of CUGBP, thereby 
adversely affecting the processing of pre mRNAs. Several reports have described alteration 
in the RNA processing of CUGBP targets genes in DM1 patients, including human cardiac 
troponin T (cTNT) (Philips et al., 1998), transcription factor CCAAT/ enhancer-binding 
protein b (C/EBPb) (Timchenko, N.A. et al., 2001), and  insulin receptor (IR) (Dansithong et 
al., 2005; Savkur et al., 2001). On the other hand, an increase in the steady-state levels of 
CUGBP was revealed in DM1 tissues. This increase is due to an augmentation in the stability 
of the protein, which is mediated by PKC phosphorylation (Kuyumcu-Martinez et al., 2007; 
Timchenko, N.A. et al., 2001). Further studies are necessary to identify specific 
serine/threonine residues on CUGBP that could be phosphorylated in a PKC-or DMPK-
dependent manner. The complete understanding of the two pathways concurring in CUGBP 
phosphorylation would help to better know DM1 pathogenesis. 

PLM is a major membrane substrate for PKA and PKC. In oocytes from Xenopus, PLM 
induces hyperpolarization-activated non-inactivating chloride current (ICl(PLM)) (Moorman et 
al., 1992; Palmer et al., 1991). By in vitro assays Mounsey and co-workers showed that PLM 
is a substrate for DMPK, and that co-expression of both PLM and DMPK reduces ICl(PLM) by 
about half (Mounsey et al., 2000b). Site-directed mutagenesis has demonstrated that reduced 
ICl(PLM) is provoked by decreased PLM expression at the plasma membrane, as a 
consequence of its phosphorylation by DMPK. Furthermore, electrophysiological studies 
have evidenced reduced muscle chloride conductance and membrane depolarization in 
myotonic muscles. On the other hand, mutations in CLCN1 have been reported in the 
myotonia congenital disease condition. As myotonia can be induced by reducing chloride 
conductance, at the plasma membrane, the exploration of PLM phosphorylation state and 
intracellular localization in the mouse model Tg2–hDMPK mouse, which shows reduced 
chloride channel expression (O'Cochlain et al., 2004), would provide insights into the 
development of DM1-asscociated myotonia (Mounsey et al., 2000a). 
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Another target for DMPK is the MYPT1, a component of the myosin phosphatase (MP). MP 
phosphatase activity is inhibited by phosphorylation mediated by Rho-kinase (Hartshorne 
et al., 1998), and such inhibition increases the levels of myosin light chain phosphorylation, 
which in turn leads to Ca2+ sensitization in smooth muscle (Hartshorne et al., 1998). At 
subcellular level, phosphorylation of MYPT1 by DMPK produces cytoskeletal 
rearrangements in non-muscle cells (Muranyi et al., 2001), whereas in-vitro DMPK can 
phosphorylate MYTP1 in the same way that Rho-kinase, suggesting a regulatory role for 
DMPK in myosin function (Muranyi et al., 2001). 

It has been described that deregulation of ion influxes is a key factor for development of the 
DM1 phenotype. Particularly, Ca2+ conductance abnormalities may contribute to 
hyperexcitability of sarcoplasmic membrane in DM1. DHPR, the voltage gating L-type Ca2+ 
channel, shows an altered activity in differentiated myotubes derived from DMPK-/- mice 
(Benders et al., 1997). By applying in-vitro approaches it was demonstrated that DMPK 
phosphorylates the -subunit of DHPR in a serine residue. These data demonstrate that 
DHPR is substrate for DMPK, and suggest that DMPK is involved in the initial events of 
excitation–contraction coupling in skeletal muscle, a mechanism regulated by ion 
homeostasis (Timchenko, L. et al., 1995). DMPK has also been associated with SRF, the 
serum response transcription factor. SRF is a phosphoprotein that regulates skeletal and 
cardiac alpha-actin gene transcription. DMPK phosphorylates the Thr159 residue localized 
in the  1 coil of the DNA-binding domain on a MADS box. By using site-directed 
mutagenesis it has demonstrated that phosphorylation on Thr159 regulates cardiac -actin 
expression at promoter level (Iyer et al., 2003).  

By using high-resolution mass spectrometry, a new group of proteins associated with 
DMPK has been reported (Forner et al., 2010). Authors identified 15 putative partners of 
DMPK grouped as follows: mitochondrial proteins (ATP synthase subunit , ATP synthase 
subunit , trifunctional enzyme subunit ), contractile and myofibrillar proteins (myosin 
heavy chain 7, myosin regulatory light chain 2-skeletal muscle isoform, myosin light chain 
1-skeletal muscle isoform, myosin light chain 3), heat shock proteins (HSP) (-crystallin B 
chain, heat shock protein -1, heat shock protein -6) and other proteins (adenylate kinase 
isoenzyme 1, carbonic anhydrase 3, peroxiredoxin-1, peroxiredoxin-2, similar to 
glyceraldehyde-3-phosphate dehydrogenase). To study in detail some of these DMPK 
interactions, these authors used immunoprecipitation and pull-down assays, and showed 
direct interaction of DMPK with αB-crystallin/HSPB5 and HSP25/HSPB1. These findings 
suggest that DMPK isoforms might modulate some HSPs functions at diverse subcellular 
localizations (i.e. mitochondrial membrane rather than cytoplasm) or under different 
physiological conditions (i.e. oxidative stress opposed to heat production) (Forner et al., 
2010). 

Finally, the participation of DMPK in the integrity of the nuclear envelope (NE) has recently 
been disclosed. NE is an important actor that determines the nuclear structure and regulates 
gene expression.  Key structural elements of NE are the nuclear type-A and type-B lamins. 
Lamin A/C and lamin B1 proteins interact with proteins of the inner nuclear membrane and 
chromatin (Hetzer, 2010). Mutations in inner NE proteins are the genetic cause of Emery-
Dreiffus muscular dystrophy (EDMD) and limb girdle muscular dystrophy 1b (LGMD1B) 
(Roux & Burke, 2007). Thus, NE defects may represent a common mechanism of muscle 
wasting in muscular dystrophies. DMPK localizes to the NE forming a protein complex with 
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SERCA2a function, whereas phosphorylated PLN reverse such inhibition (Frank et al., 2003; 
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of the interaction between PLN and DMPK and/or loss of the PLN activity regulatory 
mechanism, due to DMPK downregulation, might explain at least in part the cardiac 
pathology observed in DM1 patients (Kaliman et al., 2005). 

Interestingly, the splicing regulator CUGBP, member of the CELF family, is also a DMPK 
target. CUGBP was described as a CUG-binding protein with high avidity to single-strand 
RNA containing CUG repeats (Ladd et al., 2001).  It has been shown in DM1 patients and 
DMPK knockout mice that phosphorylation and intracellular localization of CUGBP is 
regulated by DMPK. By using immunoprecipitation and kinase activity assays, the 
interaction between CUGBP-DMPK and the subsequent CUGBP phosphorylation were 
demonstrated (Roberts et al., 1997). DMPK phosphorylates CUGBP thereby decreasing its 
nuclear levels, which is consistent with the augment of CUGBP nuclear levels found in 
cultured cells from DM1 patients (Roberts et al., 1997). A plausible interpretation of these 
findings is that DMPK downregulation results in increased levels of the nonphosphorylated 
form of CUGBP, which might cause an increase in the nuclear levels of CUGBP, thereby 
adversely affecting the processing of pre mRNAs. Several reports have described alteration 
in the RNA processing of CUGBP targets genes in DM1 patients, including human cardiac 
troponin T (cTNT) (Philips et al., 1998), transcription factor CCAAT/ enhancer-binding 
protein b (C/EBPb) (Timchenko, N.A. et al., 2001), and  insulin receptor (IR) (Dansithong et 
al., 2005; Savkur et al., 2001). On the other hand, an increase in the steady-state levels of 
CUGBP was revealed in DM1 tissues. This increase is due to an augmentation in the stability 
of the protein, which is mediated by PKC phosphorylation (Kuyumcu-Martinez et al., 2007; 
Timchenko, N.A. et al., 2001). Further studies are necessary to identify specific 
serine/threonine residues on CUGBP that could be phosphorylated in a PKC-or DMPK-
dependent manner. The complete understanding of the two pathways concurring in CUGBP 
phosphorylation would help to better know DM1 pathogenesis. 

PLM is a major membrane substrate for PKA and PKC. In oocytes from Xenopus, PLM 
induces hyperpolarization-activated non-inactivating chloride current (ICl(PLM)) (Moorman et 
al., 1992; Palmer et al., 1991). By in vitro assays Mounsey and co-workers showed that PLM 
is a substrate for DMPK, and that co-expression of both PLM and DMPK reduces ICl(PLM) by 
about half (Mounsey et al., 2000b). Site-directed mutagenesis has demonstrated that reduced 
ICl(PLM) is provoked by decreased PLM expression at the plasma membrane, as a 
consequence of its phosphorylation by DMPK. Furthermore, electrophysiological studies 
have evidenced reduced muscle chloride conductance and membrane depolarization in 
myotonic muscles. On the other hand, mutations in CLCN1 have been reported in the 
myotonia congenital disease condition. As myotonia can be induced by reducing chloride 
conductance, at the plasma membrane, the exploration of PLM phosphorylation state and 
intracellular localization in the mouse model Tg2–hDMPK mouse, which shows reduced 
chloride channel expression (O'Cochlain et al., 2004), would provide insights into the 
development of DM1-asscociated myotonia (Mounsey et al., 2000a). 
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glyceraldehyde-3-phosphate dehydrogenase). To study in detail some of these DMPK 
interactions, these authors used immunoprecipitation and pull-down assays, and showed 
direct interaction of DMPK with αB-crystallin/HSPB5 and HSP25/HSPB1. These findings 
suggest that DMPK isoforms might modulate some HSPs functions at diverse subcellular 
localizations (i.e. mitochondrial membrane rather than cytoplasm) or under different 
physiological conditions (i.e. oxidative stress opposed to heat production) (Forner et al., 
2010). 

Finally, the participation of DMPK in the integrity of the nuclear envelope (NE) has recently 
been disclosed. NE is an important actor that determines the nuclear structure and regulates 
gene expression.  Key structural elements of NE are the nuclear type-A and type-B lamins. 
Lamin A/C and lamin B1 proteins interact with proteins of the inner nuclear membrane and 
chromatin (Hetzer, 2010). Mutations in inner NE proteins are the genetic cause of Emery-
Dreiffus muscular dystrophy (EDMD) and limb girdle muscular dystrophy 1b (LGMD1B) 
(Roux & Burke, 2007). Thus, NE defects may represent a common mechanism of muscle 
wasting in muscular dystrophies. DMPK localizes to the NE forming a protein complex with 
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lamin A/C, and importantly, overexpression or depletion of DMPK disrupts the nuclear 
envelope localization of both lamin A/C and lamin B1, and causes ultimately nuclear 
fragmentation. Thus, DMPK expression seems to be critical to maintain NE stability. As 
nuclear instability is a common mechanism of muscle wasting in muscular dystrophies 
(Harmon et al., 2011), DMPK misexpression may be an important contributor to skeletal 
muscle wasting in DM1. 

6. DMPK contribution to DM1 phenotype 
6.1 Mechanisms of pathogenesis in DM1 

DM1 is a multisystemic neuromuscular disease characterized by a wide range of clinical 
manifestations, including myotonia, muscle weakness and wasting, cardiac abnormalities, 
cognitive and behavioural alterations, and lens opacities (Harper et al., 2002). Cumulative 
experimental evidence has demonstrated that several DM1 manifestations are the result of 
the nuclear accumulation of CUG repeat-containing transcripts, which interfere with the 
alternative splicing, and gene expression programs (Ranum & Day, 2004). Besides the RNA 
gain-of-function mechanism, additional pathways might contribute to DM1, including 
chromatin rearrangements at the DM1 locus, interference RNA pathways and DMPK 
haploinsufficiency (Figure 3) (Sicot et al., 2011). 

RNA gain-of-function mechanism: Mutated DMPK RNA expression results in decreased 
muscle-blind (MBNL) and increased CUGBP/Elav-like family member 1 (CELF1) activities. 
CUG repeat-containing transcripts form alternative secondary RNA structures that bind to 
and sequester MBNL in nuclear foci altering its normal distribution in the nucleoplasm 
(Jiang et al., 2004; Lin et al., 2006; Mankodi et al., 2005). In addition, CELF1 overexpression 
due to PKC phosphorylation has been described in DM1 cells (Kuyumcu-Martinez et al., 
2007). Deregulation of the splicing transcription factors MBNL and CELF1 disrupts a tightly 
regulated developmental program, leading to altered expression of embryonic splicing 
isoforms in adult tissues (Osborne & Thornton, 2006; Ranum & Day, 2004). Muscle specific 
chloride channel (ClC1), insulin receptor (IR), cardiac troponin T (cTNT), myotubularin 
related protein 1 (MTMR1), microtubule binding protein Tau (MAPT), and NMDA 
glutamate receptor (NR1), are examples of genes affected at the alternative splicing level in 
DM1 (Du et al., 2010; Ranum & Day, 2004).  

Leaching of transcription factors mechanism: It has been reported that mutant DMPK RNA 
interferes with the function of selected transcription factors, depleting them from the active 
chromatin by an RNA leaching mechanism. In fact, altered expression of CLCN1 by leaching 
of Sp-family transcription factors was found in DM1 cells (Ebralidze et al., 2004). It is 
predicted that massive derangement at transcription level, due to leaching of transcript 
factors, is present in DM1 cells.  

Chromatin rearrangements at the DM1 locus, and interference RNA (iRNA) pathways 
mechanism: DMPK gene is transcribed into sense and anti-sense transcripts (Cho et al., 
2005). iRNA pathways might be activated by processing of dsRNA structures that could be 
form due to folding of CUG-containing transcripts into hairpin structures, or due to 
complementary hybridization between complementary sense and anti-sense DMPK 
transcripts. MicroRNA (miRNA) deregulation appears to be an additional mechanism  
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Fig. 3. Mechanisms of pathogenesis in DM1. Toxic CUG-containing transcripts form 
secondary structures and accumulate in the nucleus of DM1 cells, causing the multysistemic 
effects of DM1 throughout RNA gain-of-function mechanism (A), chromatin 
rearrangements at the DM1 locus (B) and DMPK haploinsuffiency (C). See text for details.  

involved in DM1 biogenesis; in fact, the miRNAs pathway was found to be altered in DM1 
skeletal muscle and heart. Interestingly, mi-R1 downregulation is mediated by MBNL1 
depletion in cardiac DM1 tissue, which results in misprocessing of pre-miR-1 (Perbellini et 
al., 2011; Rau et al., 2011). On the other hand, processing of anti-sense transcript might be 
involved in chromatin ultrastructure regulation. It is known that anti-sense DMPK transcript 
extends into an insulator element located between DMPK and SIX5 genes (Cho et al., 2005). 
CTCF-binding sites have been described on each side of the CTG repeat within the DMPK 
gene, restricting the extent of anti-sense RNA expression. Remarkable, the expanded mutant 
allele impairs CTCF binding, and induces spread of heterochromatin and regional CpG 
methylation in CDM cells. It is hypothesised that barrier function of the insulator is missing 
in DM1 due to disruption of CTCF binding, inducing higher DMPK expression in late 
embryogenesis, as a consequence of a high SIX5 enhancer activity, thereby contributing to 
the earlier disease onset in CDM (Sicot et al., 2011). 

6.2 The possible role of DMPK and it isoforms in the pathogenesis of DM1 

Although debated, many studies indicate that CTG expansion causes a decrease in the 
amount of DMPK protein by ~ 50%, with greatly reduced expression from the mutant allele 
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chromatin rearrangements at the DM1 locus, interference RNA pathways and DMPK 
haploinsufficiency (Figure 3) (Sicot et al., 2011). 

RNA gain-of-function mechanism: Mutated DMPK RNA expression results in decreased 
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due to PKC phosphorylation has been described in DM1 cells (Kuyumcu-Martinez et al., 
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regulated developmental program, leading to altered expression of embryonic splicing 
isoforms in adult tissues (Osborne & Thornton, 2006; Ranum & Day, 2004). Muscle specific 
chloride channel (ClC1), insulin receptor (IR), cardiac troponin T (cTNT), myotubularin 
related protein 1 (MTMR1), microtubule binding protein Tau (MAPT), and NMDA 
glutamate receptor (NR1), are examples of genes affected at the alternative splicing level in 
DM1 (Du et al., 2010; Ranum & Day, 2004).  

Leaching of transcription factors mechanism: It has been reported that mutant DMPK RNA 
interferes with the function of selected transcription factors, depleting them from the active 
chromatin by an RNA leaching mechanism. In fact, altered expression of CLCN1 by leaching 
of Sp-family transcription factors was found in DM1 cells (Ebralidze et al., 2004). It is 
predicted that massive derangement at transcription level, due to leaching of transcript 
factors, is present in DM1 cells.  

Chromatin rearrangements at the DM1 locus, and interference RNA (iRNA) pathways 
mechanism: DMPK gene is transcribed into sense and anti-sense transcripts (Cho et al., 
2005). iRNA pathways might be activated by processing of dsRNA structures that could be 
form due to folding of CUG-containing transcripts into hairpin structures, or due to 
complementary hybridization between complementary sense and anti-sense DMPK 
transcripts. MicroRNA (miRNA) deregulation appears to be an additional mechanism  
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methylation in CDM cells. It is hypothesised that barrier function of the insulator is missing 
in DM1 due to disruption of CTCF binding, inducing higher DMPK expression in late 
embryogenesis, as a consequence of a high SIX5 enhancer activity, thereby contributing to 
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6.2 The possible role of DMPK and it isoforms in the pathogenesis of DM1 

Although debated, many studies indicate that CTG expansion causes a decrease in the 
amount of DMPK protein by ~ 50%, with greatly reduced expression from the mutant allele 



 
Advances in Protein Kinases 230 

and normal expression from the unaffected allele, a phenomenon known as 
haploinsufficiency (Bhagavati et al., 1996; Furling et al., 2001; Narang et al., 2000). Mice 
model generated to study the effects of DMPK deficiency have revealed an important 
contribution of DMPK to the development of myopathy and cardiac abnormalities (Berul et 
al., 1999; Jansen et al., 1996; Reddy et al., 1996). CDM is an entity of the disease that 
evidences the importance of DMPK expression; because, delayed muscle development and 
reduced capacity for muscle differentiation correlate with a decrease of more than 50% in 
DMPK levels. As stated above, it was recently reported that DMPK is a structural 
component of the nuclear envelope, forming a protein complex with lamin A/C (Harmon et 
al., 2011). In fact, alteration of DMPK expression disrupts the localization of lamins A/C and 
B1, causing nuclear fragmentation. Thus, deficient expression of DMPK in DM1 cells might 
contribute to nuclear instability, a common mechanism of muscle wasting in muscular 
dystrophies. 

In skeletal muscle, the study of DMPK individual isoforms has provides insights into their 
potential contribution to the DM1 phenotype. In DMPK -/- mice myoblasts, exogenous 
expression of the cytosolic DMPK E isoform results in the presence of stress fibers, 
significant changes in myoblast polarity and delay myogenesis progression (Mulders et al., 
2011). It is known that DMPK gene is expressed early in muscle development, but 
alternative splicing down-regulates DMPK E expression during myogenesis (Jansen et al., 
1996; Oude Ophuis et al., 2009a). In contrast, membrane-anchored DMPK splice isoforms 
remain equally abundant between myoblast and myotubes, indicating that expression of 
these isoforms is not differentially regulated during myogenesis. Stress fibers formation 
induced by DMPK E is enhanced by myosin II light chain (MLC2) phosphorylation 
(Mulders et al., 2011). The phosphorylation status of MLC2 is dependent on myosin 
phosphatase (PP1) activity, which is inactivated by phosphorylation of its subunit MYPT1, a 
DMPK substrate. Hence, MCL2 phosphorylation levels are determined by the interplay 
between kinase and phosphatase activities, in which DMPK is involved. Exogenous 
expression of DMPK E causes also changes in cell shape and cell motility, which may be due 
to the abnormally rigid cytoskeletal organization caused by the high content of 
phosphorylated MLC2, which ultimately may impact myogenesis.  

As mentioned previously, brain dysfunction is prominently implicated in DM1. Mental 
manifestations in CDM and adult-onset DM1 include mental retardation, cognitive and 
emotional disturbances, and hypersomnia (de Leon & Cisneros, 2008; Meola & Sansone, 
2007). DMPK transcripts aggregated in foci were observed in brain of postmortem DM1 
tissue (Jiang et al., 2004), suggesting that the RNA-gain of-function mechanism is involved 
in the development of DM1-asociated brain dysfunction. With respect to DMPK, it was 
recently demonstrated that both long and short DMPK isoforms are expressed across many 
brain regions, including brainstem, olfactory bulb, and striatum. In addition, DMPK protein 
was identified in astrocytes and U373 glioblastoma cells (Oude Ophuis et al., 2009a). 
Therefore, involvement of DMPK isoforms in DM1-mediated mental retardation can not be 
ruled out.  

Finally, overexpression of human DMPK A in various cell lines causes abnormal 
mitochondrial morphology, mitochondrial clustering in the perinuclear region, loss of the 
mitochondrial membrane potential, increased autophagy activity, mitochondrial 
fragmentation, and eventually apoptosis (Oude Ophuis et al., 2009b). Interestingly, an 
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abnormal mitochondrial morphology and mitochondrial dysfunction has been described in 
DM1 patients (Siciliano et al., 2001; Ueda et al., 1999). Furthermore, ATP synthase subunit , 
ATP synthase subunit , and trifunctional enzyme subunit , three mitochondrial important 
components, have been described as possible partners of DMPK (Forner et al., 2010). 
Supporting the participation of DMPK isoforms in the DM1 phenotype and mitochondria 
morphology, overexpression of tail-anchored human DMPK isoforms in heart and skeletal 
muscles of Tg26-hDMPK mice causes accumulation of mitochondria in the subsarcolemmal 
space, disorganization of the mitochondrial cristae structure, and importantly, the 
appearance of DM1-like symptoms, including reduced workload tolerance, atrophy, 
cardiomyopathy, and myotonic myopathy (O'Cochlain et al., 2004). Oude Ophuis and cols. 
propose that expression and activity of DMPK isoforms should be tightly controlled, both in 
time and place. Thus, any alteration in the balance of DMPK isoforms expression due to 
changes in mRNA synthesis or pre-mRNA splicing, might contribute to the DM1 
pathophysiology. 

In addition, DMPK deficiency could be involved in specific process of DM1 biogenesis, 
according to its interaction with different protein partners and targets (Table 1). 

7. Conclusion 
DM1 is a neuromuscular multisystemic disease caused by the expansion of the CTG repeats 
in the 3’UTR of the DMPK gene. DMPK primary transcript gives rise to 6 isoforms with 
activity of serine/threonine kinase that differ each other in their capacity to anchor organelle 
membranes. DMPK is expressed mainly in heart, skeletal and smooth muscles, and brain, 
the most compromised tissues in DM1. Current knowledge indicates that clinical 
manifestations of DM1 are not due to a unique molecular mechanism; instead, it appears 
that different mechanisms operate in the development of the disease. In addition to the toxic 
RNA gain-of-function, the best-described mechanism, chromatin rearrangements of the 
DM1 locus, leaching of transcription factors, interference RNA pathways and altered 
expression of DMPK protein should be considered as contributors to DM1 biogenesis. 
Importantly, several partners and targets of DMPK have been reported, suggesting the 
involvement of DMPK in the specific cellular pathways affected in DM1. Although the 
physiological function of DMPK and its isoforms is not yet fully understood, growing body 
of experimental evidence strongly suggests a role for DMPK in DM1 pathophysiology. 
Future studies in different groups of DM1 patients (CDM versus classic DM1), as well as in 
animal and cells models with DMPK deficiency are required to define the participation of 
DMPK in DM1 biogenesis. 
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and normal expression from the unaffected allele, a phenomenon known as 
haploinsufficiency (Bhagavati et al., 1996; Furling et al., 2001; Narang et al., 2000). Mice 
model generated to study the effects of DMPK deficiency have revealed an important 
contribution of DMPK to the development of myopathy and cardiac abnormalities (Berul et 
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B1, causing nuclear fragmentation. Thus, deficient expression of DMPK in DM1 cells might 
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dystrophies. 
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2011). It is known that DMPK gene is expressed early in muscle development, but 
alternative splicing down-regulates DMPK E expression during myogenesis (Jansen et al., 
1996; Oude Ophuis et al., 2009a). In contrast, membrane-anchored DMPK splice isoforms 
remain equally abundant between myoblast and myotubes, indicating that expression of 
these isoforms is not differentially regulated during myogenesis. Stress fibers formation 
induced by DMPK E is enhanced by myosin II light chain (MLC2) phosphorylation 
(Mulders et al., 2011). The phosphorylation status of MLC2 is dependent on myosin 
phosphatase (PP1) activity, which is inactivated by phosphorylation of its subunit MYPT1, a 
DMPK substrate. Hence, MCL2 phosphorylation levels are determined by the interplay 
between kinase and phosphatase activities, in which DMPK is involved. Exogenous 
expression of DMPK E causes also changes in cell shape and cell motility, which may be due 
to the abnormally rigid cytoskeletal organization caused by the high content of 
phosphorylated MLC2, which ultimately may impact myogenesis.  
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emotional disturbances, and hypersomnia (de Leon & Cisneros, 2008; Meola & Sansone, 
2007). DMPK transcripts aggregated in foci were observed in brain of postmortem DM1 
tissue (Jiang et al., 2004), suggesting that the RNA-gain of-function mechanism is involved 
in the development of DM1-asociated brain dysfunction. With respect to DMPK, it was 
recently demonstrated that both long and short DMPK isoforms are expressed across many 
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was identified in astrocytes and U373 glioblastoma cells (Oude Ophuis et al., 2009a). 
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fragmentation, and eventually apoptosis (Oude Ophuis et al., 2009b). Interestingly, an 
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abnormal mitochondrial morphology and mitochondrial dysfunction has been described in 
DM1 patients (Siciliano et al., 2001; Ueda et al., 1999). Furthermore, ATP synthase subunit , 
ATP synthase subunit , and trifunctional enzyme subunit , three mitochondrial important 
components, have been described as possible partners of DMPK (Forner et al., 2010). 
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morphology, overexpression of tail-anchored human DMPK isoforms in heart and skeletal 
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space, disorganization of the mitochondrial cristae structure, and importantly, the 
appearance of DM1-like symptoms, including reduced workload tolerance, atrophy, 
cardiomyopathy, and myotonic myopathy (O'Cochlain et al., 2004). Oude Ophuis and cols. 
propose that expression and activity of DMPK isoforms should be tightly controlled, both in 
time and place. Thus, any alteration in the balance of DMPK isoforms expression due to 
changes in mRNA synthesis or pre-mRNA splicing, might contribute to the DM1 
pathophysiology. 

In addition, DMPK deficiency could be involved in specific process of DM1 biogenesis, 
according to its interaction with different protein partners and targets (Table 1). 

7. Conclusion 
DM1 is a neuromuscular multisystemic disease caused by the expansion of the CTG repeats 
in the 3’UTR of the DMPK gene. DMPK primary transcript gives rise to 6 isoforms with 
activity of serine/threonine kinase that differ each other in their capacity to anchor organelle 
membranes. DMPK is expressed mainly in heart, skeletal and smooth muscles, and brain, 
the most compromised tissues in DM1. Current knowledge indicates that clinical 
manifestations of DM1 are not due to a unique molecular mechanism; instead, it appears 
that different mechanisms operate in the development of the disease. In addition to the toxic 
RNA gain-of-function, the best-described mechanism, chromatin rearrangements of the 
DM1 locus, leaching of transcription factors, interference RNA pathways and altered 
expression of DMPK protein should be considered as contributors to DM1 biogenesis. 
Importantly, several partners and targets of DMPK have been reported, suggesting the 
involvement of DMPK in the specific cellular pathways affected in DM1. Although the 
physiological function of DMPK and its isoforms is not yet fully understood, growing body 
of experimental evidence strongly suggests a role for DMPK in DM1 pathophysiology. 
Future studies in different groups of DM1 patients (CDM versus classic DM1), as well as in 
animal and cells models with DMPK deficiency are required to define the participation of 
DMPK in DM1 biogenesis. 

8. Acknowledgements 
This work was supported by a Grant (PIFUTP08-164) from Science and Technology Institute 
of Mexico City (ICyTDF). 

9. References 
Abell, B.M.; Pool, M.R.; Schlenker, O.; Sinning, I. & High, S. (2004). Signal recognition 

particle mediates post-translational targeting in eukaryotes. EMBO J, Vol. 23, No. 
14, (Jul 21 2004), pp. 2755-64, ISSN 0261-4189  



 
Advances in Protein Kinases 232 

Adams, J.A. (2003). Activation loop phosphorylation and catalysis in protein kinases: is 
there functional evidence for the autoinhibitor model? Biochemistry, Vol. 42, No. 3, 
(Jan 28 2003), pp. 601-7, ISSN 0006-2960  

Balasubramanyam, A.; Iyer, D.; Stringer, J.L.; Beaulieu, C.; Potvin, A.; Neumeyer, A.M.; 
Avruch, J. & Epstein, H.F. (1998). Developmental changes in expression of 
myotonic dystrophy protein kinase in the rat central nervous system. J Comp 
Neurol, Vol. 394, No. 3, (May 11 1998), pp. 309-25, ISSN 0021-9967  

Benders, A.A.; Groenen, P.J.; Oerlemans, F.T.; Veerkamp, J.H. & Wieringa, B. (1997). 
Myotonic dystrophy protein kinase is involved in the modulation of the Ca2+ 
homeostasis in skeletal muscle cells. J Clin Invest, Vol. 100, No. 6, (Sep 15 1997), pp. 
1440-7, ISSN 0021-9738  

Berul, C.I.; Maguire, C.T.; Aronovitz, M.J.; Greenwood, J.; Miller, C.; Gehrmann, J.; 
Housman, D.; Mendelsohn, M.E. & Reddy, S. (1999). DMPK dosage alterations 
result in atrioventricular conduction abnormalities in a mouse myotonic dystrophy 
model. J Clin Invest, Vol. 103, No. 4, (Feb 1999), pp. R1-7, ISSN 0021-9738  

Berul, C.I.; Maguire, C.T.; Gehrmann, J. & Reddy, S. (2000). Progressive atrioventricular 
conduction block in a mouse myotonic dystrophy model. J Interv Card 
Electrophysiol, Vol. 4, No. 2, (Jun 2000), pp. 351-8, ISSN 1383-875X  

Bhagavati, S.; Ghatpande, A. & Leung, B. (1996). Normal levels of DM RNA and myotonin 
protein kinase in skeletal muscle from adult myotonic dystrophy (DM) patients. 
Biochim Biophys Acta, Vol. 1317, No. 3, (Dec 16 1996), pp. 155-7, ISSN 0006-3002  

Biddinger, S.B. & Kahn, C.R. (2006). From mice to men: insights into the insulin resistance 
syndromes. Annu Rev Physiol, Vol. 68, No. 2006), pp. 123-58, ISSN 0066-4278  

Brook, J.D.; McCurrach, M.E.; Harley, H.G.; Buckler, A.J.; Church, D.; Aburatani, H.; Hunter, 
K.; Stanton, V.P.; Thirion, J.P.; Hudson, T. & et al. (1992). Molecular basis of 
myotonic dystrophy: expansion of a trinucleotide (CTG) repeat at the 3' end of a 
transcript encoding a protein kinase family member. Cell, Vol. 69, No. 2, (Apr 17 
1992), pp. 385, ISSN 0092-8674  

Burkhard, P.; Stetefeld, J. & Strelkov, S.V. (2001). Coiled coils: a highly versatile protein 
folding motif. Trends Cell Biol, Vol. 11, No. 2, (Feb 2001), pp. 82-8, ISSN 0962-8924  

Bush, E.W.; Taft, C.S.; Meixell, G.E. & Perryman, M.B. (1996). Overexpression of myotonic 
dystrophy kinase in BC3H1 cells induces the skeletal muscle phenotype. J Biol 
Chem, Vol. 271, No. 1, (Jan 5 1996), pp. 548-52, ISSN 0021-9258  

Bush, E.W.; Helmke, S.M.; Birnbaum, R.A. & Perryman, M.B. (2000). Myotonic dystrophy 
protein kinase domains mediate localization, oligomerization, novel catalytic 
activity, and autoinhibition. Biochemistry, Vol. 39, No. 29, (Jul 25 2000), pp. 8480-90, 
ISSN 0006-2960  

Caenepeel, S.; Charydczak, G.; Sudarsanam, S.; Hunter, T. & Manning, G. (2004). The 
mouse kinome: discovery and comparative genomics of all mouse protein 
kinases. Proc Natl Acad Sci U S A, Vol. 101, No. 32, (Aug 10 2004), pp. 11707-12, 
ISSN 0027-8424  

Cho, D.H.; Thienes, C.P.; Mahoney, S.E.; Analau, E.; Filippova, G.N. & Tapscott, S.J. (2005). 
Antisense transcription and heterochromatin at the DM1 CTG repeats are 

Myotonic Dystrophy Protein Kinase: Structure, Function and  
Its Possible Role in the Pathogenesis of Myotonic Dystrophy Type 1 233 

constrained by CTCF. Mol Cell, Vol. 20, No. 3, (Nov 11 2005), pp. 483-9, ISSN 1097-
2765  

Dansithong, W.; Paul, S.; Comai, L. & Reddy, S. (2005). MBNL1 is the primary determinant 
of focus formation and aberrant insulin receptor splicing in DM1. J Biol Chem, Vol. 
280, No. 7, (Feb 18 2005), pp. 5773-80, ISSN 0021-9258  

Davis, B.M.; McCurrach, M.E.; Taneja, K.L.; Singer, R.H. & Housman, D.E. (1997). Expansion 
of a CUG trinucleotide repeat in the 3' untranslated region of myotonic dystrophy 
protein kinase transcripts results in nuclear retention of transcripts. Proc Natl Acad 
Sci U S A, Vol. 94, No. 14, (Jul 8 1997), pp. 7388-93, ISSN 0027-8424  

de Leon, M.B. & Cisneros, B. (2008). Myotonic dystrophy 1 in the nervous system: from the 
clinic to molecular mechanisms. J Neurosci Res, Vol. 86, No. 1, (Jan 2008), pp. 18-26, 
ISSN 0360-4012  

Doran, J.D.; Liu, X.; Taslimi, P.; Saadat, A. & Fox, T. (2004). New insights into the 
structure-function relationships of Rho-associated kinase: a thermodynamic and 
hydrodynamic study of the dimer-to-monomer transition and its kinetic 
implications. Biochem J, Vol. 384, No. Pt 2, (Dec 1 2004), pp. 255-62, ISSN 1470-
8728  

Du, H.; Cline, M.S.; Osborne, R.J.; Tuttle, D.L.; Clark, T.A.; Donohue, J.P.; Hall, M.P.; Shiue, 
L.; Swanson, M.S.; Thornton, C.A. & Ares, M., Jr. (2010). Aberrant alternative 
splicing and extracellular matrix gene expression in mouse models of myotonic 
dystrophy. Nat Struct Mol Biol, Vol. 17, No. 2, (Feb 2010), pp. 187-93, ISSN 1545-
9985  

Ebralidze, A.; Wang, Y.; Petkova, V.; Ebralidse, K. & Junghans, R.P. (2004). RNA leaching of 
transcription factors disrupts transcription in myotonic dystrophy. Science, Vol. 303, 
No. 5656, (Jan 16 2004), pp. 383-7, ISSN 1095-9203  

Elkins, J.M.; Amos, A.; Niesen, F.H.; Pike, A.C.; Fedorov, O. & Knapp, S. (2009). Structure of 
dystrophia myotonica protein kinase. Protein Sci, Vol. 18, No. 4, (Apr 2009), pp. 782-
91, ISSN 1469-896X  

Endo, A.; Motonaga, K.; Arahata, K.; Harada, K.; Yamada, T. & Takashima, S. (2000). 
Developmental expression of myotonic dystrophy protein kinase in brain and its 
relevance to clinical phenotype. Acta Neuropathol, Vol. 100, No. 5, (Nov 2000), pp. 
513-20, ISSN 0001-6322  

Engert, F. & Bonhoeffer, T. (1999). Dendritic spine changes associated with hippocampal 
long-term synaptic plasticity. Nature, Vol. 399, No. 6731, (May 6 1999), pp. 66-70, 
ISSN 0028-0836  

Fischer, M.; Kaech, S.; Wagner, U.; Brinkhaus, H. & Matus, A. (2000). Glutamate receptors 
regulate actin-based plasticity in dendritic spines. Nat Neurosci, Vol. 3, No. 9, (Sep 
2000), pp. 887-94, ISSN 1097-6256  

Forner, F.; Furlan, S. & Salvatori, S. (2010). Mass spectrometry analysis of complexes formed 
by myotonic dystrophy protein kinase (DMPK). Biochim Biophys Acta, Vol. 1804, No. 
6, (Jun 2010), pp. 1334-41, ISSN 0006-3002  

Frank, K.F.; Bolck, B.; Erdmann, E. & Schwinger, R.H. (2003). Sarcoplasmic reticulum Ca2+-
ATPase modulates cardiac contraction and relaxation. Cardiovasc Res, Vol. 57, No. 1, 
(Jan 2003), pp. 20-7, ISSN 0008-6363  



 
Advances in Protein Kinases 232 

Adams, J.A. (2003). Activation loop phosphorylation and catalysis in protein kinases: is 
there functional evidence for the autoinhibitor model? Biochemistry, Vol. 42, No. 3, 
(Jan 28 2003), pp. 601-7, ISSN 0006-2960  

Balasubramanyam, A.; Iyer, D.; Stringer, J.L.; Beaulieu, C.; Potvin, A.; Neumeyer, A.M.; 
Avruch, J. & Epstein, H.F. (1998). Developmental changes in expression of 
myotonic dystrophy protein kinase in the rat central nervous system. J Comp 
Neurol, Vol. 394, No. 3, (May 11 1998), pp. 309-25, ISSN 0021-9967  

Benders, A.A.; Groenen, P.J.; Oerlemans, F.T.; Veerkamp, J.H. & Wieringa, B. (1997). 
Myotonic dystrophy protein kinase is involved in the modulation of the Ca2+ 
homeostasis in skeletal muscle cells. J Clin Invest, Vol. 100, No. 6, (Sep 15 1997), pp. 
1440-7, ISSN 0021-9738  

Berul, C.I.; Maguire, C.T.; Aronovitz, M.J.; Greenwood, J.; Miller, C.; Gehrmann, J.; 
Housman, D.; Mendelsohn, M.E. & Reddy, S. (1999). DMPK dosage alterations 
result in atrioventricular conduction abnormalities in a mouse myotonic dystrophy 
model. J Clin Invest, Vol. 103, No. 4, (Feb 1999), pp. R1-7, ISSN 0021-9738  

Berul, C.I.; Maguire, C.T.; Gehrmann, J. & Reddy, S. (2000). Progressive atrioventricular 
conduction block in a mouse myotonic dystrophy model. J Interv Card 
Electrophysiol, Vol. 4, No. 2, (Jun 2000), pp. 351-8, ISSN 1383-875X  

Bhagavati, S.; Ghatpande, A. & Leung, B. (1996). Normal levels of DM RNA and myotonin 
protein kinase in skeletal muscle from adult myotonic dystrophy (DM) patients. 
Biochim Biophys Acta, Vol. 1317, No. 3, (Dec 16 1996), pp. 155-7, ISSN 0006-3002  

Biddinger, S.B. & Kahn, C.R. (2006). From mice to men: insights into the insulin resistance 
syndromes. Annu Rev Physiol, Vol. 68, No. 2006), pp. 123-58, ISSN 0066-4278  

Brook, J.D.; McCurrach, M.E.; Harley, H.G.; Buckler, A.J.; Church, D.; Aburatani, H.; Hunter, 
K.; Stanton, V.P.; Thirion, J.P.; Hudson, T. & et al. (1992). Molecular basis of 
myotonic dystrophy: expansion of a trinucleotide (CTG) repeat at the 3' end of a 
transcript encoding a protein kinase family member. Cell, Vol. 69, No. 2, (Apr 17 
1992), pp. 385, ISSN 0092-8674  

Burkhard, P.; Stetefeld, J. & Strelkov, S.V. (2001). Coiled coils: a highly versatile protein 
folding motif. Trends Cell Biol, Vol. 11, No. 2, (Feb 2001), pp. 82-8, ISSN 0962-8924  

Bush, E.W.; Taft, C.S.; Meixell, G.E. & Perryman, M.B. (1996). Overexpression of myotonic 
dystrophy kinase in BC3H1 cells induces the skeletal muscle phenotype. J Biol 
Chem, Vol. 271, No. 1, (Jan 5 1996), pp. 548-52, ISSN 0021-9258  

Bush, E.W.; Helmke, S.M.; Birnbaum, R.A. & Perryman, M.B. (2000). Myotonic dystrophy 
protein kinase domains mediate localization, oligomerization, novel catalytic 
activity, and autoinhibition. Biochemistry, Vol. 39, No. 29, (Jul 25 2000), pp. 8480-90, 
ISSN 0006-2960  

Caenepeel, S.; Charydczak, G.; Sudarsanam, S.; Hunter, T. & Manning, G. (2004). The 
mouse kinome: discovery and comparative genomics of all mouse protein 
kinases. Proc Natl Acad Sci U S A, Vol. 101, No. 32, (Aug 10 2004), pp. 11707-12, 
ISSN 0027-8424  

Cho, D.H.; Thienes, C.P.; Mahoney, S.E.; Analau, E.; Filippova, G.N. & Tapscott, S.J. (2005). 
Antisense transcription and heterochromatin at the DM1 CTG repeats are 

Myotonic Dystrophy Protein Kinase: Structure, Function and  
Its Possible Role in the Pathogenesis of Myotonic Dystrophy Type 1 233 

constrained by CTCF. Mol Cell, Vol. 20, No. 3, (Nov 11 2005), pp. 483-9, ISSN 1097-
2765  

Dansithong, W.; Paul, S.; Comai, L. & Reddy, S. (2005). MBNL1 is the primary determinant 
of focus formation and aberrant insulin receptor splicing in DM1. J Biol Chem, Vol. 
280, No. 7, (Feb 18 2005), pp. 5773-80, ISSN 0021-9258  

Davis, B.M.; McCurrach, M.E.; Taneja, K.L.; Singer, R.H. & Housman, D.E. (1997). Expansion 
of a CUG trinucleotide repeat in the 3' untranslated region of myotonic dystrophy 
protein kinase transcripts results in nuclear retention of transcripts. Proc Natl Acad 
Sci U S A, Vol. 94, No. 14, (Jul 8 1997), pp. 7388-93, ISSN 0027-8424  

de Leon, M.B. & Cisneros, B. (2008). Myotonic dystrophy 1 in the nervous system: from the 
clinic to molecular mechanisms. J Neurosci Res, Vol. 86, No. 1, (Jan 2008), pp. 18-26, 
ISSN 0360-4012  

Doran, J.D.; Liu, X.; Taslimi, P.; Saadat, A. & Fox, T. (2004). New insights into the 
structure-function relationships of Rho-associated kinase: a thermodynamic and 
hydrodynamic study of the dimer-to-monomer transition and its kinetic 
implications. Biochem J, Vol. 384, No. Pt 2, (Dec 1 2004), pp. 255-62, ISSN 1470-
8728  

Du, H.; Cline, M.S.; Osborne, R.J.; Tuttle, D.L.; Clark, T.A.; Donohue, J.P.; Hall, M.P.; Shiue, 
L.; Swanson, M.S.; Thornton, C.A. & Ares, M., Jr. (2010). Aberrant alternative 
splicing and extracellular matrix gene expression in mouse models of myotonic 
dystrophy. Nat Struct Mol Biol, Vol. 17, No. 2, (Feb 2010), pp. 187-93, ISSN 1545-
9985  

Ebralidze, A.; Wang, Y.; Petkova, V.; Ebralidse, K. & Junghans, R.P. (2004). RNA leaching of 
transcription factors disrupts transcription in myotonic dystrophy. Science, Vol. 303, 
No. 5656, (Jan 16 2004), pp. 383-7, ISSN 1095-9203  

Elkins, J.M.; Amos, A.; Niesen, F.H.; Pike, A.C.; Fedorov, O. & Knapp, S. (2009). Structure of 
dystrophia myotonica protein kinase. Protein Sci, Vol. 18, No. 4, (Apr 2009), pp. 782-
91, ISSN 1469-896X  

Endo, A.; Motonaga, K.; Arahata, K.; Harada, K.; Yamada, T. & Takashima, S. (2000). 
Developmental expression of myotonic dystrophy protein kinase in brain and its 
relevance to clinical phenotype. Acta Neuropathol, Vol. 100, No. 5, (Nov 2000), pp. 
513-20, ISSN 0001-6322  

Engert, F. & Bonhoeffer, T. (1999). Dendritic spine changes associated with hippocampal 
long-term synaptic plasticity. Nature, Vol. 399, No. 6731, (May 6 1999), pp. 66-70, 
ISSN 0028-0836  

Fischer, M.; Kaech, S.; Wagner, U.; Brinkhaus, H. & Matus, A. (2000). Glutamate receptors 
regulate actin-based plasticity in dendritic spines. Nat Neurosci, Vol. 3, No. 9, (Sep 
2000), pp. 887-94, ISSN 1097-6256  

Forner, F.; Furlan, S. & Salvatori, S. (2010). Mass spectrometry analysis of complexes formed 
by myotonic dystrophy protein kinase (DMPK). Biochim Biophys Acta, Vol. 1804, No. 
6, (Jun 2010), pp. 1334-41, ISSN 0006-3002  

Frank, K.F.; Bolck, B.; Erdmann, E. & Schwinger, R.H. (2003). Sarcoplasmic reticulum Ca2+-
ATPase modulates cardiac contraction and relaxation. Cardiovasc Res, Vol. 57, No. 1, 
(Jan 2003), pp. 20-7, ISSN 0008-6363  



 
Advances in Protein Kinases 234 

Fu, Y.H.; Pizzuti, A.; Fenwick, R.G., Jr.; King, J.; Rajnarayan, S.; Dunne, P.W.; Dubel, J.; 
Nasser, G.A.; Ashizawa, T.; de Jong, P. & et al. (1992). An unstable triplet repeat in 
a gene related to myotonic muscular dystrophy. Science, Vol. 255, No. 5049, (Mar 6 
1992), pp. 1256-8, ISSN 0036-8075  

Fu, Y.H.; Friedman, D.L.; Richards, S.; Pearlman, J.A.; Gibbs, R.A.; Pizzuti, A.; Ashizawa, T.; 
Perryman, M.B.; Scarlato, G.; Fenwick, R.G., Jr. & et al. (1993). Decreased expression 
of myotonin-protein kinase messenger RNA and protein in adult form of myotonic 
dystrophy. Science, Vol. 260, No. 5105, (Apr 9 1993), pp. 235-8, ISSN 0036-8075  

Furling, D.; Lemieux, D.; Taneja, K. & Puymirat, J. (2001). Decreased levels of myotonic 
dystrophy protein kinase (DMPK) and delayed differentiation in human myotonic 
dystrophy myoblasts. Neuromuscul Disord, Vol. 11, No. 8, (Nov 2001), pp. 728-35, 
ISSN 0960-8966  

Furling, D.; Lam le, T.; Agbulut, O.; Butler-Browne, G.S. & Morris, G.E. (2003). Changes in 
myotonic dystrophy protein kinase levels and muscle development in congenital 
myotonic dystrophy. Am J Pathol, Vol. 162, No. 3, (Mar 2003), pp. 1001-9, ISSN 0002-
9440  

Garcia, P.; Ucurum, Z.; Bucher, R.; Svergun, D.I.; Huber, T.; Lustig, A.; Konarev, P.V.; 
Marino, M. & Mayans, O. (2006). Molecular insights into the self-assembly 
mechanism of dystrophia myotonica kinase. FASEB J, Vol. 20, No. 8, (Jun 2006), pp. 
1142-51, ISSN 1530-6860  

Groenen, P.J.; Wansink, D.G.; Coerwinkel, M.; van den Broek, W.; Jansen, G. & Wieringa, B. 
(2000). Constitutive and regulated modes of splicing produce six major myotonic 
dystrophy protein kinase (DMPK) isoforms with distinct properties. Hum Mol 
Genet, Vol. 9, No. 4, (Mar 1 2000), pp. 605-16, ISSN 0964-6906  

Hanks, S.K. & Hunter, T. (1995). Protein kinases 6. The eukaryotic protein kinase 
superfamily: kinase (catalytic) domain structure and classification. FASEB J, Vol. 9, 
No. 8, (May 1995), pp. 576-96, ISSN 0892-6638  

Harley, H.G.; Rundle, S.A.; Reardon, W.; Myring, J.; Crow, S.; Brook, J.D.; Harper, P.S. & 
Shaw, D.J. (1992). Unstable DNA sequence in myotonic dystrophy. Lancet, Vol. 339, 
No. 8802, (May 9 1992), pp. 1125-8, ISSN 0140-6736  

Harmon, E.B.; Harmon, M.L.; Larsen, T.D.; Paulson, A.F. & Perryman, M.B. (2008). Myotonic 
dystrophy protein kinase is expressed in embryonic myocytes and is required for 
myotube formation. Dev Dyn, Vol. 237, No. 9, (Sep 2008), pp. 2353-66, ISSN 1058-
8388  

Harmon, E.B.; Harmon, M.L.; Larsen, T.D.; Yang, J.; Glasford, J.W. & Perryman, M.B. (2011). 
Myotonic dystrophy protein kinase is critical for nuclear envelope integrity. J Biol 
Chem, Vol. No. (Sep 26 2011), pp. ISSN 1083-351X  

Harper, P.S.; van Engelen, B.G.; Eymard, B.; Rogers, M. & Wilcox, D. (2002). 99th ENMC 
international workshop: myotonic dystrophy: present management, future therapy. 
9-11 November 2001, Naarden, The Netherlands. Neuromuscul Disord, Vol. 12, No. 
6, (Aug 2002), pp. 596-9, ISSN 0960-8966  

Hartshorne, D.J.; Ito, M. & Erdodi, F. (1998). Myosin light chain phosphatase: subunit 
composition, interactions and regulation. J Muscle Res Cell Motil, Vol. 19, No. 4, 
(May 1998), pp. 325-41, ISSN 0142-4319  

Myotonic Dystrophy Protein Kinase: Structure, Function and  
Its Possible Role in the Pathogenesis of Myotonic Dystrophy Type 1 235 

Hetzer, M.W. (2010). The nuclear envelope. Cold Spring Harb Perspect Biol, Vol. 2, No. 3, (Mar 
2010), pp. a000539, ISSN 1943-0264  

Hofmann-Radvanyi, H.; Lavedan, C.; Rabes, J.P.; Savoy, D.; Duros, C.; Johnson, K. & Junien, 
C. (1993). Myotonic dystrophy: absence of CTG enlarged transcript in congenital 
forms, and low expression of the normal allele. Hum Mol Genet, Vol. 2, No. 8, (Aug 
1993), pp. 1263-6, ISSN 0964-6906  

Huse, M. & Kuriyan, J. (2002). The conformational plasticity of protein kinases. Cell, Vol. 
109, No. 3, (May 3 2002), pp. 275-82, ISSN 0092-8674  

Iyer, D.; Belaguli, N.; Fluck, M.; Rowan, B.G.; Wei, L.; Weigel, N.L.; Booth, F.W.; Epstein, 
H.F.; Schwartz, R.J. & Balasubramanyam, A. (2003). Novel phosphorylation target 
in the serum response factor MADS box regulates alpha-actin transcription. 
Biochemistry, Vol. 42, No. 24, (Jun 24 2003), pp. 7477-86, ISSN 0006-2960  

Jacobs, M.; Hayakawa, K.; Swenson, L.; Bellon, S.; Fleming, M.; Taslimi, P. & Doran, J. 
(2006). The structure of dimeric ROCK I reveals the mechanism for ligand 
selectivity. J Biol Chem, Vol. 281, No. 1, (Jan 6 2006), pp. 260-8, ISSN 0021-9258  

Jansen, G.; Mahadevan, M.; Amemiya, C.; Wormskamp, N.; Segers, B.; Hendriks, W.; O'Hoy, 
K.; Baird, S.; Sabourin, L.; Lennon, G. & et al. (1992). Characterization of the 
myotonic dystrophy region predicts multiple protein isoform-encoding mRNAs. 
Nat Genet, Vol. 1, No. 4, (Jul 1992), pp. 261-6, ISSN 1061-4036  

Jansen, G.; Groenen, P.J.; Bachner, D.; Jap, P.H.; Coerwinkel, M.; Oerlemans, F.; van den 
Broek, W.; Gohlsch, B.; Pette, D.; Plomp, J.J.; Molenaar, P.C.; Nederhoff, M.G.; van 
Echteld, C.J.; Dekker, M.; Berns, A.; Hameister, H. & Wieringa, B. (1996). Abnormal 
myotonic dystrophy protein kinase levels produce only mild myopathy in mice. 
Nat Genet, Vol. 13, No. 3, (Jul 1996), pp. 316-24, ISSN 1061-4036  

Jiang, H.; Mankodi, A.; Swanson, M.S.; Moxley, R.T. & Thornton, C.A. (2004). Myotonic 
dystrophy type 1 is associated with nuclear foci of mutant RNA, sequestration of 
muscleblind proteins and deregulated alternative splicing in neurons. Hum Mol 
Genet, Vol. 13, No. 24, (Dec 15 2004), pp. 3079-88, ISSN 0964-6906  

Jin, S.; Shimizu, M.; Balasubramanyam, A. & Epstein, H.F. (2000). Myotonic dystrophy 
protein kinase (DMPK) induces actin cytoskeletal reorganization and apoptotic-like 
blebbing in lens cells. Cell Motil Cytoskeleton, Vol. 45, No. 2, (Feb 2000), pp. 133-48, 
ISSN 0886-1544  

Johnson, L.N.; Noble, M.E. & Owen, D.J. (1996). Active and inactive protein kinases: 
structural basis for regulation. Cell, Vol. 85, No. 2, (Apr 19 1996), pp. 149-58, ISSN 
0092-8674  

Kaliman, P.; Catalucci, D.; Lam, J.T.; Kondo, R.; Gutierrez, J.C.; Reddy, S.; Palacin, M.; 
Zorzano, A.; Chien, K.R. & Ruiz-Lozano, P. (2005). Myotonic dystrophy protein 
kinase phosphorylates phospholamban and regulates calcium uptake in 
cardiomyocyte sarcoplasmic reticulum. J Biol Chem, Vol. 280, No. 9, (Mar 4 2005), 
pp. 8016-21, ISSN 0021-9258  

Kaliman, P. & Llagostera, E. (2008). Myotonic dystrophy protein kinase (DMPK) and its role 
in the pathogenesis of myotonic dystrophy 1. Cell Signal, Vol. 20, No. 11, (Nov 
2008), pp. 1935-41, ISSN 0898-6568  



 
Advances in Protein Kinases 234 

Fu, Y.H.; Pizzuti, A.; Fenwick, R.G., Jr.; King, J.; Rajnarayan, S.; Dunne, P.W.; Dubel, J.; 
Nasser, G.A.; Ashizawa, T.; de Jong, P. & et al. (1992). An unstable triplet repeat in 
a gene related to myotonic muscular dystrophy. Science, Vol. 255, No. 5049, (Mar 6 
1992), pp. 1256-8, ISSN 0036-8075  

Fu, Y.H.; Friedman, D.L.; Richards, S.; Pearlman, J.A.; Gibbs, R.A.; Pizzuti, A.; Ashizawa, T.; 
Perryman, M.B.; Scarlato, G.; Fenwick, R.G., Jr. & et al. (1993). Decreased expression 
of myotonin-protein kinase messenger RNA and protein in adult form of myotonic 
dystrophy. Science, Vol. 260, No. 5105, (Apr 9 1993), pp. 235-8, ISSN 0036-8075  

Furling, D.; Lemieux, D.; Taneja, K. & Puymirat, J. (2001). Decreased levels of myotonic 
dystrophy protein kinase (DMPK) and delayed differentiation in human myotonic 
dystrophy myoblasts. Neuromuscul Disord, Vol. 11, No. 8, (Nov 2001), pp. 728-35, 
ISSN 0960-8966  

Furling, D.; Lam le, T.; Agbulut, O.; Butler-Browne, G.S. & Morris, G.E. (2003). Changes in 
myotonic dystrophy protein kinase levels and muscle development in congenital 
myotonic dystrophy. Am J Pathol, Vol. 162, No. 3, (Mar 2003), pp. 1001-9, ISSN 0002-
9440  

Garcia, P.; Ucurum, Z.; Bucher, R.; Svergun, D.I.; Huber, T.; Lustig, A.; Konarev, P.V.; 
Marino, M. & Mayans, O. (2006). Molecular insights into the self-assembly 
mechanism of dystrophia myotonica kinase. FASEB J, Vol. 20, No. 8, (Jun 2006), pp. 
1142-51, ISSN 1530-6860  

Groenen, P.J.; Wansink, D.G.; Coerwinkel, M.; van den Broek, W.; Jansen, G. & Wieringa, B. 
(2000). Constitutive and regulated modes of splicing produce six major myotonic 
dystrophy protein kinase (DMPK) isoforms with distinct properties. Hum Mol 
Genet, Vol. 9, No. 4, (Mar 1 2000), pp. 605-16, ISSN 0964-6906  

Hanks, S.K. & Hunter, T. (1995). Protein kinases 6. The eukaryotic protein kinase 
superfamily: kinase (catalytic) domain structure and classification. FASEB J, Vol. 9, 
No. 8, (May 1995), pp. 576-96, ISSN 0892-6638  

Harley, H.G.; Rundle, S.A.; Reardon, W.; Myring, J.; Crow, S.; Brook, J.D.; Harper, P.S. & 
Shaw, D.J. (1992). Unstable DNA sequence in myotonic dystrophy. Lancet, Vol. 339, 
No. 8802, (May 9 1992), pp. 1125-8, ISSN 0140-6736  

Harmon, E.B.; Harmon, M.L.; Larsen, T.D.; Paulson, A.F. & Perryman, M.B. (2008). Myotonic 
dystrophy protein kinase is expressed in embryonic myocytes and is required for 
myotube formation. Dev Dyn, Vol. 237, No. 9, (Sep 2008), pp. 2353-66, ISSN 1058-
8388  

Harmon, E.B.; Harmon, M.L.; Larsen, T.D.; Yang, J.; Glasford, J.W. & Perryman, M.B. (2011). 
Myotonic dystrophy protein kinase is critical for nuclear envelope integrity. J Biol 
Chem, Vol. No. (Sep 26 2011), pp. ISSN 1083-351X  

Harper, P.S.; van Engelen, B.G.; Eymard, B.; Rogers, M. & Wilcox, D. (2002). 99th ENMC 
international workshop: myotonic dystrophy: present management, future therapy. 
9-11 November 2001, Naarden, The Netherlands. Neuromuscul Disord, Vol. 12, No. 
6, (Aug 2002), pp. 596-9, ISSN 0960-8966  

Hartshorne, D.J.; Ito, M. & Erdodi, F. (1998). Myosin light chain phosphatase: subunit 
composition, interactions and regulation. J Muscle Res Cell Motil, Vol. 19, No. 4, 
(May 1998), pp. 325-41, ISSN 0142-4319  

Myotonic Dystrophy Protein Kinase: Structure, Function and  
Its Possible Role in the Pathogenesis of Myotonic Dystrophy Type 1 235 

Hetzer, M.W. (2010). The nuclear envelope. Cold Spring Harb Perspect Biol, Vol. 2, No. 3, (Mar 
2010), pp. a000539, ISSN 1943-0264  

Hofmann-Radvanyi, H.; Lavedan, C.; Rabes, J.P.; Savoy, D.; Duros, C.; Johnson, K. & Junien, 
C. (1993). Myotonic dystrophy: absence of CTG enlarged transcript in congenital 
forms, and low expression of the normal allele. Hum Mol Genet, Vol. 2, No. 8, (Aug 
1993), pp. 1263-6, ISSN 0964-6906  

Huse, M. & Kuriyan, J. (2002). The conformational plasticity of protein kinases. Cell, Vol. 
109, No. 3, (May 3 2002), pp. 275-82, ISSN 0092-8674  

Iyer, D.; Belaguli, N.; Fluck, M.; Rowan, B.G.; Wei, L.; Weigel, N.L.; Booth, F.W.; Epstein, 
H.F.; Schwartz, R.J. & Balasubramanyam, A. (2003). Novel phosphorylation target 
in the serum response factor MADS box regulates alpha-actin transcription. 
Biochemistry, Vol. 42, No. 24, (Jun 24 2003), pp. 7477-86, ISSN 0006-2960  

Jacobs, M.; Hayakawa, K.; Swenson, L.; Bellon, S.; Fleming, M.; Taslimi, P. & Doran, J. 
(2006). The structure of dimeric ROCK I reveals the mechanism for ligand 
selectivity. J Biol Chem, Vol. 281, No. 1, (Jan 6 2006), pp. 260-8, ISSN 0021-9258  

Jansen, G.; Mahadevan, M.; Amemiya, C.; Wormskamp, N.; Segers, B.; Hendriks, W.; O'Hoy, 
K.; Baird, S.; Sabourin, L.; Lennon, G. & et al. (1992). Characterization of the 
myotonic dystrophy region predicts multiple protein isoform-encoding mRNAs. 
Nat Genet, Vol. 1, No. 4, (Jul 1992), pp. 261-6, ISSN 1061-4036  

Jansen, G.; Groenen, P.J.; Bachner, D.; Jap, P.H.; Coerwinkel, M.; Oerlemans, F.; van den 
Broek, W.; Gohlsch, B.; Pette, D.; Plomp, J.J.; Molenaar, P.C.; Nederhoff, M.G.; van 
Echteld, C.J.; Dekker, M.; Berns, A.; Hameister, H. & Wieringa, B. (1996). Abnormal 
myotonic dystrophy protein kinase levels produce only mild myopathy in mice. 
Nat Genet, Vol. 13, No. 3, (Jul 1996), pp. 316-24, ISSN 1061-4036  

Jiang, H.; Mankodi, A.; Swanson, M.S.; Moxley, R.T. & Thornton, C.A. (2004). Myotonic 
dystrophy type 1 is associated with nuclear foci of mutant RNA, sequestration of 
muscleblind proteins and deregulated alternative splicing in neurons. Hum Mol 
Genet, Vol. 13, No. 24, (Dec 15 2004), pp. 3079-88, ISSN 0964-6906  

Jin, S.; Shimizu, M.; Balasubramanyam, A. & Epstein, H.F. (2000). Myotonic dystrophy 
protein kinase (DMPK) induces actin cytoskeletal reorganization and apoptotic-like 
blebbing in lens cells. Cell Motil Cytoskeleton, Vol. 45, No. 2, (Feb 2000), pp. 133-48, 
ISSN 0886-1544  

Johnson, L.N.; Noble, M.E. & Owen, D.J. (1996). Active and inactive protein kinases: 
structural basis for regulation. Cell, Vol. 85, No. 2, (Apr 19 1996), pp. 149-58, ISSN 
0092-8674  

Kaliman, P.; Catalucci, D.; Lam, J.T.; Kondo, R.; Gutierrez, J.C.; Reddy, S.; Palacin, M.; 
Zorzano, A.; Chien, K.R. & Ruiz-Lozano, P. (2005). Myotonic dystrophy protein 
kinase phosphorylates phospholamban and regulates calcium uptake in 
cardiomyocyte sarcoplasmic reticulum. J Biol Chem, Vol. 280, No. 9, (Mar 4 2005), 
pp. 8016-21, ISSN 0021-9258  

Kaliman, P. & Llagostera, E. (2008). Myotonic dystrophy protein kinase (DMPK) and its role 
in the pathogenesis of myotonic dystrophy 1. Cell Signal, Vol. 20, No. 11, (Nov 
2008), pp. 1935-41, ISSN 0898-6568  



 
Advances in Protein Kinases 236 

Kim, C.H. & Lisman, J.E. (1999). A role of actin filament in synaptic transmission and long-
term potentiation. J Neurosci, Vol. 19, No. 11, (Jun 1 1999), pp. 4314-24, ISSN 1529-
2401  

Kohn, W.D.; Mant, C.T. & Hodges, R.S. (1997). Alpha-helical protein assembly motifs. J Biol 
Chem, Vol. 272, No. 5, (Jan 31 1997), pp. 2583-6, ISSN 0021-9258  

Krahe, R.; Ashizawa, T.; Abbruzzese, C.; Roeder, E.; Carango, P.; Giacanelli, M.; Funanage, 
V.L. & Siciliano, M.J. (1995). Effect of myotonic dystrophy trinucleotide repeat 
expansion on DMPK transcription and processing. Genomics, Vol. 28, No. 1, (Jul 1 
1995), pp. 1-14, ISSN 0888-7543  

Krupa, A.; Preethi, G. & Srinivasan, N. (2004). Structural modes of stabilization of 
permissive phosphorylation sites in protein kinases: distinct strategies in Ser/Thr 
and Tyr kinases. J Mol Biol, Vol. 339, No. 5, (Jun 18 2004), pp. 1025-39, ISSN 0022-
2836  

Kuyumcu-Martinez, N.M.; Wang, G.S. & Cooper, T.A. (2007). Increased steady-state levels 
of CUGBP1 in myotonic dystrophy 1 are due to PKC-mediated 
hyperphosphorylation. Mol Cell, Vol. 28, No. 1, (Oct 12 2007), pp. 68-78, ISSN 1097-
2765  

Ladd, A.N.; Charlet, N. & Cooper, T.A. (2001). The CELF family of RNA binding proteins is 
implicated in cell-specific and developmentally regulated alternative splicing. Mol 
Cell Biol, Vol. 21, No. 4, (Feb 2001), pp. 1285-96, ISSN 0270-7306  

Lam, L.T.; Pham, Y.C.; Nguyen, T.M. & Morris, G.E. (2000). Characterization of a 
monoclonal antibody panel shows that the myotonic dystrophy protein kinase, 
DMPK, is expressed almost exclusively in muscle and heart. Hum Mol Genet, Vol. 9, 
No. 14, (Sep 1 2000), pp. 2167-73, ISSN 0964-6906  

Landschulz, W.H.; Johnson, P.F. & McKnight, S.L. (1988). The leucine zipper: a hypothetical 
structure common to a new class of DNA binding proteins. Science, Vol. 240, No. 
4860, (Jun 24 1988), pp. 1759-64, ISSN 0036-8075  

Lee, H.C.; Patel, M.K.; Mistry, D.J.; Wang, Q.; Reddy, S.; Moorman, J.R. & Mounsey, J.P. 
(2003). Abnormal Na channel gating in murine cardiac myocytes deficient in 
myotonic dystrophy protein kinase. Physiol Genomics, Vol. 12, No. 2, (Jan 15 2003), 
pp. 147-57, ISSN 1531-2267  

Leung, T.; Chen, X.Q.; Tan, I.; Manser, E. & Lim, L. (1998). Myotonic dystrophy kinase-
related Cdc42-binding kinase acts as a Cdc42 effector in promoting cytoskeletal 
reorganization. Mol Cell Biol, Vol. 18, No. 1, (Jan 1998), pp. 130-40, ISSN 0270-7306  

Lin, X.; Miller, J.W.; Mankodi, A.; Kanadia, R.N.; Yuan, Y.; Moxley, R.T.; Swanson, M.S. & 
Thornton, C.A. (2006). Failure of MBNL1-dependent post-natal splicing transitions 
in myotonic dystrophy. Hum Mol Genet, Vol. 15, No. 13, (Jul 1 2006), pp. 2087-97, 
ISSN 0964-6906  

Lupas, A. (1996). Coiled coils: new structures and new functions. Trends Biochem Sci, Vol. 21, 
No. 10, (Oct 1996), pp. 375-82, ISSN 0968-0004  

Llagostera, E.; Catalucci, D.; Marti, L.; Liesa, M.; Camps, M.; Ciaraldi, T.P.; Kondo, R.; 
Reddy, S.; Dillmann, W.H.; Palacin, M.; Zorzano, A.; Ruiz-Lozano, P.; Gomis, R. & 
Kaliman, P. (2007). Role of myotonic dystrophy protein kinase (DMPK) in glucose 

Myotonic Dystrophy Protein Kinase: Structure, Function and  
Its Possible Role in the Pathogenesis of Myotonic Dystrophy Type 1 237 

homeostasis and muscle insulin action. PLoS One, Vol. 2, No. 11, 2007), pp. e1134, 
ISSN 1932-6203  

MacLennan, D.H. & Kranias, E.G. (2003). Phospholamban: a crucial regulator of cardiac 
contractility. Nat Rev Mol Cell Biol, Vol. 4, No. 7, (Jul 2003), pp. 566-77, ISSN 1471-
0072  

Madaule, P.; Eda, M.; Watanabe, N.; Fujisawa, K.; Matsuoka, T.; Bito, H.; Ishizaki, T. & 
Narumiya, S. (1998). Role of citron kinase as a target of the small GTPase Rho in 
cytokinesis. Nature, Vol. 394, No. 6692, (Jul 30 1998), pp. 491-4, ISSN 0028-0836  

Mahadevan, M.; Tsilfidis, C.; Sabourin, L.; Shutler, G.; Amemiya, C.; Jansen, G.; Neville, C.; 
Narang, M.; Barcelo, J.; O'Hoy, K. & et al. (1992). Myotonic dystrophy mutation: an 
unstable CTG repeat in the 3' untranslated region of the gene. Science, Vol. 255, No. 
5049, (Mar 6 1992), pp. 1253-5, ISSN 0036-8075  

Mahadevan, M.S.; Amemiya, C.; Jansen, G.; Sabourin, L.; Baird, S.; Neville, C.E.; 
Wormskamp, N.; Segers, B.; Batzer, M.; Lamerdin, J. & et al. (1993). Structure and 
genomic sequence of the myotonic dystrophy (DM kinase) gene. Hum Mol Genet, 
Vol. 2, No. 3, (Mar 1993), pp. 299-304, ISSN 0964-6906  

Mankodi, A.; Lin, X.; Blaxall, B.C.; Swanson, M.S. & Thornton, C.A. (2005). Nuclear RNA 
foci in the heart in myotonic dystrophy. Circ Res, Vol. 97, No. 11, (Nov 25 2005), pp. 
1152-5, ISSN 1524-4571  

Manning, G.; Whyte, D.B.; Martinez, R.; Hunter, T. & Sudarsanam, S. (2002). The protein 
kinase complement of the human genome. Science, Vol. 298, No. 5600, (Dec 6 2002), 
pp. 1912-34, ISSN 1095-9203  

Mason, J.M. & Arndt, K.M. (2004). Coiled coil domains: stability, specificity, and biological 
implications. Chembiochem, Vol. 5, No. 2, (Feb 6 2004), pp. 170-6, ISSN 1439-4227  

Meola, G. & Sansone, V. (2007). Cerebral involvement in myotonic dystrophies. Muscle 
Nerve, Vol. 36, No. 3, (Sep 2007), pp. 294-306, ISSN 0148-639X  

Moorman, J.R.; Palmer, C.J.; John, J.E., 3rd; Durieux, M.E. & Jones, L.R. (1992). 
Phospholemman expression induces a hyperpolarization-activated chloride current 
in Xenopus oocytes. J Biol Chem, Vol. 267, No. 21, (Jul 25 1992), pp. 14551-4, ISSN 
0021-9258  

Mounsey, J.P.; John, J.E., 3rd; Helmke, S.M.; Bush, E.W.; Gilbert, J.; Roses, A.D.; Perryman, 
M.B.; Jones, L.R. & Moorman, J.R. (2000a). Phospholemman is a substrate for 
myotonic dystrophy protein kinase. J Biol Chem, Vol. 275, No. 30, (Jul 28 2000a), pp. 
23362-7, ISSN 0021-9258  

Mounsey, J.P.; Mistry, D.J.; Ai, C.W.; Reddy, S. & Moorman, J.R. (2000b). Skeletal muscle 
sodium channel gating in mice deficient in myotonic dystrophy protein kinase. 
Hum Mol Genet, Vol. 9, No. 15, (Sep 22 2000b), pp. 2313-20, ISSN 0964-6906  

Mulders, S.A.; van Horssen, R.; Gerrits, L.; Bennink, M.B.; Pluk, H.; de Boer-van Huizen, 
R.T.; Croes, H.J.; Wijers, M.; van de Loo, F.A.; Fransen, J.; Wieringa, B. & Wansink, 
D.G. (2011). Abnormal actomyosin assembly in proliferating and differentiating 
myoblasts upon expression of a cytosolic DMPK isoform. Biochim Biophys Acta, Vol. 
1813, No. 5, (May 2011), pp. 867-77, ISSN 0006-3002  

Muranyi, A.; Zhang, R.; Liu, F.; Hirano, K.; Ito, M.; Epstein, H.F. & Hartshorne, D.J. (2001). 
Myotonic dystrophy protein kinase phosphorylates the myosin phosphatase 



 
Advances in Protein Kinases 236 

Kim, C.H. & Lisman, J.E. (1999). A role of actin filament in synaptic transmission and long-
term potentiation. J Neurosci, Vol. 19, No. 11, (Jun 1 1999), pp. 4314-24, ISSN 1529-
2401  

Kohn, W.D.; Mant, C.T. & Hodges, R.S. (1997). Alpha-helical protein assembly motifs. J Biol 
Chem, Vol. 272, No. 5, (Jan 31 1997), pp. 2583-6, ISSN 0021-9258  

Krahe, R.; Ashizawa, T.; Abbruzzese, C.; Roeder, E.; Carango, P.; Giacanelli, M.; Funanage, 
V.L. & Siciliano, M.J. (1995). Effect of myotonic dystrophy trinucleotide repeat 
expansion on DMPK transcription and processing. Genomics, Vol. 28, No. 1, (Jul 1 
1995), pp. 1-14, ISSN 0888-7543  

Krupa, A.; Preethi, G. & Srinivasan, N. (2004). Structural modes of stabilization of 
permissive phosphorylation sites in protein kinases: distinct strategies in Ser/Thr 
and Tyr kinases. J Mol Biol, Vol. 339, No. 5, (Jun 18 2004), pp. 1025-39, ISSN 0022-
2836  

Kuyumcu-Martinez, N.M.; Wang, G.S. & Cooper, T.A. (2007). Increased steady-state levels 
of CUGBP1 in myotonic dystrophy 1 are due to PKC-mediated 
hyperphosphorylation. Mol Cell, Vol. 28, No. 1, (Oct 12 2007), pp. 68-78, ISSN 1097-
2765  

Ladd, A.N.; Charlet, N. & Cooper, T.A. (2001). The CELF family of RNA binding proteins is 
implicated in cell-specific and developmentally regulated alternative splicing. Mol 
Cell Biol, Vol. 21, No. 4, (Feb 2001), pp. 1285-96, ISSN 0270-7306  

Lam, L.T.; Pham, Y.C.; Nguyen, T.M. & Morris, G.E. (2000). Characterization of a 
monoclonal antibody panel shows that the myotonic dystrophy protein kinase, 
DMPK, is expressed almost exclusively in muscle and heart. Hum Mol Genet, Vol. 9, 
No. 14, (Sep 1 2000), pp. 2167-73, ISSN 0964-6906  

Landschulz, W.H.; Johnson, P.F. & McKnight, S.L. (1988). The leucine zipper: a hypothetical 
structure common to a new class of DNA binding proteins. Science, Vol. 240, No. 
4860, (Jun 24 1988), pp. 1759-64, ISSN 0036-8075  

Lee, H.C.; Patel, M.K.; Mistry, D.J.; Wang, Q.; Reddy, S.; Moorman, J.R. & Mounsey, J.P. 
(2003). Abnormal Na channel gating in murine cardiac myocytes deficient in 
myotonic dystrophy protein kinase. Physiol Genomics, Vol. 12, No. 2, (Jan 15 2003), 
pp. 147-57, ISSN 1531-2267  

Leung, T.; Chen, X.Q.; Tan, I.; Manser, E. & Lim, L. (1998). Myotonic dystrophy kinase-
related Cdc42-binding kinase acts as a Cdc42 effector in promoting cytoskeletal 
reorganization. Mol Cell Biol, Vol. 18, No. 1, (Jan 1998), pp. 130-40, ISSN 0270-7306  

Lin, X.; Miller, J.W.; Mankodi, A.; Kanadia, R.N.; Yuan, Y.; Moxley, R.T.; Swanson, M.S. & 
Thornton, C.A. (2006). Failure of MBNL1-dependent post-natal splicing transitions 
in myotonic dystrophy. Hum Mol Genet, Vol. 15, No. 13, (Jul 1 2006), pp. 2087-97, 
ISSN 0964-6906  

Lupas, A. (1996). Coiled coils: new structures and new functions. Trends Biochem Sci, Vol. 21, 
No. 10, (Oct 1996), pp. 375-82, ISSN 0968-0004  

Llagostera, E.; Catalucci, D.; Marti, L.; Liesa, M.; Camps, M.; Ciaraldi, T.P.; Kondo, R.; 
Reddy, S.; Dillmann, W.H.; Palacin, M.; Zorzano, A.; Ruiz-Lozano, P.; Gomis, R. & 
Kaliman, P. (2007). Role of myotonic dystrophy protein kinase (DMPK) in glucose 

Myotonic Dystrophy Protein Kinase: Structure, Function and  
Its Possible Role in the Pathogenesis of Myotonic Dystrophy Type 1 237 

homeostasis and muscle insulin action. PLoS One, Vol. 2, No. 11, 2007), pp. e1134, 
ISSN 1932-6203  

MacLennan, D.H. & Kranias, E.G. (2003). Phospholamban: a crucial regulator of cardiac 
contractility. Nat Rev Mol Cell Biol, Vol. 4, No. 7, (Jul 2003), pp. 566-77, ISSN 1471-
0072  

Madaule, P.; Eda, M.; Watanabe, N.; Fujisawa, K.; Matsuoka, T.; Bito, H.; Ishizaki, T. & 
Narumiya, S. (1998). Role of citron kinase as a target of the small GTPase Rho in 
cytokinesis. Nature, Vol. 394, No. 6692, (Jul 30 1998), pp. 491-4, ISSN 0028-0836  

Mahadevan, M.; Tsilfidis, C.; Sabourin, L.; Shutler, G.; Amemiya, C.; Jansen, G.; Neville, C.; 
Narang, M.; Barcelo, J.; O'Hoy, K. & et al. (1992). Myotonic dystrophy mutation: an 
unstable CTG repeat in the 3' untranslated region of the gene. Science, Vol. 255, No. 
5049, (Mar 6 1992), pp. 1253-5, ISSN 0036-8075  

Mahadevan, M.S.; Amemiya, C.; Jansen, G.; Sabourin, L.; Baird, S.; Neville, C.E.; 
Wormskamp, N.; Segers, B.; Batzer, M.; Lamerdin, J. & et al. (1993). Structure and 
genomic sequence of the myotonic dystrophy (DM kinase) gene. Hum Mol Genet, 
Vol. 2, No. 3, (Mar 1993), pp. 299-304, ISSN 0964-6906  

Mankodi, A.; Lin, X.; Blaxall, B.C.; Swanson, M.S. & Thornton, C.A. (2005). Nuclear RNA 
foci in the heart in myotonic dystrophy. Circ Res, Vol. 97, No. 11, (Nov 25 2005), pp. 
1152-5, ISSN 1524-4571  

Manning, G.; Whyte, D.B.; Martinez, R.; Hunter, T. & Sudarsanam, S. (2002). The protein 
kinase complement of the human genome. Science, Vol. 298, No. 5600, (Dec 6 2002), 
pp. 1912-34, ISSN 1095-9203  

Mason, J.M. & Arndt, K.M. (2004). Coiled coil domains: stability, specificity, and biological 
implications. Chembiochem, Vol. 5, No. 2, (Feb 6 2004), pp. 170-6, ISSN 1439-4227  

Meola, G. & Sansone, V. (2007). Cerebral involvement in myotonic dystrophies. Muscle 
Nerve, Vol. 36, No. 3, (Sep 2007), pp. 294-306, ISSN 0148-639X  

Moorman, J.R.; Palmer, C.J.; John, J.E., 3rd; Durieux, M.E. & Jones, L.R. (1992). 
Phospholemman expression induces a hyperpolarization-activated chloride current 
in Xenopus oocytes. J Biol Chem, Vol. 267, No. 21, (Jul 25 1992), pp. 14551-4, ISSN 
0021-9258  

Mounsey, J.P.; John, J.E., 3rd; Helmke, S.M.; Bush, E.W.; Gilbert, J.; Roses, A.D.; Perryman, 
M.B.; Jones, L.R. & Moorman, J.R. (2000a). Phospholemman is a substrate for 
myotonic dystrophy protein kinase. J Biol Chem, Vol. 275, No. 30, (Jul 28 2000a), pp. 
23362-7, ISSN 0021-9258  

Mounsey, J.P.; Mistry, D.J.; Ai, C.W.; Reddy, S. & Moorman, J.R. (2000b). Skeletal muscle 
sodium channel gating in mice deficient in myotonic dystrophy protein kinase. 
Hum Mol Genet, Vol. 9, No. 15, (Sep 22 2000b), pp. 2313-20, ISSN 0964-6906  

Mulders, S.A.; van Horssen, R.; Gerrits, L.; Bennink, M.B.; Pluk, H.; de Boer-van Huizen, 
R.T.; Croes, H.J.; Wijers, M.; van de Loo, F.A.; Fransen, J.; Wieringa, B. & Wansink, 
D.G. (2011). Abnormal actomyosin assembly in proliferating and differentiating 
myoblasts upon expression of a cytosolic DMPK isoform. Biochim Biophys Acta, Vol. 
1813, No. 5, (May 2011), pp. 867-77, ISSN 0006-3002  

Muranyi, A.; Zhang, R.; Liu, F.; Hirano, K.; Ito, M.; Epstein, H.F. & Hartshorne, D.J. (2001). 
Myotonic dystrophy protein kinase phosphorylates the myosin phosphatase 



 
Advances in Protein Kinases 238 

targeting subunit and inhibits myosin phosphatase activity. FEBS Lett, Vol. 493, No. 
2-3, (Mar 30 2001), pp. 80-4, ISSN 0014-5793  

Narang, M.A.; Waring, J.D.; Sabourin, L.A. & Korneluk, R.G. (2000). Myotonic dystrophy 
(DM) protein kinase levels in congenital and adult DM patients. Eur J Hum Genet, 
Vol. 8, No. 7, (Jul 2000), pp. 507-12, ISSN 1018-4813  

Ng, Y.; Tan, I.; Lim, L. & Leung, T. (2004). Expression of the human myotonic dystrophy 
kinase-related Cdc42-binding kinase gamma is regulated by promoter DNA 
methylation and Sp1 binding. J Biol Chem, Vol. 279, No. 33, (Aug 13 2004), pp. 
34156-64, ISSN 0021-9258  

Nolen, B.; Taylor, S. & Ghosh, G. (2004). Regulation of protein kinases; controlling activity 
through activation segment conformation. Mol Cell, Vol. 15, No. 5, (Sep 10 2004), 
pp. 661-75, ISSN 1097-2765  

Novelli, G.; Gennarelli, M.; Zelano, G.; Pizzuti, A.; Fattorini, C.; Caskey, C.T. & Dallapiccola, 
B. (1993). Failure in detecting mRNA transcripts from the mutated allele in 
myotonic dystrophy muscle. Biochem Mol Biol Int, Vol. 29, No. 2, (Feb 1993), pp. 
291-7, ISSN 1039-9712  

O'Cochlain, D.F.; Perez-Terzic, C.; Reyes, S.; Kane, G.C.; Behfar, A.; Hodgson, D.M.; 
Strommen, J.A.; Liu, X.K.; van den Broek, W.; Wansink, D.G.; Wieringa, B. & Terzic, 
A. (2004). Transgenic overexpression of human DMPK accumulates into 
hypertrophic cardiomyopathy, myotonic myopathy and hypotension traits of 
myotonic dystrophy. Hum Mol Genet, Vol. 13, No. 20, (Oct 15 2004), pp. 2505-18, 
ISSN 0964-6906  

Osborne, R.J. & Thornton, C.A. (2006). RNA-dominant diseases. Hum Mol Genet, Vol. 15 
Spec No 2, No. (Oct 15 2006), pp. R162-9, ISSN 0964-6906  

Otten, A.D. & Tapscott, S.J. (1995). Triplet repeat expansion in myotonic dystrophy alters the 
adjacent chromatin structure. Proc Natl Acad Sci U S A, Vol. 92, No. 12, (Jun 6 1995), 
pp. 5465-9, ISSN 0027-8424  

Oude Ophuis, R.J.; Mulders, S.A.; van Herpen, R.E.; van de Vorstenbosch, R.; Wieringa, B. & 
Wansink, D.G. (2009a). DMPK protein isoforms are differentially expressed in 
myogenic and neural cell lineages. Muscle Nerve, Vol. 40, No. 4, (Oct 2009a), pp. 
545-55, ISSN 0148-639X  

Oude Ophuis, R.J.; Wijers, M.; Bennink, M.B.; van de Loo, F.A.; Fransen, J.A.; Wieringa, B. & 
Wansink, D.G. (2009b). A tail-anchored myotonic dystrophy protein kinase isoform 
induces perinuclear clustering of mitochondria, autophagy, and apoptosis. PLoS 
One, Vol. 4, No. 11, 2009b), pp. e8024, ISSN 1932-6203  

Palmer, C.J.; Scott, B.T. & Jones, L.R. (1991). Purification and complete sequence 
determination of the major plasma membrane substrate for cAMP-dependent 
protein kinase and protein kinase C in myocardium. J Biol Chem, Vol. 266, No. 17, 
(Jun 15 1991), pp. 11126-30, ISSN 0021-9258  

Pall, G.S.; Johnson, K.J. & Smith, G.L. (2003). Abnormal contractile activity and calcium 
cycling in cardiac myocytes isolated from DMPK knockout mice. Physiol Genomics, 
Vol. 13, No. 2, (Apr 16 2003), pp. 139-46, ISSN 1531-2267  

Perbellini, R.; Greco, S.; Sarra-Ferraris, G.; Cardani, R.; Capogrossi, M.C.; Meola, G. & 
Martelli, F. (2011). Dysregulation and cellular mislocalization of specific miRNAs in 

Myotonic Dystrophy Protein Kinase: Structure, Function and  
Its Possible Role in the Pathogenesis of Myotonic Dystrophy Type 1 239 

myotonic dystrophy type 1. Neuromuscul Disord, Vol. 21, No. 2, (Feb 2011), pp. 81-8, 
ISSN 1873-2364  

Pham, Y.C.; Man, N.; Lam, L.T. & Morris, G.E. (1998). Localization of myotonic dystrophy 
protein kinase in human and rabbit tissues using a new panel of monoclonal 
antibodies. Hum Mol Genet, Vol. 7, No. 12, (Nov 1998), pp. 1957-65, ISSN 0964-
6906  

Philips, A.V.; Timchenko, L.T. & Cooper, T.A. (1998). Disruption of splicing regulated by a 
CUG-binding protein in myotonic dystrophy. Science, Vol. 280, No. 5364, (May 1 
1998), pp. 737-41, ISSN 0036-8075  

Ranum, L.P. & Day, J.W. (2004). Myotonic dystrophy: RNA pathogenesis comes into focus. 
Am J Hum Genet, Vol. 74, No. 5, (May 2004), pp. 793-804, ISSN 0002-9297  

Rau, F.; Freyermuth, F.; Fugier, C.; Villemin, J.P.; Fischer, M.C.; Jost, B.; Dembele, D.; 
Gourdon, G.; Nicole, A.; Duboc, D.; Wahbi, K.; Day, J.W.; Fujimura, H.; 
Takahashi, M.P.; Auboeuf, D.; Dreumont, N.; Furling, D. & Charlet-Berguerand, 
N. (2011). Misregulation of miR-1 processing is associated with heart defects in 
myotonic dystrophy. Nat Struct Mol Biol, Vol. 18, No. 7, (Jul 2011), pp. 840-5, ISSN 
1545-9985  

Reddy, S.; Smith, D.B.; Rich, M.M.; Leferovich, J.M.; Reilly, P.; Davis, B.M.; Tran, K.; 
Rayburn, H.; Bronson, R.; Cros, D.; Balice-Gordon, R.J. & Housman, D. (1996). Mice 
lacking the myotonic dystrophy protein kinase develop a late onset progressive 
myopathy. Nat Genet, Vol. 13, No. 3, (Jul 1996), pp. 325-35, ISSN 1061-4036  

Reddy, S.; Mistry, D.J.; Wang, Q.C.; Geddis, L.M.; Kutchai, H.C.; Moorman, J.R. & Mounsey, 
J.P. (2002). Effects of age and gene dose on skeletal muscle sodium channel gating 
in mice deficient in myotonic dystrophy protein kinase. Muscle Nerve, Vol. 25, No. 
6, (Jun 2002), pp. 850-7, ISSN 0148-639X  

Riento, K. & Ridley, A.J. (2003). Rocks: multifunctional kinases in cell behaviour. Nat Rev 
Mol Cell Biol, Vol. 4, No. 6, (Jun 2003), pp. 446-56, ISSN 1471-0072  

Roberts, R.; Timchenko, N.A.; Miller, J.W.; Reddy, S.; Caskey, C.T.; Swanson, M.S. & 
Timchenko, L.T. (1997). Altered phosphorylation and intracellular distribution of a 
(CUG)n triplet repeat RNA-binding protein in patients with myotonic dystrophy 
and in myotonin protein kinase knockout mice. Proc Natl Acad Sci U S A, Vol. 94, 
No. 24, (Nov 25 1997), pp. 13221-6, ISSN 0027-8424  

Roux, K.J. & Burke, B. (2007). Nuclear envelope defects in muscular dystrophy. Biochim 
Biophys Acta, Vol. 1772, No. 2, (Feb 2007), pp. 118-27, ISSN 0006-3002  

Saba, S.; Vanderbrink, B.A.; Luciano, B.; Aronovitz, M.J.; Berul, C.I.; Reddy, S.; Housman, D.; 
Mendelsohn, M.E.; Estes, N.A., 3rd & Wang, P.J. (1999). Localization of the sites of 
conduction abnormalities in a mouse model of myotonic dystrophy. J Cardiovasc 
Electrophysiol, Vol. 10, No. 9, (Sep 1999), pp. 1214-20, ISSN 1045-3873  

Sarkar, P.S.; Han, J. & Reddy, S. (2004). In situ hybridization analysis of Dmpk mRNA in 
adult mouse tissues. Neuromuscul Disord, Vol. 14, No. 8-9, (Sep 2004), pp. 497-506, 
ISSN 0960-8966  

Savkur, R.S.; Philips, A.V. & Cooper, T.A. (2001). Aberrant regulation of insulin receptor 
alternative splicing is associated with insulin resistance in myotonic dystrophy. Nat 
Genet, Vol. 29, No. 1, (Sep 2001), pp. 40-7, ISSN 1061-4036  



 
Advances in Protein Kinases 238 

targeting subunit and inhibits myosin phosphatase activity. FEBS Lett, Vol. 493, No. 
2-3, (Mar 30 2001), pp. 80-4, ISSN 0014-5793  

Narang, M.A.; Waring, J.D.; Sabourin, L.A. & Korneluk, R.G. (2000). Myotonic dystrophy 
(DM) protein kinase levels in congenital and adult DM patients. Eur J Hum Genet, 
Vol. 8, No. 7, (Jul 2000), pp. 507-12, ISSN 1018-4813  

Ng, Y.; Tan, I.; Lim, L. & Leung, T. (2004). Expression of the human myotonic dystrophy 
kinase-related Cdc42-binding kinase gamma is regulated by promoter DNA 
methylation and Sp1 binding. J Biol Chem, Vol. 279, No. 33, (Aug 13 2004), pp. 
34156-64, ISSN 0021-9258  

Nolen, B.; Taylor, S. & Ghosh, G. (2004). Regulation of protein kinases; controlling activity 
through activation segment conformation. Mol Cell, Vol. 15, No. 5, (Sep 10 2004), 
pp. 661-75, ISSN 1097-2765  

Novelli, G.; Gennarelli, M.; Zelano, G.; Pizzuti, A.; Fattorini, C.; Caskey, C.T. & Dallapiccola, 
B. (1993). Failure in detecting mRNA transcripts from the mutated allele in 
myotonic dystrophy muscle. Biochem Mol Biol Int, Vol. 29, No. 2, (Feb 1993), pp. 
291-7, ISSN 1039-9712  

O'Cochlain, D.F.; Perez-Terzic, C.; Reyes, S.; Kane, G.C.; Behfar, A.; Hodgson, D.M.; 
Strommen, J.A.; Liu, X.K.; van den Broek, W.; Wansink, D.G.; Wieringa, B. & Terzic, 
A. (2004). Transgenic overexpression of human DMPK accumulates into 
hypertrophic cardiomyopathy, myotonic myopathy and hypotension traits of 
myotonic dystrophy. Hum Mol Genet, Vol. 13, No. 20, (Oct 15 2004), pp. 2505-18, 
ISSN 0964-6906  

Osborne, R.J. & Thornton, C.A. (2006). RNA-dominant diseases. Hum Mol Genet, Vol. 15 
Spec No 2, No. (Oct 15 2006), pp. R162-9, ISSN 0964-6906  

Otten, A.D. & Tapscott, S.J. (1995). Triplet repeat expansion in myotonic dystrophy alters the 
adjacent chromatin structure. Proc Natl Acad Sci U S A, Vol. 92, No. 12, (Jun 6 1995), 
pp. 5465-9, ISSN 0027-8424  

Oude Ophuis, R.J.; Mulders, S.A.; van Herpen, R.E.; van de Vorstenbosch, R.; Wieringa, B. & 
Wansink, D.G. (2009a). DMPK protein isoforms are differentially expressed in 
myogenic and neural cell lineages. Muscle Nerve, Vol. 40, No. 4, (Oct 2009a), pp. 
545-55, ISSN 0148-639X  

Oude Ophuis, R.J.; Wijers, M.; Bennink, M.B.; van de Loo, F.A.; Fransen, J.A.; Wieringa, B. & 
Wansink, D.G. (2009b). A tail-anchored myotonic dystrophy protein kinase isoform 
induces perinuclear clustering of mitochondria, autophagy, and apoptosis. PLoS 
One, Vol. 4, No. 11, 2009b), pp. e8024, ISSN 1932-6203  

Palmer, C.J.; Scott, B.T. & Jones, L.R. (1991). Purification and complete sequence 
determination of the major plasma membrane substrate for cAMP-dependent 
protein kinase and protein kinase C in myocardium. J Biol Chem, Vol. 266, No. 17, 
(Jun 15 1991), pp. 11126-30, ISSN 0021-9258  

Pall, G.S.; Johnson, K.J. & Smith, G.L. (2003). Abnormal contractile activity and calcium 
cycling in cardiac myocytes isolated from DMPK knockout mice. Physiol Genomics, 
Vol. 13, No. 2, (Apr 16 2003), pp. 139-46, ISSN 1531-2267  

Perbellini, R.; Greco, S.; Sarra-Ferraris, G.; Cardani, R.; Capogrossi, M.C.; Meola, G. & 
Martelli, F. (2011). Dysregulation and cellular mislocalization of specific miRNAs in 

Myotonic Dystrophy Protein Kinase: Structure, Function and  
Its Possible Role in the Pathogenesis of Myotonic Dystrophy Type 1 239 

myotonic dystrophy type 1. Neuromuscul Disord, Vol. 21, No. 2, (Feb 2011), pp. 81-8, 
ISSN 1873-2364  

Pham, Y.C.; Man, N.; Lam, L.T. & Morris, G.E. (1998). Localization of myotonic dystrophy 
protein kinase in human and rabbit tissues using a new panel of monoclonal 
antibodies. Hum Mol Genet, Vol. 7, No. 12, (Nov 1998), pp. 1957-65, ISSN 0964-
6906  

Philips, A.V.; Timchenko, L.T. & Cooper, T.A. (1998). Disruption of splicing regulated by a 
CUG-binding protein in myotonic dystrophy. Science, Vol. 280, No. 5364, (May 1 
1998), pp. 737-41, ISSN 0036-8075  

Ranum, L.P. & Day, J.W. (2004). Myotonic dystrophy: RNA pathogenesis comes into focus. 
Am J Hum Genet, Vol. 74, No. 5, (May 2004), pp. 793-804, ISSN 0002-9297  

Rau, F.; Freyermuth, F.; Fugier, C.; Villemin, J.P.; Fischer, M.C.; Jost, B.; Dembele, D.; 
Gourdon, G.; Nicole, A.; Duboc, D.; Wahbi, K.; Day, J.W.; Fujimura, H.; 
Takahashi, M.P.; Auboeuf, D.; Dreumont, N.; Furling, D. & Charlet-Berguerand, 
N. (2011). Misregulation of miR-1 processing is associated with heart defects in 
myotonic dystrophy. Nat Struct Mol Biol, Vol. 18, No. 7, (Jul 2011), pp. 840-5, ISSN 
1545-9985  

Reddy, S.; Smith, D.B.; Rich, M.M.; Leferovich, J.M.; Reilly, P.; Davis, B.M.; Tran, K.; 
Rayburn, H.; Bronson, R.; Cros, D.; Balice-Gordon, R.J. & Housman, D. (1996). Mice 
lacking the myotonic dystrophy protein kinase develop a late onset progressive 
myopathy. Nat Genet, Vol. 13, No. 3, (Jul 1996), pp. 325-35, ISSN 1061-4036  

Reddy, S.; Mistry, D.J.; Wang, Q.C.; Geddis, L.M.; Kutchai, H.C.; Moorman, J.R. & Mounsey, 
J.P. (2002). Effects of age and gene dose on skeletal muscle sodium channel gating 
in mice deficient in myotonic dystrophy protein kinase. Muscle Nerve, Vol. 25, No. 
6, (Jun 2002), pp. 850-7, ISSN 0148-639X  

Riento, K. & Ridley, A.J. (2003). Rocks: multifunctional kinases in cell behaviour. Nat Rev 
Mol Cell Biol, Vol. 4, No. 6, (Jun 2003), pp. 446-56, ISSN 1471-0072  

Roberts, R.; Timchenko, N.A.; Miller, J.W.; Reddy, S.; Caskey, C.T.; Swanson, M.S. & 
Timchenko, L.T. (1997). Altered phosphorylation and intracellular distribution of a 
(CUG)n triplet repeat RNA-binding protein in patients with myotonic dystrophy 
and in myotonin protein kinase knockout mice. Proc Natl Acad Sci U S A, Vol. 94, 
No. 24, (Nov 25 1997), pp. 13221-6, ISSN 0027-8424  

Roux, K.J. & Burke, B. (2007). Nuclear envelope defects in muscular dystrophy. Biochim 
Biophys Acta, Vol. 1772, No. 2, (Feb 2007), pp. 118-27, ISSN 0006-3002  

Saba, S.; Vanderbrink, B.A.; Luciano, B.; Aronovitz, M.J.; Berul, C.I.; Reddy, S.; Housman, D.; 
Mendelsohn, M.E.; Estes, N.A., 3rd & Wang, P.J. (1999). Localization of the sites of 
conduction abnormalities in a mouse model of myotonic dystrophy. J Cardiovasc 
Electrophysiol, Vol. 10, No. 9, (Sep 1999), pp. 1214-20, ISSN 1045-3873  

Sarkar, P.S.; Han, J. & Reddy, S. (2004). In situ hybridization analysis of Dmpk mRNA in 
adult mouse tissues. Neuromuscul Disord, Vol. 14, No. 8-9, (Sep 2004), pp. 497-506, 
ISSN 0960-8966  

Savkur, R.S.; Philips, A.V. & Cooper, T.A. (2001). Aberrant regulation of insulin receptor 
alternative splicing is associated with insulin resistance in myotonic dystrophy. Nat 
Genet, Vol. 29, No. 1, (Sep 2001), pp. 40-7, ISSN 1061-4036  



 
Advances in Protein Kinases 240 

Schulz, P.E.; McIntosh, A.D.; Kasten, M.R.; Wieringa, B. & Epstein, H.F. (2003). A role for 
myotonic dystrophy protein kinase in synaptic plasticity. J Neurophysiol, Vol. 89, 
No. 3, (Mar 2003), pp. 1177-86, ISSN 0022-3077  

Shimokawa, M.; Ishiura, S.; Kameda, N.; Yamamoto, M.; Sasagawa, N.; Saitoh, N.; 
Sorimachi, H.; Ueda, H.; Ohno, S.; Suzuki, K. & Kobayashi, T. (1997). Novel isoform 
of myotonin protein kinase: gene product of myotonic dystrophy is localized in the 
sarcoplasmic reticulum of skeletal muscle. Am J Pathol, Vol. 150, No. 4, (Apr 1997), 
pp. 1285-95, ISSN 0002-9440  

Siciliano, G.; Mancuso, M.; Tedeschi, D.; Manca, M.L.; Renna, M.R.; Lombardi, V.; Rocchi, 
A.; Martelli, F. & Murri, L. (2001). Coenzyme Q10, exercise lactate and CTG 
trinucleotide expansion in myotonic dystrophy. Brain Res Bull, Vol. 56, No. 3-4, 
(Oct-Nov 1 2001), pp. 405-10, ISSN 0361-9230  

Sicot, G.; Gourdon, G. & Gomes-Pereira, M. (2011). Myotonic dystrophy, when simple 
repeats reveal complex pathogenic entities: new findings and future challenges. 
Hum Mol Genet, Vol. 20, No. R2, (Oct 15 2011), pp. R116-23, ISSN 1460-2083  

Storbeck, C.J.; Sabourin, L.A.; Waring, J.D. & Korneluk, R.G. (1998). Definition of regulatory 
sequence elements in the promoter region and the first intron of the myotonic 
dystrophy protein kinase gene. J Biol Chem, Vol. 273, No. 15, (Apr 10 1998), pp. 
9139-47, ISSN 0021-9258  

Tan, I.; Seow, K.T.; Lim, L. & Leung, T. (2001). Intermolecular and intramolecular 
interactions regulate catalytic activity of myotonic dystrophy kinase-related Cdc42-
binding kinase alpha. Mol Cell Biol, Vol. 21, No. 8, (Apr 2001), pp. 2767-78, ISSN 
0270-7306  

Taneja, K.L.; McCurrach, M.; Schalling, M.; Housman, D. & Singer, R.H. (1995). Foci of 
trinucleotide repeat transcripts in nuclei of myotonic dystrophy cells and tissues. J 
Cell Biol, Vol. 128, No. 6, (Mar 1995), pp. 995-1002, ISSN 0021-9525  

Timchenko, L.; Nastainczyk, W.; Schneider, T.; Patel, B.; Hofmann, F. & Caskey, C.T. (1995). 
Full-length myotonin protein kinase (72 kDa) displays serine kinase activity. Proc 
Natl Acad Sci U S A, Vol. 92, No. 12, (Jun 6 1995), pp. 5366-70, ISSN 0027-8424  

Timchenko, N.A.; Cai, Z.J.; Welm, A.L.; Reddy, S.; Ashizawa, T. & Timchenko, L.T. (2001). 
RNA CUG repeats sequester CUGBP1 and alter protein levels and activity of 
CUGBP1. J Biol Chem, Vol. 276, No. 11, (Mar 16 2001), pp. 7820-6, ISSN 0021-9258  

Tiscornia, G. & Mahadevan, M.S. (2000). Myotonic dystrophy: the role of the CUG triplet 
repeats in splicing of a novel DMPK exon and altered cytoplasmic DMPK mRNA 
isoform ratios. Mol Cell, Vol. 5, No. 6, (Jun 2000), pp. 959-67, ISSN 1097-2765  

Ueda, H.; Shimokawa, M.; Yamamoto, M.; Kameda, N.; Mizusawa, H.; Baba, T.; Terada, N.; 
Fujii, Y.; Ohno, S.; Ishiura, S. & Kobayashi, T. (1999). Decreased expression of 
myotonic dystrophy protein kinase and disorganization of sarcoplasmic reticulum 
in skeletal muscle of myotonic dystrophy. J Neurol Sci, Vol. 162, No. 1, (Jan 1 1999), 
pp. 38-50, ISSN 0022-510X  

Ueda, H.; Ohno, S. & Kobayashi, T. (2000). Myotonic dystrophy and myotonic dystrophy 
protein kinase. Prog Histochem Cytochem, Vol. 35, No. 3, 2000), pp. 187-251, ISSN 
0079-6336  

Myotonic Dystrophy Protein Kinase: Structure, Function and  
Its Possible Role in the Pathogenesis of Myotonic Dystrophy Type 1 241 

van der Ven, P.F.; Jansen, G.; van Kuppevelt, T.H.; Perryman, M.B.; Lupa, M.; Dunne, P.W.; 
ter Laak, H.J.; Jap, P.H.; Veerkamp, J.H.; Epstein, H.F. & et al. (1993). Myotonic 
dystrophy kinase is a component of neuromuscular junctions. Hum Mol Genet, Vol. 
2, No. 11, (Nov 1993), pp. 1889-94, ISSN 0964-6906  

van Herpen, R.E.; Oude Ophuis, R.J.; Wijers, M.; Bennink, M.B.; van de Loo, F.A.; Fransen, J.; 
Wieringa, B. & Wansink, D.G. (2005). Divergent mitochondrial and endoplasmic 
reticulum association of DMPK splice isoforms depends on unique sequence 
arrangements in tail anchors. Mol Cell Biol, Vol. 25, No. 4, (Feb 2005), pp. 1402-14, 
ISSN 0270-7306  

van Herpen, R.E.; Tjeertes, J.V.; Mulders, S.A.; Oude Ophuis, R.J.; Wieringa, B. & Wansink, 
D.G. (2006). Coiled-coil interactions modulate multimerization, mitochondrial 
binding and kinase activity of myotonic dystrophy protein kinase splice isoforms. 
FEBS J, Vol. 273, No. 6, (Mar 2006), pp. 1124-36, ISSN 1742-464X  

Wang, Y.H.; Amirhaeri, S.; Kang, S.; Wells, R.D. & Griffith, J.D. (1994). Preferential 
nucleosome assembly at DNA triplet repeats from the myotonic dystrophy gene. 
Science, Vol. 265, No. 5172, (Jul 29 1994), pp. 669-71, ISSN 0036-8075  

Wansink, D.G.; van Herpen, R.E.; Coerwinkel-Driessen, M.M.; Groenen, P.J.; Hemmings, 
B.A. & Wieringa, B. (2003). Alternative splicing controls myotonic dystrophy 
protein kinase structure, enzymatic activity, and subcellular localization. Mol Cell 
Biol, Vol. 23, No. 16, (Aug 2003), pp. 5489-501, ISSN 0270-7306  

Waring, J.D.; Haq, R.; Tamai, K.; Sabourin, L.A.; Ikeda, J.E. & Korneluk, R.G. (1996). 
Investigation of myotonic dystrophy kinase isoform translocation and membrane 
association. J Biol Chem, Vol. 271, No. 25, (Jun 21 1996), pp. 15187-93, ISSN 0021-
9258  

Whiting, E.J.; Waring, J.D.; Tamai, K.; Somerville, M.J.; Hincke, M.; Staines, W.A.; Ikeda, J.E. 
& Korneluk, R.G. (1995). Characterization of myotonic dystrophy kinase (DMK) 
protein in human and rodent muscle and central nervous tissue. Hum Mol Genet, 
Vol. 4, No. 6, (Jun 1995), pp. 1063-72, ISSN 0964-6906  

Whitley, P.; Grahn, E.; Kutay, U.; Rapoport, T.A. & von Heijne, G. (1996). A 12-residue-long 
polyleucine tail is sufficient to anchor synaptobrevin to the endoplasmic reticulum 
membrane. J Biol Chem, Vol. 271, No. 13, (Mar 29 1996), pp. 7583-6, ISSN 0021-9258  

Winchester, C.L.; Ferrier, R.K.; Sermoni, A.; Clark, B.J. & Johnson, K.J. (1999). 
Characterization of the expression of DMPK and SIX5 in the human eye and 
implications for pathogenesis in myotonic dystrophy. Hum Mol Genet, Vol. 8, No. 3, 
(Mar 1999), pp. 481-92, ISSN 0964-6906  

Wolf, E.; Kim, P.S. & Berger, B. (1997). MultiCoil: a program for predicting two- and three-
stranded coiled coils. Protein Sci, Vol. 6, No. 6, (Jun 1997), pp. 1179-89, ISSN 0961-
8368  

Yang, M.; Ellenberg, J.; Bonifacino, J.S. & Weissman, A.M. (1997). The transmembrane 
domain of a carboxyl-terminal anchored protein determines localization to the 
endoplasmic reticulum. J Biol Chem, Vol. 272, No. 3, (Jan 17 1997), pp. 1970-5, ISSN 
0021-9258  



 
Advances in Protein Kinases 240 

Schulz, P.E.; McIntosh, A.D.; Kasten, M.R.; Wieringa, B. & Epstein, H.F. (2003). A role for 
myotonic dystrophy protein kinase in synaptic plasticity. J Neurophysiol, Vol. 89, 
No. 3, (Mar 2003), pp. 1177-86, ISSN 0022-3077  

Shimokawa, M.; Ishiura, S.; Kameda, N.; Yamamoto, M.; Sasagawa, N.; Saitoh, N.; 
Sorimachi, H.; Ueda, H.; Ohno, S.; Suzuki, K. & Kobayashi, T. (1997). Novel isoform 
of myotonin protein kinase: gene product of myotonic dystrophy is localized in the 
sarcoplasmic reticulum of skeletal muscle. Am J Pathol, Vol. 150, No. 4, (Apr 1997), 
pp. 1285-95, ISSN 0002-9440  

Siciliano, G.; Mancuso, M.; Tedeschi, D.; Manca, M.L.; Renna, M.R.; Lombardi, V.; Rocchi, 
A.; Martelli, F. & Murri, L. (2001). Coenzyme Q10, exercise lactate and CTG 
trinucleotide expansion in myotonic dystrophy. Brain Res Bull, Vol. 56, No. 3-4, 
(Oct-Nov 1 2001), pp. 405-10, ISSN 0361-9230  

Sicot, G.; Gourdon, G. & Gomes-Pereira, M. (2011). Myotonic dystrophy, when simple 
repeats reveal complex pathogenic entities: new findings and future challenges. 
Hum Mol Genet, Vol. 20, No. R2, (Oct 15 2011), pp. R116-23, ISSN 1460-2083  

Storbeck, C.J.; Sabourin, L.A.; Waring, J.D. & Korneluk, R.G. (1998). Definition of regulatory 
sequence elements in the promoter region and the first intron of the myotonic 
dystrophy protein kinase gene. J Biol Chem, Vol. 273, No. 15, (Apr 10 1998), pp. 
9139-47, ISSN 0021-9258  

Tan, I.; Seow, K.T.; Lim, L. & Leung, T. (2001). Intermolecular and intramolecular 
interactions regulate catalytic activity of myotonic dystrophy kinase-related Cdc42-
binding kinase alpha. Mol Cell Biol, Vol. 21, No. 8, (Apr 2001), pp. 2767-78, ISSN 
0270-7306  

Taneja, K.L.; McCurrach, M.; Schalling, M.; Housman, D. & Singer, R.H. (1995). Foci of 
trinucleotide repeat transcripts in nuclei of myotonic dystrophy cells and tissues. J 
Cell Biol, Vol. 128, No. 6, (Mar 1995), pp. 995-1002, ISSN 0021-9525  

Timchenko, L.; Nastainczyk, W.; Schneider, T.; Patel, B.; Hofmann, F. & Caskey, C.T. (1995). 
Full-length myotonin protein kinase (72 kDa) displays serine kinase activity. Proc 
Natl Acad Sci U S A, Vol. 92, No. 12, (Jun 6 1995), pp. 5366-70, ISSN 0027-8424  

Timchenko, N.A.; Cai, Z.J.; Welm, A.L.; Reddy, S.; Ashizawa, T. & Timchenko, L.T. (2001). 
RNA CUG repeats sequester CUGBP1 and alter protein levels and activity of 
CUGBP1. J Biol Chem, Vol. 276, No. 11, (Mar 16 2001), pp. 7820-6, ISSN 0021-9258  

Tiscornia, G. & Mahadevan, M.S. (2000). Myotonic dystrophy: the role of the CUG triplet 
repeats in splicing of a novel DMPK exon and altered cytoplasmic DMPK mRNA 
isoform ratios. Mol Cell, Vol. 5, No. 6, (Jun 2000), pp. 959-67, ISSN 1097-2765  

Ueda, H.; Shimokawa, M.; Yamamoto, M.; Kameda, N.; Mizusawa, H.; Baba, T.; Terada, N.; 
Fujii, Y.; Ohno, S.; Ishiura, S. & Kobayashi, T. (1999). Decreased expression of 
myotonic dystrophy protein kinase and disorganization of sarcoplasmic reticulum 
in skeletal muscle of myotonic dystrophy. J Neurol Sci, Vol. 162, No. 1, (Jan 1 1999), 
pp. 38-50, ISSN 0022-510X  

Ueda, H.; Ohno, S. & Kobayashi, T. (2000). Myotonic dystrophy and myotonic dystrophy 
protein kinase. Prog Histochem Cytochem, Vol. 35, No. 3, 2000), pp. 187-251, ISSN 
0079-6336  

Myotonic Dystrophy Protein Kinase: Structure, Function and  
Its Possible Role in the Pathogenesis of Myotonic Dystrophy Type 1 241 

van der Ven, P.F.; Jansen, G.; van Kuppevelt, T.H.; Perryman, M.B.; Lupa, M.; Dunne, P.W.; 
ter Laak, H.J.; Jap, P.H.; Veerkamp, J.H.; Epstein, H.F. & et al. (1993). Myotonic 
dystrophy kinase is a component of neuromuscular junctions. Hum Mol Genet, Vol. 
2, No. 11, (Nov 1993), pp. 1889-94, ISSN 0964-6906  

van Herpen, R.E.; Oude Ophuis, R.J.; Wijers, M.; Bennink, M.B.; van de Loo, F.A.; Fransen, J.; 
Wieringa, B. & Wansink, D.G. (2005). Divergent mitochondrial and endoplasmic 
reticulum association of DMPK splice isoforms depends on unique sequence 
arrangements in tail anchors. Mol Cell Biol, Vol. 25, No. 4, (Feb 2005), pp. 1402-14, 
ISSN 0270-7306  

van Herpen, R.E.; Tjeertes, J.V.; Mulders, S.A.; Oude Ophuis, R.J.; Wieringa, B. & Wansink, 
D.G. (2006). Coiled-coil interactions modulate multimerization, mitochondrial 
binding and kinase activity of myotonic dystrophy protein kinase splice isoforms. 
FEBS J, Vol. 273, No. 6, (Mar 2006), pp. 1124-36, ISSN 1742-464X  

Wang, Y.H.; Amirhaeri, S.; Kang, S.; Wells, R.D. & Griffith, J.D. (1994). Preferential 
nucleosome assembly at DNA triplet repeats from the myotonic dystrophy gene. 
Science, Vol. 265, No. 5172, (Jul 29 1994), pp. 669-71, ISSN 0036-8075  

Wansink, D.G.; van Herpen, R.E.; Coerwinkel-Driessen, M.M.; Groenen, P.J.; Hemmings, 
B.A. & Wieringa, B. (2003). Alternative splicing controls myotonic dystrophy 
protein kinase structure, enzymatic activity, and subcellular localization. Mol Cell 
Biol, Vol. 23, No. 16, (Aug 2003), pp. 5489-501, ISSN 0270-7306  

Waring, J.D.; Haq, R.; Tamai, K.; Sabourin, L.A.; Ikeda, J.E. & Korneluk, R.G. (1996). 
Investigation of myotonic dystrophy kinase isoform translocation and membrane 
association. J Biol Chem, Vol. 271, No. 25, (Jun 21 1996), pp. 15187-93, ISSN 0021-
9258  

Whiting, E.J.; Waring, J.D.; Tamai, K.; Somerville, M.J.; Hincke, M.; Staines, W.A.; Ikeda, J.E. 
& Korneluk, R.G. (1995). Characterization of myotonic dystrophy kinase (DMK) 
protein in human and rodent muscle and central nervous tissue. Hum Mol Genet, 
Vol. 4, No. 6, (Jun 1995), pp. 1063-72, ISSN 0964-6906  

Whitley, P.; Grahn, E.; Kutay, U.; Rapoport, T.A. & von Heijne, G. (1996). A 12-residue-long 
polyleucine tail is sufficient to anchor synaptobrevin to the endoplasmic reticulum 
membrane. J Biol Chem, Vol. 271, No. 13, (Mar 29 1996), pp. 7583-6, ISSN 0021-9258  

Winchester, C.L.; Ferrier, R.K.; Sermoni, A.; Clark, B.J. & Johnson, K.J. (1999). 
Characterization of the expression of DMPK and SIX5 in the human eye and 
implications for pathogenesis in myotonic dystrophy. Hum Mol Genet, Vol. 8, No. 3, 
(Mar 1999), pp. 481-92, ISSN 0964-6906  

Wolf, E.; Kim, P.S. & Berger, B. (1997). MultiCoil: a program for predicting two- and three-
stranded coiled coils. Protein Sci, Vol. 6, No. 6, (Jun 1997), pp. 1179-89, ISSN 0961-
8368  

Yang, M.; Ellenberg, J.; Bonifacino, J.S. & Weissman, A.M. (1997). The transmembrane 
domain of a carboxyl-terminal anchored protein determines localization to the 
endoplasmic reticulum. J Biol Chem, Vol. 272, No. 3, (Jan 17 1997), pp. 1970-5, ISSN 
0021-9258  



 
Advances in Protein Kinases 242 

Zhang, R. & Epstein, H.F. (2003). Homodimerization through coiled-coil regions enhances 
activity of the myotonic dystrophy protein kinase. FEBS Lett, Vol. 546, No. 2-3, (Jul 
10 2003), pp. 281-7, ISSN 0014-5793  

Zhao, Z.S. & Manser, E. (2005). PAK and other Rho-associated kinases--effectors with 
surprisingly diverse mechanisms of regulation. Biochem J, Vol. 386, No. Pt 2, (Mar 1 
2005), pp. 201-14, ISSN 1470-8728  

10 

Protein Kinases in the  
Pathogenesis of Muscle Wasting 

Fabio Penna1, Domiziana Costamagna1, Andrea Camperi1, 
 Maurizio Muscaritoli2, Francesco M. Baccino1 and Paola Costelli1 

1Department of Experimental Medicine and Oncology,  
University of Torino,  

 2Department of Clinical Medicine, 'Sapienza', 
 University of Roma,  

Italy  

1. Introduction 
The skeletal muscle is a very heterogeneous tissue, that is in charge of a broad range of 
functions such as movement, stability, heat production and cold tolerance. It represents 
approximately 50% of total body protein, and plays a central role in whole body metabolism 
(Bassel-Duby & Olson, 2006). In the last two decades, the skeletal muscle, previously 
considered as a mere protein reservoir, has been shown to release cytokines and other 
humoral factors (Pedersen & Febbraio, 2008). This tissue plays a pivotal role in the overall 
energy balance. Indeed, it regulates lipid flux, takes up and stores most of plasma glucose, 
and modulates insulin sensitivity. In this regard, the skeletal muscle likely plays a crucial 
role in pathological states characterized by peripheral insulin resistance such as obesity, as 
also suggested by recent evidence showing the occurrence of a cross-talk between muscle 
and the adipose tissue (reviewed in Clarke & Henry, 2010). 

The human body comprises about six hundred different muscles, composed of 
multinucleated cells organized to form muscle fibers. The myofiber contains many parallel 
myofibrils, characterized by alternating light (I) and dark (A) bands. The latters are bisected 
by a dark region (H zone), while I bands comprise a dark Z line (Z disk). The interspace 
between two Z disks is termed sarcomere, the functional unit of the myofibril. Myofibril 
number defines the cross-sectional area (CSA) of the myofiber, and determines the force-
generating capacity. Myofibrillar contractile proteins myosin and actin form thick and thin 
filaments, respectively. Muscle myosin consists of two heavy chains (MyHC), endowed with 
ATPase activity, and two pairs of light chains (MyLC). Seven different genes coding for 
embryonic, neonatal and adult MHC isoforms have been described in humans. Myosin is 
organized in units assembled in a mobile side by side complex, where the head of myosin is 
at the distal tip of the filament and the tail at the center, rendering the thick filaments 
bipolar. Myosin heads interact with titin, connecting thick filaments to the Z disk. In the thin 
filaments, globular actin monomers are arranged in a double helical conformation, 
associated with tropomyosin, troponin, and nebulin, that regulate the interactions between 
actin and myosin. Troponin binds to Ca2+ released from intacellular stores, releasing 
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tropomyosin and allowing the interaction between actin and myosin heads. Two actin-
capping proteins, CapZ and tropomodulin, localized at the positive and negative end of the 
filament, respectively, prevent actin depolymerization. Finally, the Z disk is anchored to the 
sarcolemma by the intermediate filament protein desmin (reviewed in Morel & Pinset-
Härström). 

Contractile force is generated when myosin associates with actin and then rotates to pull the 
filaments across each other. Sliding of thick and thin filaments results in sarcomere 
shortening, due to the ATP-dependent cyclic interactions between the so called cross-
bridges (protrusions from the myosin molecule, endowed with ATPase activity), and 
specific binding sites on actin. Contractile force is function of both the isometric length-
tension curve and the speed of contraction, that depends on myosin ATPase activity. Two 
different types of skeletal muscles can be defined: those characterized by oxidative 
metabolism and by a long ATPase cycle time, termed slow-twitch, and those that produce 
energy mainly by glycolysis, with a rapid ATPase cycle, the fast-twich type. Different 
MyHC isoforms characterize the skeletal muscle types: the type I (β, or β-cardiac) isoform is 
predominantly expressed in slow fibers, while types IIa, and IIx (also known as IID) are 
expressed in human fast muscles (reviewed in Oldfor, 2007). Such compartmentalization, 
however, is not absolute, since several muscles in the body have a mixed composition. 

Signals from the motor cortex reach the neuromuscular junction, generating an action 
potential that is transmitted to muscle fibers, leading to contraction. The performance of the 
motor unit (motor nerve and muscle fibers) is characterized by mechanical (speed of 
shortening) and metabolic properties (resistance to fatigue). While the former reflects MyHC 
isoform composition (see above), the latter depends on the maintenance of the energy 
balance. Speed of shortening and resistance to fatigue are strictly correlated. Indeed, slow 
muscles, characterized by small CSA, few muscle fibers per motor unit, long ATPase cycle 
time and high oxidative metabolism, display low speed of shortening, but have the 
possibility to replenish ATP during contraction. As a consequence, they are recruited during 
tasks that require low force or power but highly precise and long lasting movements. By 
contrast, fast muscles, that show  large CSA, rapid ATPase cycle associated with glycolytic 
metabolism, are characterized by higher shortening speed then slow ones, but cannot 
rapidly replace ATP, and are recruited under circumstances when high power output is 
needed for short time intervals. 

The number of muscle fibers in mammals does not change significantly during life, in the 
absence of injury or disease. Adult skeletal muscle, composed by post-mitotic cells, is 
endowed with a marked regenerative potential. Indeed, acute muscle injury is rapidly 
repaired by newly formed myotubes, since myogenic precursors (satellite cells) are 
conserved also in the postnatal period (Schultz & McCormick, 1994). In response to 
regenerative stimuli, satellite cells proliferate to form myoblasts, which divide a limited 
number of times before terminally differentiating and fusing into multinucleated myotubes 
(cf. Morgan and Partridge, 2003). Satellite cells are considered an adult stem cell population 
for the skeletal muscle, that can be renewed without losing the ability to generate 
differentiated myotubes. However, also other skeletal muscle progenitors have been 
proposed to contribute to myogenesis. As an example, intramuscular injection of muscle-
resident side-population cells has been shown to contribute to myofiber formation. 
Similarly, CD45/Sca1 positive interstitial muscle-resident cells have been shown to acquire 
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myogenic activity when cocultured with primary myoblasts or in response to muscle injury 
or Wnt signaling. The existence of distinct subsets of myogenic cells likely suggests that 
multiple mechanisms may support regeneration in the adult skeletal muscle, although the 
contribution of these cells to the maintenance or repair of skeletal muscle under physiologic 
conditions is uncertain, and their therapeutic potential has not been clearly established. 

2. Physiological regulation of skeletal muscle mass 
In principle, changes of myofiber number and/or dimension, this latter better defined by 
CSA, result in modulations of the skeletal muscle mass. However, modifications of myofiber 
number are rarely seen, while variations of CSA may occur frequently. In particular, CSA 
increases during normal growth or hypertrophy induced, for example, by exercise, and 
decreases in conditions of inactivity, injury, disease, or aging.  

While muscle hypertrophy reflects an accumulation of contractile proteins, the opposite 
occurs in skeletal muscle atrophy, where both CSA and content of contractile proteins are 
reduced. On this lines, protein content is the main factor regulating skeletal muscle mass. 
The amount of proteins in a cell is strictly regulated by the balance between synthesis and 
degradation rates. In healthy state, protein synthesis and breakdown do not exceed each 
other, allowing normal protein turnover without modifying the skeletal muscle mass. 
Although modulations of both sides of turnover eventually converge to produce a new 
steady-state, physiologic muscle hypertrophy  mainly result from increased rates of protein 
synthesis, which responds earlier than degradation to the inducing stimuli. By contrast, 
increased breakdown rates are in charge of protein depletion in many situations 
characterized by muscle atrophy.  

A complex interplay among humoral mediators such as insulin and IGFs, and amino acids is 
involved in regulating the rates of intracellular protein synthesis. In this regard, signaling 
through the insulin/IGF-1 receptor, as well as increased amino acid levels, have been shown 
to simultaneously stimulate synthesis and inhibit protein catabolism. Protein synthesis 
induction by classical anabolic signals such as insulin or IGF-1 relies on the activation of a 
transduction pathway involving phosphoinositide-3-kinase (PI3K), Akt/PKB, mTOR 
(mammalian Target Of Rapamycin), and p70S6K (p70 ribosomal S6 kinase). As an example, 
this pathway has been shown to account for the generation of muscle hypertrophy induced 
by resistance exercise (reviewed in Adamo & Farrar, 2006). The demonstration that the 
PI3K/Akt/mTOR pathway is crucial to skeletal muscle increase in size has come from 
studies reporting that the expression of a constitutively active form of Akt in skeletal muscle 
cells, or its conditional activation in the skeletal muscle of adult rats, result in the 
appearance of a hypertrophic phenotype (Rommel et al., 2001; Lai et al., 2004). Similar 
patterns can be reproduced by administering a mixture of the 3 branched-chain amino acids 
(BCAAs: leucine, isoleucine, and valine), or even leucine alone. In addition to provide 
substrate for the assembly of new proteins, amino acids interfere with different transduction 
pathways involved in the regulation of mRNA translation (Kadowaki & Kanazawa, 2003). 
In particular, increased leucine intracellular concentrations have been shown to enhance the 
rate of translation by activating p70S6K and eIF-4F (eukaryotic Initiation Factor 4F), 
independently from Akt (Lang and Frost, 2005). The body protein-sparing effect of leucine 
has been suggested by the observation that nitrogen balance in fasting volunteers treated 
with leucine alone or with BCAA keto acid analogues is improved (Choudry et al., 2006). 
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The regulation of protein synthesis exerted by amino acids mainly relies on mTOR, a 
serine/threonine kinase crucially involved in cell growth. mTOR stimulates protein 
synthesis through three key regulatory proteins: p70S6K, 4E-BP1 (eukaryotic initiation factor 
4E-binding protein 1) and eIF-4G (eukaryotic Initiation Factor 4G). Reduced mTOR-
mediated signaling has been reported in the skeletal muscle of fasted rats compared with 
the fed state. As expected, also the levels of phosphorylated 4E-BP1 are decreased in fasted 
animal; this would result in eIF-4E sequestration, inhibiting the assembly of the initiation 
complex eIF-4F. By contrast, 4E-BP1 is markedly hyperphosphorylated in the skeletal 
muscle of rats fed a high protein diet, promoting the formation of the eIF-4F complex. 
Moreover, leucine also promotes phosphorylation of p70S6K (Anthony et al., 2000). Akt 
activation also induces GSK-3β phosphorylation, thus resulting in its inactivation. GSK-3 β 
negatively regulates molecules involved in several anabolic processes and most of its effects 
are mediated by the PI3K/Akt pathway, in which GSK-3 acts both as a downstream target 
and as a negative regulator (Hanada et al., 2004). Consistently, non-competitive inhibition of 
GSK-3, by means of transfection with a dominant-negative cDNA, or by pharmacological 
compounds, activates the PI3K/Akt pathway, resulting in myotube hypertrophy (Rommel 
et al., 2001; Van der Velden et al., 2006). In addition, the increased proteolysis observed in 
muscles isolated from burned rats can be prevented by addition of GSK-3 inhibitors to the 
incubation medium (Fang et al., 2005). Other studies have shown that GSK-3 β is involved in 
the pathogenesis of Alzheimer disease, prionic diseases, Hungtington corea, and gp-120 
HIV-related neurotoxicity (Jope, 2003). All these considerations suggest that specific GSK-3 
β inhibitors could be useful from a clinical point of view in order to correct muscle 
hypotrophy in wasting diseases such as cancer, HIV, cardiac cachexia, diabetes and to 
interfere with the pathogenic mechanisms of above cited neurologic diseases.  

As for protein breakdown, it is also highly relevant to muscle homeostasis. Indeed, this 
process not only accounts for the degradation of damaged proteins as well as of regulatory 
molecules such as cyclins and their inhibitors, but also plays a crucial role in maintaining the 
right cellular size (Waterlow, 1984). The mobilization of muscle protein may have a 
physiological significance when aimed at providing substrates for both gluconeogenesis and 
the synthesis of the acute phase reactants. However, up-regulations of  protein degradation 
rates exceeding protein synthesis may result in skeletal muscle wasting (see below). From 
this point of view, the intuitive means to counteract the loss of muscle mass resulting from 
protein hypercatabolism, is to increase protein synthesis. However, in terms of rate 
equations, protein synthesis is a zero-order process, while degradation of the bulk of cell 
proteins is a first-order process described by a fractional rate constant. Consequently, under 
a given set of regulations, the size of the protein pool does not affect the fraction of proteins 
degraded. This means that, if the breakdown rate constant is higher than physiologic levels, 
protein loss will occur irrespectively of the protein synthesis rate (cf. Costelli and Baccino, 
2003). 

3. Mechanisms involved in muscle mass changes 
Muscle protein mass is regulated by both anabolic and catabolic signals. In particular, 
alterations in the balance between the two result in modulations of the skeletal muscle size, 
towards accretion or depletion when anabolic or catabolic pathways are prevailing, 
respectively. In this regard, pathological muscle depletion is characterized by a negative 
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nitrogen balance which results from disruption of the equilibrium between anabolism and 
catabolism, due to reduced synthesis, increased breakdown, or both. 

Generally speaking, muscle hypertrophy, either compensatory or due to working overload, 
is associated with up-regulation of protein synthesis. As reported above, particularly 
relevant in this regard are the activation of the PI3K/Akt/mTOR pathway induced by 
engagement of both insulin and IGF-1 receptors, as well as amino acid availability, BCAA in 
particular (see above). In addition, an important role in skeletal muscle enlargement is 
played by the protein phosphatase calcineurin (Musarò et al., 1999). As an example, rat 
myoblasts exposed to IGF-1 show a marked hypertrophic response that involves the 
enhancement of calcineurin expression, and that can be inhibited by the 
immunosuppressant agent cyclosporin A (Musarò et al., 1999). Similar observations have 
been performed also in the whole animal, where muscle hypertrophy induced by functional 
overload can be prevented by pharmacological inhibition of calcineurin with cyclosporin A 
or FK506 (Dunn et al., 1999).  

While the regulation of protein synthesis is substantially well defined, the mechanisms 
underlying the activation of cell protein degradation to supraphysiological levels have not 
been completely elucidated. Intracellular proteolysis in the skeletal muscle is operated by 
several systems. The lysosomal and the proteasomal ones, are able to degrade proteins into 
amino acids or small peptides. By contrast, both the Ca2+-dependent and the caspase 
pathways, characterized by a restricted catabolic specificity, only lead to a limited 
proteolysis of their substrates.  

The ATP-ubiquitin-dependent proteasome system is mainly involved in the degradation of 
damaged or rapid-turnover proteins. Degradation of its substrates mostly requires the 
covalent attachment of at least four ubiquitin molecules; the presence of such polyubiquitin 
chain targets the substrate to the 26S proteasome, a large cytosolic proteolytic complex. Both 
proteasomal activity and substrate ubiquitylation are ATP-dependent processes. About 
twenty years ago, the ubiquitin-proteasome system has been shown to contribute 
significantly also to bulk protein degradation. This has become clear when increased 
expression of molecules pertaining to this proteolytic system have been reported in 
experimental conditions characterized by muscle wasting, the more so when two muscle-
specific ubiquitin ligases, namely MAFbx/atrogin-1 and MuRF1 have been identified 
(reviewed in Costelli and Baccino, 2003). The former, in particular, is a component of the 
SCF complex, involved in targeting proteins for proteasomal degradation; such complex is 
formed by two molecules, SKP-1 (S) and Cullin-1 (C), that may be associated with a large 
series of F-box subunits (F), responsible for substrate specificity (Kipreos and Pagano, 2000). 
The results reported in the literature show that muscle wasting in several conditions such as 
sepsis, denervation, AIDS, diabetes, and cancer is associated with increased gene expression 
of both atrogin-1 and MuRF1 (Lecker et al., 2004). While the mechanisms regulating these 
ubiquitin ligases are not yet completely elucidated, hyperexpression of atrogin-1 has been 
proposed to depend on reduced signaling through the insulin/IGF-1 anabolic pathway 
(Sandri et al., 2004; Stitt et al., 2004), while activation of the NF-B transcription factor, likely 
cytokine-dependent, seems to drive the increase of MuRF1 mRNA levels (Cai et al., 2004).  

The autophagic-lysosomal degradative pathway, relatively non selective, is mostly 
responsible for the degradation of long-lived proteins as well as for the disposal of damaged 
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particular (see above). In addition, an important role in skeletal muscle enlargement is 
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myoblasts exposed to IGF-1 show a marked hypertrophic response that involves the 
enhancement of calcineurin expression, and that can be inhibited by the 
immunosuppressant agent cyclosporin A (Musarò et al., 1999). Similar observations have 
been performed also in the whole animal, where muscle hypertrophy induced by functional 
overload can be prevented by pharmacological inhibition of calcineurin with cyclosporin A 
or FK506 (Dunn et al., 1999).  

While the regulation of protein synthesis is substantially well defined, the mechanisms 
underlying the activation of cell protein degradation to supraphysiological levels have not 
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proteolysis of their substrates.  
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proteasomal activity and substrate ubiquitylation are ATP-dependent processes. About 
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expression of molecules pertaining to this proteolytic system have been reported in 
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specific ubiquitin ligases, namely MAFbx/atrogin-1 and MuRF1 have been identified 
(reviewed in Costelli and Baccino, 2003). The former, in particular, is a component of the 
SCF complex, involved in targeting proteins for proteasomal degradation; such complex is 
formed by two molecules, SKP-1 (S) and Cullin-1 (C), that may be associated with a large 
series of F-box subunits (F), responsible for substrate specificity (Kipreos and Pagano, 2000). 
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(Sandri et al., 2004; Stitt et al., 2004), while activation of the NF-B transcription factor, likely 
cytokine-dependent, seems to drive the increase of MuRF1 mRNA levels (Cai et al., 2004).  

The autophagic-lysosomal degradative pathway, relatively non selective, is mostly 
responsible for the degradation of long-lived proteins as well as for the disposal of damaged 
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organelles (reviewed in Scott & Klionsky, 1998). Autophagy relies on the sequestration of 
portions of cytoplasm into double-membrane vesicles (autophagosomes). These fuse with 
lysosomes, where the autophagic body is lysed, its content broken down, and the resulting 
degradation products made available for recycling (see Scott and Klionsky, 1998). Autophagy 
has been described in mammalian cells since the 1960s, however the underlying molecular 
mechanisms have been elucidated in the last years, with the identification of  a set of genes 
named ATG (autophagy-related; Klionsky et al., 2003). Autophagy occurs at a basal rate in 
normal growth conditions, however, it can be markedly enhanced by specific environmental 
stresses. A crucial role in the regulation of autophagic rate is played by mTOR (see above). 
Under nutrient-rich conditions mTOR is active and autophagy is inhibited. By contrast, mTor 
is inactivated by nutrient starvation, and autophagic degradation is enhanced (Codogno & 
Mejier, 2005). The contribution of autophagy to skeletal muscle protein breakdown has been 
recognized only in the last years, although an altered lysosomal function has previously been 
reported in several myopathies (Bechet et al., 2005). In this regard, the skeletal muscle has been 
shown to respond to a classical autophagic stimulus such as starvation by increasing the levels 
of the autophagic marker LC3B-II (Mizushima et al., 2004). These results are consistent and 
further substantiate previous reports showing that autophagy is the main proteolytic pathway 
involved in the amino acid-dependent regulation of proteolysis in cultured myotubes (Bechet 
et al., 2005). On this line, increased gene expression of cathepsins L or B has been reported in 
the skeletal muscle of septic or tumor-bearing animals (Deval et al., 2001) as well as in muscle 
biopsies from lung cancer patients (Jagoe et al., 2002). In addition, skeletal muscle wasting in 
tumor-bearing rats has been shown to be associated with enhanced activity of lysosomal 
proteases (Greenbaum and Sutherland, 1983; Tessitore et al., 1993). Consistently, 
administration of leupeptin, an inhibitor of cysteine proteases, counteracts the loss of muscle 
mass that occurs in sepsis and in experimental cancer cachexia (Ruff and Secrist, 1984; 
Tessitore et al., 1994). More recently, ATGs have been shown to be  induced in muscle by 
denervation or fasting, through a FoxO3-dependent mechanism (Zhao et al., 2007). In this 
regard, FoxO3 has been proposed to regulate both autophagy and proteasome-dependent 
proteolysis (Zhao et al., 2007). However, a sort of hierarchy appears to exist between these two 
processes, since a parallel study shows that autophagic degradation induced by starvation or 
FoxO3 overexpression is sufficient to determine muscle depletion even if the ubiquitin-
proteasome degradation is blocked using pharmacological or genetic approaches (Mammucari 
et al., 2007).  

Quite intriguing is the role of the Ca2+-dependent proteolytic system in the pathogenesis of 
muscle protein hypercatabolism. Cysteine proteases called calpains, and a physiological 
inhibitor named calpastatin, are the components of the Ca2+-dependent proteolytic system. 
Calpains have been involved in processes such as cell proliferation, differentiation, 
migration, apoptotic death, and gene expression (Suzuki et al., 2004). A number of proteins, 
among which protein kinase C, Cdk5, Ca2+/calmodulin-dependent protein kinase IV, 
calcineurin, titin and nebulin have been proposed as in vivo calpain substrates (reviewed in 
Suzuki et al., 2004). Due to restricted specificity, however, calpain action is limited, and 
generally leads to irreversible modifications of the substrates, resulting in activity 
modulations or in increased susceptibility to the action of other degradative pathways (cf. 
Saido et al., 1994; Williams et al., 1999). Although thiol proteinase inhibitors have been 
proposed to be ineffective in counteracting muscle protein degradation in experimental 
cachexia (Temparis et al., 1994; Baracos et al., 1995), other reports have shown that 
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administration of leupeptin is able to protect rats bearing the Yoshida ascites hepatoma AH-
130 from muscle wasting, and that Ca2+-dependent proteolysis is activated in muscles and 
heart of the AH-130 hosts (Costelli et al., 2001, unpublished observations). Similar 
observations suggesting the involvement of calpains in the pathogenesis of muscle depletion 
have been reported in septic rats administered dantrolene, an inhibitor of intracellular Ca2+ 
release; such treatment results in prevention of muscle wasting as well as of 
hyperexpression of calpains and of molecules pertaining to the ubiquitin–proteasome 
system (Williams et al., 1999; Wray et al., 2002). These reports are particularly intriguing 
since they propose that Ca2+-dependent proteolysis may be a necessary step to allow the 
release of myofibrillar proteins from the sarcomere, rendering them susceptible to 
degradation by the ubiquitin–proteasome system. Finally, a report has demonstrated that 
hyperexpression of calpastatin partially protects mice from unloaded-induced muscle 
atrophy (Tidball & Spencer, 2002).  

Similarly to calpains, also the caspase system, can only operate a partial proteolysis of its 
substrates. Caspases are a family of cysteine proteases mostly known for their role in the 
initiation and execution of the apoptotic process. Few years ago, some studies proposed that 
caspase 3 could also share with calpains the role as triggers of the initial proteolytic step 
needed to render myofibrillar proteins available for degradation by the proteasome. In this 
regard, recombinant caspase-3 has been shown to cleave actomyosin complexes, and 
caspase-3 inhibitors can prevent the accumulation of actin fragments in the skeletal muscles 
of diabetic or uremic rats (Du et al., 2004). Consistently with these observation, caspase-3 
knock-out mice have been shown to be resistant to denervation-induced muscle atrophy 
(Plant et al., 2009). In addition, myofibrillar proteins damaged by oxidation appear more 
susceptible to degradation by caspase-3 (Smuder et al., 2010), while a recent study reports 
that caspase 3 cleaves specific proteasome subunits in myotube cultures, leading to 
enhanced proteasome enzymatic activity (Wang et al., 2010). Finally, muscle atrophy that 
occurs in Duchenne muscular dystrophy or in heart failure has been associated with 
reduced myonuclei number, suggesting  that caspases may contribute to muscle depletion 
also by inducing apoptotic events (Sandri, 2002).  

While several evidence support the concept that hypercatabolism is the major cause of muscle 
protein depletion, the trigger(s) of such enhanced metabolism remain still elusive. in this 
regard, humoral mediators are now widely accepted to play a crucial role. Indeed, altered 
production/release of classical hormones and cytokines generates a complex network that 
results in inhibition of anabolic and/or anticatabolic signals, favoring the degradative side of 
protein turnover. Consistently, the muscle wasting pattern observed in experimental and 
human cachexia or in aging-associated sarcopenia has been shown to be prevented by insulin 
administration or by local overexpression of IGF-1 (Tessitore et al., 1994; Musarò et al., 2001; 
Lundholm et al., 2007). On the other side, circulating glucocorticoids are frequently elevated at 
supraphysiological levels in several chronic pathologies, and have been shown to exert a clear 
catabolic effect (see Schakman et al., 2009). At least the proteasome and the lysosomal-
dependent proteolytic systems are susceptible of regulation by the hormonal milieu. Indeed, 
insulin is one of the most powerful autophagy inhibitors (Pfeifer, 1977), is able to reduce the 
expression of both ubiquitin and 14-kDa E2 mRNA, and to down-regulate proteasome 
activities (Wang et al., 2006). By contrast, glucocorticoid treatment increases the expression of 
ubiquitin, 14-kDa E2 and 20S proteasome subunit in rat skeletal muscle (see Schakman et al., 
2009). Muscle wasting and modulations of ubiquitin expression and proteasome activities 
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have also been reported in experimental animals treated with the cytokines TNF or IL-1 
(Tisdale, 2008). The relevance of cytokines to the onset of muscle wasting at least in cancer 
cachexia have been demonstrated by studies showing that loss of muscle mass, protein 
hypercatabolism and ubiquitin hyperexpression can be prevented by administration of 
antibodies against TNF, IFN or IL-6 (reviewed in Costelli and Baccino, 2003). Consistently 
with these observations, perturbation in cytokine homeostasis have been reported also in 
cancer patients, where a positive correlation with both disease progression and mortality rate 
takes place (Attard-Montalto et al., 1998; Nakashima et al., 1998). In addition, proinflammatory 
cytokines have been shown to contribute to muscle depletion also in non-neoplastic chronic 
diseases. Indeed, sepsis is characterized by increased circulating levels of TNF, IL-1 and IL-6, 
that appear correlated with severity and lethality. Similarly, a shift towards the 
proinflammatory side of the cytokine balance has been reported in patients affected by AIDS 
(Kedzierska & Crowe, 2001), likely accounting for muscle protein hypercatabolism frequently 
occurring in such patients before the adoption of combined anti-retroviral therapy (HAART; 
Mangili et al., 2006). Finally, also the sarcopenia and the loss of muscle quality that 
characterize aging are associated with enhanced levels of proinflammatory mediators (Lee et 
al., 2007).  

In addition to altered protein turnover rates, modulations of the myogenic process have 
been proposed to contribute to the pathogenesis of muscle wasting. In this regard, one key 
mediator of muscle depletion, TNF, has been reported to regulate myogenesis with 
opposite outcomes. Local increase of TNF in cardiotoxin-injured muscle has been shown to 
promote regeneration (Chen et al. 2005), while systemic increase of TNF in vivo and 
elevated concentrations of the cytokine in vitro inhibit skeletal myogenesis (Guttridge et al. 
2000; Coletti et al. 2002; 2005). In particular, exposure of C2C12 myotube cultures to TNF 
leads to down-regulation of both MyoD and myogenin (Guttridge et al., 2000). MyoD 
appears down-regulated also in a TNF-dependent experimental model of cancer cachexia 
(Costelli et al., 2005). A different study has shown that TNF induces MyoD degradation 
through an unusual mechanism involving NF B activation (Guttridge et al. 2000), while 
recently MyoD hjas been demonstrated to be a substrate of the ubiquitin ligase atrogin-1 
(Tintignac et al., 2005). Down-regulation of myogenesis may also depend on impaired stem 
cell recruitment. In this regard, deregulation of stem cell number or activation has been 
shown to result in decreased muscle mass (Nicolas et al., 2005). Moreover, TNF has been 
proposed to abrogate stem cell function, resulting in delayed or impaired muscle 
regeneration in mice after injury (Moresi et al., 2008). A compromised regenerative capacity 
has also been reported in tumor-bearing mice (Coletti et al., 2005; Penna et al., 2010a); such a 
pattern is associated with the appearance of hematopoietic stem cell infiltration the skeletal 
muscle, quantitatively more important in the tumor hosts than in controls (Coletti et al., 
2005). Muscle atrophy induced in mice by aging or hindlimb suspension has also been 
associated with loss of muscle precursor cells, that results in reduced regenerative potential 
(Mitchell and Pavlath 2004).  

4. Protein kinases in the pathogenesis of skeletal muscle wasting 
Few kinase systems have been involved in the pathogenesis of muscle atrophy, the one 
regulated by growth factors such as insulin or IGF-1, the Mitogen Activated Protein Kinases 
(MAPKs), and the energy sensor AMP-activated protein kinase (AMPK). 
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Insulin/IGF-1 receptors are endowed with an intrinsic tyrosine kinase activity, that is 
stimulated by interaction with the specific ligands. After engagement, receptor 
autophosphorylation allows the recruitment of IRS (insulin receptor substrate) factors. 
Tyrosine-phosphorylated IRS activates PI3K, producing phosphoinositide-3,4,5-
triphosphate (PIP3). PIP3 acts on phosphoinositide-dependent kinase 1 (PDK1), which in 
turn phosphorylates and activates Akt. This kinase is well known for mediating anabolic 
signals (see above) through the indirect activation of mTOR, that requires the inhibition of 
TSC (tuberous sclerosis complex). Once phosphorylated, mTOR may participate to two 
different protein complexes, the Raptor-containing TORC1, sensitive to inhibition by 
rapamycin, and the Rictor-containing TORC2, which cannot be blocked by  rapamycin 
(reviewed in Schiaffino & Mammucari, 2011). While the latter is required for Akt activation, 
mTORC1 phosphorylates p70S6K, stimulating protein synthesis. In addition to TORC1, 
protein synthesis induction also relies on Akt-dependent GSK3β inhibition, that 
consequently removes the blockade impinging on the elongation factor eIF-2B. Active Akt 
also down-regulates protein breakdown by inactivating FoxO factors, thus inhibiting the 
transcription of the so called 'atrogenes', among which the muscle-specific ubiquitin ligases 
atrogin-1 and MuRF1 (Sandri et al., 2004; Stitt et al., 2004). FoxO3, in particular, has been 
proposed to contribute also to the regulation of LC3, an essential actor in the 
hyperactivation of the autophagic-lysosomal proteolysis (Zhao et al., 2007). Akt activation is 
influenced by several regulative mechanisms. Indeed, it is inhibited by p70S6K, through IRS 
inactivation by phosphorylation of serine residues, while it is induced by mTORC2 (see 
above). The PI3K/Akt pathway plays a pivotal role in modulating the skeletal muscle mass; 
indeed, it is upregulated in conditions characterized by muscle hypertrophy, while its 
disruption results in muscle atrophy (Glass, 2010). Not only, a hypertrophic phenotype 
occurs when Akt is hyperexpressed in skeletal muscle cells or is conditionally activated in 
the muscle of adult rats (Rommel et al., 2001; Lai et al., 2004). In addition, a protection 
against denervation-induced atrophy has been shown in transgenic mice overexpressing 
Akt (Bodine et al., 2001). Perturbations of the IGF-1 signaling pathway have been reported 
in both in vitro and in vivo models of muscle atrophy (reviewed in Glass, 2010). Indeed, the 
levels of active Akt are significantly reduced in C2C12 myotubes exposed to glucocorticoids 
or nutrient deprivation (Sandri et al., 2004). Decreased activity of the PI3K/Akt pathway has 
also been shown to occur in muscle wasting induced by denervation (Hornberger et al., 
2001), disuse (Sugiura et al., 2005), aging (Clavel et al., 2006) or glucocorticoid treatment 
(Schakman et al., 2008). By contrast, levels of phosphorylated Akt in the skeletal muscle of 
tumor-bearing animals are comparable to controls, or even increased (Penna et al., 2010b), 
although a down-regulation of Akt activation has been reported in patients affected by 
pancreatic cancer (Schmitt et al., 2007). The maintenance of p-Akt  levels in experimental 
cancer cachexia is particularly intriguing, since circulating IGF-1 and insulin levels are 
markedly reduced in the tumor-bearing animals (Costelli et al., 2006), and muscle wasting 
can be prevented by administration of insulin, though not of IGF-1 (Costelli et al., 2006; 
Tessitore et al., 1994). Akt phosphorylation mainly relies on the balance between the activity 
of PI3K and the phosphatases PTEN and PP2A. In particular, reduced PTEN activation has 
been observed in the skeletal muscle of fasted animals, likely to counteract Akt down-
regulation, in the attempt to preserve muscle proteins (Hu et al., 2007). However, both 
phosphatases are comparably expressed in the skeletal muscle of control and tumor-bearing 
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have also been reported in experimental animals treated with the cytokines TNF or IL-1 
(Tisdale, 2008). The relevance of cytokines to the onset of muscle wasting at least in cancer 
cachexia have been demonstrated by studies showing that loss of muscle mass, protein 
hypercatabolism and ubiquitin hyperexpression can be prevented by administration of 
antibodies against TNF, IFN or IL-6 (reviewed in Costelli and Baccino, 2003). Consistently 
with these observations, perturbation in cytokine homeostasis have been reported also in 
cancer patients, where a positive correlation with both disease progression and mortality rate 
takes place (Attard-Montalto et al., 1998; Nakashima et al., 1998). In addition, proinflammatory 
cytokines have been shown to contribute to muscle depletion also in non-neoplastic chronic 
diseases. Indeed, sepsis is characterized by increased circulating levels of TNF, IL-1 and IL-6, 
that appear correlated with severity and lethality. Similarly, a shift towards the 
proinflammatory side of the cytokine balance has been reported in patients affected by AIDS 
(Kedzierska & Crowe, 2001), likely accounting for muscle protein hypercatabolism frequently 
occurring in such patients before the adoption of combined anti-retroviral therapy (HAART; 
Mangili et al., 2006). Finally, also the sarcopenia and the loss of muscle quality that 
characterize aging are associated with enhanced levels of proinflammatory mediators (Lee et 
al., 2007).  

In addition to altered protein turnover rates, modulations of the myogenic process have 
been proposed to contribute to the pathogenesis of muscle wasting. In this regard, one key 
mediator of muscle depletion, TNF, has been reported to regulate myogenesis with 
opposite outcomes. Local increase of TNF in cardiotoxin-injured muscle has been shown to 
promote regeneration (Chen et al. 2005), while systemic increase of TNF in vivo and 
elevated concentrations of the cytokine in vitro inhibit skeletal myogenesis (Guttridge et al. 
2000; Coletti et al. 2002; 2005). In particular, exposure of C2C12 myotube cultures to TNF 
leads to down-regulation of both MyoD and myogenin (Guttridge et al., 2000). MyoD 
appears down-regulated also in a TNF-dependent experimental model of cancer cachexia 
(Costelli et al., 2005). A different study has shown that TNF induces MyoD degradation 
through an unusual mechanism involving NF B activation (Guttridge et al. 2000), while 
recently MyoD hjas been demonstrated to be a substrate of the ubiquitin ligase atrogin-1 
(Tintignac et al., 2005). Down-regulation of myogenesis may also depend on impaired stem 
cell recruitment. In this regard, deregulation of stem cell number or activation has been 
shown to result in decreased muscle mass (Nicolas et al., 2005). Moreover, TNF has been 
proposed to abrogate stem cell function, resulting in delayed or impaired muscle 
regeneration in mice after injury (Moresi et al., 2008). A compromised regenerative capacity 
has also been reported in tumor-bearing mice (Coletti et al., 2005; Penna et al., 2010a); such a 
pattern is associated with the appearance of hematopoietic stem cell infiltration the skeletal 
muscle, quantitatively more important in the tumor hosts than in controls (Coletti et al., 
2005). Muscle atrophy induced in mice by aging or hindlimb suspension has also been 
associated with loss of muscle precursor cells, that results in reduced regenerative potential 
(Mitchell and Pavlath 2004).  

4. Protein kinases in the pathogenesis of skeletal muscle wasting 
Few kinase systems have been involved in the pathogenesis of muscle atrophy, the one 
regulated by growth factors such as insulin or IGF-1, the Mitogen Activated Protein Kinases 
(MAPKs), and the energy sensor AMP-activated protein kinase (AMPK). 

 
Protein Kinases in the Pathogenesis of Muscle Wasting 

 

251 

Insulin/IGF-1 receptors are endowed with an intrinsic tyrosine kinase activity, that is 
stimulated by interaction with the specific ligands. After engagement, receptor 
autophosphorylation allows the recruitment of IRS (insulin receptor substrate) factors. 
Tyrosine-phosphorylated IRS activates PI3K, producing phosphoinositide-3,4,5-
triphosphate (PIP3). PIP3 acts on phosphoinositide-dependent kinase 1 (PDK1), which in 
turn phosphorylates and activates Akt. This kinase is well known for mediating anabolic 
signals (see above) through the indirect activation of mTOR, that requires the inhibition of 
TSC (tuberous sclerosis complex). Once phosphorylated, mTOR may participate to two 
different protein complexes, the Raptor-containing TORC1, sensitive to inhibition by 
rapamycin, and the Rictor-containing TORC2, which cannot be blocked by  rapamycin 
(reviewed in Schiaffino & Mammucari, 2011). While the latter is required for Akt activation, 
mTORC1 phosphorylates p70S6K, stimulating protein synthesis. In addition to TORC1, 
protein synthesis induction also relies on Akt-dependent GSK3β inhibition, that 
consequently removes the blockade impinging on the elongation factor eIF-2B. Active Akt 
also down-regulates protein breakdown by inactivating FoxO factors, thus inhibiting the 
transcription of the so called 'atrogenes', among which the muscle-specific ubiquitin ligases 
atrogin-1 and MuRF1 (Sandri et al., 2004; Stitt et al., 2004). FoxO3, in particular, has been 
proposed to contribute also to the regulation of LC3, an essential actor in the 
hyperactivation of the autophagic-lysosomal proteolysis (Zhao et al., 2007). Akt activation is 
influenced by several regulative mechanisms. Indeed, it is inhibited by p70S6K, through IRS 
inactivation by phosphorylation of serine residues, while it is induced by mTORC2 (see 
above). The PI3K/Akt pathway plays a pivotal role in modulating the skeletal muscle mass; 
indeed, it is upregulated in conditions characterized by muscle hypertrophy, while its 
disruption results in muscle atrophy (Glass, 2010). Not only, a hypertrophic phenotype 
occurs when Akt is hyperexpressed in skeletal muscle cells or is conditionally activated in 
the muscle of adult rats (Rommel et al., 2001; Lai et al., 2004). In addition, a protection 
against denervation-induced atrophy has been shown in transgenic mice overexpressing 
Akt (Bodine et al., 2001). Perturbations of the IGF-1 signaling pathway have been reported 
in both in vitro and in vivo models of muscle atrophy (reviewed in Glass, 2010). Indeed, the 
levels of active Akt are significantly reduced in C2C12 myotubes exposed to glucocorticoids 
or nutrient deprivation (Sandri et al., 2004). Decreased activity of the PI3K/Akt pathway has 
also been shown to occur in muscle wasting induced by denervation (Hornberger et al., 
2001), disuse (Sugiura et al., 2005), aging (Clavel et al., 2006) or glucocorticoid treatment 
(Schakman et al., 2008). By contrast, levels of phosphorylated Akt in the skeletal muscle of 
tumor-bearing animals are comparable to controls, or even increased (Penna et al., 2010b), 
although a down-regulation of Akt activation has been reported in patients affected by 
pancreatic cancer (Schmitt et al., 2007). The maintenance of p-Akt  levels in experimental 
cancer cachexia is particularly intriguing, since circulating IGF-1 and insulin levels are 
markedly reduced in the tumor-bearing animals (Costelli et al., 2006), and muscle wasting 
can be prevented by administration of insulin, though not of IGF-1 (Costelli et al., 2006; 
Tessitore et al., 1994). Akt phosphorylation mainly relies on the balance between the activity 
of PI3K and the phosphatases PTEN and PP2A. In particular, reduced PTEN activation has 
been observed in the skeletal muscle of fasted animals, likely to counteract Akt down-
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animals. In addition to Akt, also other molecules involved in the regulation of protein 
synthesis, such as eIF2, eIF-4B, p70S6K, are in an active state in the skeletal muscle of tumor-
bearing animals; however, previous results show that the rates of protein synthesis are not 
increased, but just maintained at control levels (Costelli et al., 2005, Tessitore et al., 1994). 
Whether this results from the lack of specific aminoacids or from activation/inactivation of 
other unknown mechanisms is not clear. In this regard, an inhibition of protein synthesis 
could result from the atrogin-1-dependent degradation of eIF-3F, a scaffold protein that 
coordinates both mTOR- and p70S6K-mediated translation. On the same line, protein 
synthesis has been proposed to be regulated by MuRF-1, independently from the PI3K/Akt 
pathway (Clarke et al., 2007; Koyama et al., 2008). 

Four main MAPKs have been identified in mammals: JNK (1-3) and p38 (-), activated by 
stress conditions, and the extracellular signal related ERK 1/2 (hereafter referred to as ERK) 
and ERK5, or big MAPK (Raman et al., 2007). MAPKs are activated by phosphorylation of 
both threonine and tyrosine residues by MAPK-kinases (MKKs) and inactivated by specific 
phosphatases such as the MAPK-phosphatase 1 (MKP-1; Raman et al., 2007). MAPKs are 
recognized as being of crucial importance in the process of myogenesis, although their role 
in the different steps of new fiber formation and specification still needs to be clarified. As 
an example, Ras-dependent ERK activation has been shown to lead to MHC-I expression, 
resulting in slow-fiber type differentiation (Murgia et al., 2000). These observations 
however, are in contrast with different studies reporting that ERK activation inhibits 
myotube formation (Miyake et al., 2009), while recent reports show that ERK activation is 
higher in fast- than in slow-twitch muscles (Shi et al., 2007) and that inhibition of MAPK 
signaling leads to a shift of fast fibers towards the slow-twitch phenotype (Shi et al., 2008). 
The activation of p38 appears required to phosphorylate substrates involved in myogenesis, 
as well as to induce MHC-IIx expression in myoblasts (Meissner et al., 2007). Indeed, p38 
modulates the expression of myogenic regulatory factors (MRFs), such as Myf5, and the 
activities of transcription factors belonging to the MEF2 and MyoD families. A reciprocal 
regulation has been proposed to exist between p38 and ERK. While the former inhibits ERK, 
withdrawing myocytes from the cell cycle and enhancing muscle differentiation, ERK 
inhibition results in marked activation of p38 (Keren et al., 2006). In this regard, the 
interaction between these two kinases, likely leading to a defective activation of p38, has 
been proposed to play a role in the development of rhabdomyosarcoma (Puri et al., 2000). In 
addition to the reciprocal regulation with ERK, a cross-talk between p38 and JNK also takes 
place. Initially described in cardiomyocytes, it has now been demonstrated also in the 
skeletal muscle. In particular, p38 has been shown to antagonize the proliferative signal 
driven in myoblasts by JNK-dependent cyclin D1 transcription, shifting cells towards 
differentiation (Perdiguero et al., 2007). Consistently, p38 deficient myoblasts are 
characterized by a prominent JNK phosphorylation, that appears to depend, partially at 
least, on reduced expression of MKP-1 (Perdiguero et al., 2007). Finally, JNK  has been also 
involved in the activation of caspases in atrophying skeletal muscles (Supinski et al., 2009). 

Several situations characterized by muscle wasting, among which aging, type II diabetes, 
COPD, and inflammatory myopathies are associated with increased MAPK 
phosphorylation, p38 in particular (reviewed in Glass, 2010). Activation of p38 stimulates 
atrophy by enhancing the expression of atrogin-1 and MuRF1(Li et al., 2005; Romanello et 
al., 2010) This is also evident from in vitro experiments, showing that the increased 
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expression of atrogin-1 and MuRF-1 induced by TNF-α in C2C12 myotubes as well as the 
induction of the ubiquitin-specific protease-19 by cigarette smoke in L6 cultures are 
prevented by p38 inhibitors (Li et al., 2005; Liu et al., 2011). Similarly, atrogin-1 upregulation 
and muscle mass depletion induced by lipopolysaccharide (LPS) in mice depend on p38 
activation; indeed, such effects are inhibited by curcumin administration, that leaves intact 
LPS ability to modulate both NF-B and Akt activity (Jin & Li, 2007). LPS exerts its 
bioactivity through  Toll-like receptors (TLR), in particular TLR4, expressed on both 
macrophages and muscle cells. Signaling through this receptor may significantly impinge on 
muscle protein degradation for multiple reasones: TLR4 engagement leads to p38 and NF-
B activation; this could result in the upregulation of atrogin-1 and MuRF1 in the muscle, 
directly, or indirectly, through the release of proinflammatory mediators by macrophages. 
In addition, TLR4 has recently been involved in the activation of autophagy, increasing 
autophagosome formation by a p38-dependent mechanism (Doyle et al., 2011). Activation of 
p38 has also been shown to occur in response to mechanical or electrical stimulation, and 
functional overload of the skeletal muscle (Boppart et al., 2001; Huey, 2006; Sakamoto et al., 
2003;), suggesting that this kinase plays a role in both anabolic and catabolic responses. 
Among the targets of  p38 is MAPK-kinase 2 (MKK2), that appears involved in mediating 
p38 nuclear export (Gorog et al., 2009). MKK2 is phosphorylated by p38 at two threonine 
residues, both necessary for the activation (Engel et al., 1995); phosphorylation at T317 
allows MKK2 export in a complex containing p38 itself (Ben-Levy et al., 1998; Meng et al., 
2002). Heat shock protein 27 (HSP27, Stokoe et al., 1992), involved in the regulation of actin 
filament dynamics, is a substrate of MKK2 (Guay et al., 1997). Phosphorylation of HSP27 is 
increased in skeletal muscle hypertrophy and decreased during atrophy (Huey, 2006; 
Kawano et al., 2007), while HSP27 hyperexpression is able to reduce skeletal muscle 
depletion due to disuse (Dodd et al., 2009). Finally, MKK2 expression is reduced also in 
denervation-induced atrophy (Norrby and Tagerud, 2010) . The occurrence of a cross-talk 
between MKK2/p38 and PI3K/Akt/mTor pathways has been proposed. In this regard, the 
MKK2/p38 complex exported from the nucleus appears to interact with a cytoplasmic 
HSP27/Akt complex (Wu et al., 2007). Similarly to Akt, also MKK2 can phosphorylate TSC2 
and FoxO1, thus impinging on both protein synthesis and catabolism (reviewed in Rosner et 
al., 2008).  

The involvement of ERK in the pathogenesis of skeletal muscle atrophy is quite 
controversial. ERK inactivation has been shown to result in muscle atrophy in the rat, 
irrespective of the fiber type (Shi et al., 2009), and to inhibit the hypertrophic response 
induced in fast muscles by treatment of the animals with 2-adrenergic agonists or IGF-1 
(Haddad & Adams, 2004; Shi et al., 2007). In addition, reduced levels of phosphorylated 
ERK have been demonstrated in age-induced sarcopenia (Carlson et al., 2009). In C2C12 
myotubes, ERK inhibition appeares required to stimulate ubiquitin ligase expression (Shi et 
al., 2008). Consistently, ubiquitin hyperexpression induced in L6 myotubes by 
glucocorticoids has been shown to depend on the activity of both MEK, the kinase upstream 
of ERK, and the Sp1 transcription factor (Marinovic et al., 2002). Constrasting observations 
have been reported, however. As an example, ERK activation in C2C12 cultures has been 
shown to result in reduced myotube size (Rommel et al., 1999), while its inhibition leads to a 
hypertrophic phenotype similar to that elicited by IGF-1 (Rommel et al., 1999). On the same 
line, the protection exerted against oxidative stress-induced damage in both C2C12 and L6 
myocytes by treatment with IGF-1 has been proposed to involve ERK activity (Yang et al., 
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2010). Finally, muscle atrophy due to immobilization by hind-limb suspension has been 
associated with increased levels of phosphorylated ERK (Kato et al., 2002). In addition to 
contribute in modulating adult skeletal mass, ERK has also been involved in the myogenic 
process. Indeed, FGF-induced activation of ERK has been shown to enhance the 
regenerative capacity of human satellite cells isolated from both young and old subjects, 
while proliferating fusion-competent myoblasts cannot be observed when ERK is inhibited 
(Carlson et al., 2009). Several humoral factors, such as IGF-1, proinflammatory cytokines 
and myostatin can contribute to activate ERK in the skeletal muscle. In particular, recent 
observations from our laboratory have shown that TNF-induced myotube reduction in size 
in C2C12 cultures is associated with ERK activation and increased myostatin expression 
(Lenk et al., 2009). Similar observation have been reported also in the skeletal muscle of 
tumor-bearing mice (Penna et al., 2010a). In this regard, myostatin has been previously 
proposed to activate ERK and to repress differentiation of C2C12 myocytes (Yang et al., 
2006), pointing to a causal relationship between myostatin and ERK biological activities.  

Increased levels of phosphorylated JNK in the skeletal muscle are characteristically 
observed in conditions of insulin resistance, such as obesity or type II diabetes (Masharani et 
al., 2011). JNK activation mediates insulin resistance by enhancing IRS phosphorylation at 
serine residues, thus inhibiting the transduction of IGF-1/insulin-dependent signals 
(Masharani et al., 2011). Oxidative stress consequent to lipotoxicity, as well as 
proinflammatory mediators (cytokines and others, such as homocysteine), derived or not 
from the adipose tissue, likely participate in activating JNK. This latter, together with ERK 
and p38 MAPKs, is also activated in the skeletal muscle after exercise; such activation 
depends on exercise-induced oxidative stress, being prevented by treatment of healthy 
volunteers with the antioxidant N-acetylcysteine (Petersen et al., 2011). Both JNK and its 
preferential substrate c-Jun are activated in the muscle of patients with chronic kidney 
failure (Verzola et al., 2011). Recent reports have shown that the activation of JNK that 
characterizes denervation-induced muscle atrophy can be prevented by targeted ablation of 
the adapter protein TRAF6 (Paul et al., 2010). By contrast, no changes in the levels of 
phosphorylated JNK have been observed in the skeletal muscle of animals bearing 
experimental tumors (Penna et al., 2010a). The signal transduction pathway dependent on 
JNK plays a role in the apoptotic response in several cell systems (Dhanasekaran & Reddy, 
2008). In this regard, muscle injury induced by cardiotoxin injection has been shown to be 
initially associated with JNK activation and perturbations in the Bax/Bcl-2 system, and 
subsequently with classical signs of apoptotic death such as cytochrome c release from 
mitochondria, caspase activation, PARP cleavage (Sinha-Hikim et al., 2007). The 
mechanisms underlying JNK-dependent apoptosis in cardiotoxin muscle injury is still 
unclear, however, increased NO production through iNOS induction might be involved 
(Sinha-Hikim et al., 2007). Consistently with these observation, diaphragm weakness 
induced by endotoxin treatment has been associated with JNK phosphorylation and caspase 
8 activation (Supinski et al., 2009). 

Finally, quite recent evidence support a role for AMPK in the pathogenesis of skeletal 
muscle wasting. This kinase mainly works as a sensor of intracellular energetic balance, but 
is also involved in the regulation of protein turnover. AMPK is switched on when the 
energy state of the cell is low; in the skeletal muscle, also fiber contraction, which is an 
energy dissipating process, leads to AMPK activation (Mihaylova & Shaw, 2011). The 
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interference exerted by AMPK on protein synthesis is mainly related to its ability to inhibit 
mTOR signaling (Mihaylova & Shaw, 2011). On the other side, AMPK has been shown to 
modulate protein degradation rates. Indeed, administration of AICAR, an AMPK agonist, to 
mice results in increased levels of phosphorylated AMPK, associated with enhanced 
atrogin-1 expression through a FoxO-dependent mechanism; such a pattern is inhibited by 
treating the animals with Compound C, an AMPK inhibitor (Nakashima et al., 2007; 
Romanello et al., 2010). AMPK activation has also been reported in the skeletal muscle of 
tumor-bearing animals  (Penna et al., 2010a ; White et al., 2011), where it is associated with 
marked alterations of mitochondrial morphology (Penna et al., unpublished observations). 
The AMPK-dependent pathway links the alterations in the mitochondrial system, including 
reduced ATP production, with the onset of muscle atrophy. In this regard, energy deficiency 
could result in AMPK-dependent FoxO activation. Taking into account that FoxO 
transcription factors have been also involved in the regulation of autophagy, and that this 
latter process is in charge of sequestration and degradation of damaged organelles, FoxO 
activation may contribute to mitochondrial loss, further enhancing energy imbalance.  

5. Protein kinase inhibitors to prevent skeletal muscle wasting 
Muscle wasting is now well accepted to derive from metabolic alterations due to the 
combined action of several factors that act in a complex network involving different signal 
transduction pathways. The result of such networking is clearly reflected on muscle protein 
turnover, ultimately leading to the onset of a protein hypercatabolic state. Muscle wasting in 
patients affected by chronic diseases, but also in 'healthy' elderly people (sarcopenia of 
aging), is a highly debilitating condition, that markedly impairs quality of life, recovery 
from illnesses, and tolerance to therapies. The result is a significant complications in the 
management of these persons, also with important consequences at the social care level. In 
this regard, therapeutic approaches aimed at interfering pharmacologically with the onset of 
tissue wasting need to be pursued. On the bases of results obtained in experimental models, 
a number of drugs have been proposed to counteract the development of muscle wasting. 
Among these are protein kinase inhibitors; the rationale for their use stands up from the 
observations reported by several studies demonstrating that protein kinases are of crucial 
relevance to the activation/inactivation of mechanisms involved in the 
depletion/preservation of skeletal muscle mass. 

About 25 years ago the first natural kinase inhibitor, namely staurosporine, able to block 
protein kinase C but also many other kinases, has been discovered. Subsequently, the 
specific inhibitor of p38, SB203580, has become available, opening the research of 
heterocyclic “drug-like” structures able to distinguish between different kinases. As an 
example, SB203580 binds to p38, but not to the closely related JNK (Dar and Shokat, 2011). 
Up to now, nine kinase inhibitors have currently been approved by the FDA (imatinib, 
gefitininb, sorafenib, erlotininb, sunitinib, dasatinib, nilotinib, lapatininb, pazopanib, 
PLX4032), however, there are many other small molecules endowed with similar properties. 
Most of these inhibitors bind in the ATP site, thus preventing kinase activation. The most 
relevant use for the inhibitors approved by FDA, mainly working as tyrosine-kinase 
blockers, is in the antineoplastic therapy. In this regard, imatinib, whose main target is the 
BCR-Abl kinase, has been the first to be used in the treatment of chronic myelogenous 



 
Advances in Protein Kinases 

 

254 

2010). Finally, muscle atrophy due to immobilization by hind-limb suspension has been 
associated with increased levels of phosphorylated ERK (Kato et al., 2002). In addition to 
contribute in modulating adult skeletal mass, ERK has also been involved in the myogenic 
process. Indeed, FGF-induced activation of ERK has been shown to enhance the 
regenerative capacity of human satellite cells isolated from both young and old subjects, 
while proliferating fusion-competent myoblasts cannot be observed when ERK is inhibited 
(Carlson et al., 2009). Several humoral factors, such as IGF-1, proinflammatory cytokines 
and myostatin can contribute to activate ERK in the skeletal muscle. In particular, recent 
observations from our laboratory have shown that TNF-induced myotube reduction in size 
in C2C12 cultures is associated with ERK activation and increased myostatin expression 
(Lenk et al., 2009). Similar observation have been reported also in the skeletal muscle of 
tumor-bearing mice (Penna et al., 2010a). In this regard, myostatin has been previously 
proposed to activate ERK and to repress differentiation of C2C12 myocytes (Yang et al., 
2006), pointing to a causal relationship between myostatin and ERK biological activities.  

Increased levels of phosphorylated JNK in the skeletal muscle are characteristically 
observed in conditions of insulin resistance, such as obesity or type II diabetes (Masharani et 
al., 2011). JNK activation mediates insulin resistance by enhancing IRS phosphorylation at 
serine residues, thus inhibiting the transduction of IGF-1/insulin-dependent signals 
(Masharani et al., 2011). Oxidative stress consequent to lipotoxicity, as well as 
proinflammatory mediators (cytokines and others, such as homocysteine), derived or not 
from the adipose tissue, likely participate in activating JNK. This latter, together with ERK 
and p38 MAPKs, is also activated in the skeletal muscle after exercise; such activation 
depends on exercise-induced oxidative stress, being prevented by treatment of healthy 
volunteers with the antioxidant N-acetylcysteine (Petersen et al., 2011). Both JNK and its 
preferential substrate c-Jun are activated in the muscle of patients with chronic kidney 
failure (Verzola et al., 2011). Recent reports have shown that the activation of JNK that 
characterizes denervation-induced muscle atrophy can be prevented by targeted ablation of 
the adapter protein TRAF6 (Paul et al., 2010). By contrast, no changes in the levels of 
phosphorylated JNK have been observed in the skeletal muscle of animals bearing 
experimental tumors (Penna et al., 2010a). The signal transduction pathway dependent on 
JNK plays a role in the apoptotic response in several cell systems (Dhanasekaran & Reddy, 
2008). In this regard, muscle injury induced by cardiotoxin injection has been shown to be 
initially associated with JNK activation and perturbations in the Bax/Bcl-2 system, and 
subsequently with classical signs of apoptotic death such as cytochrome c release from 
mitochondria, caspase activation, PARP cleavage (Sinha-Hikim et al., 2007). The 
mechanisms underlying JNK-dependent apoptosis in cardiotoxin muscle injury is still 
unclear, however, increased NO production through iNOS induction might be involved 
(Sinha-Hikim et al., 2007). Consistently with these observation, diaphragm weakness 
induced by endotoxin treatment has been associated with JNK phosphorylation and caspase 
8 activation (Supinski et al., 2009). 

Finally, quite recent evidence support a role for AMPK in the pathogenesis of skeletal 
muscle wasting. This kinase mainly works as a sensor of intracellular energetic balance, but 
is also involved in the regulation of protein turnover. AMPK is switched on when the 
energy state of the cell is low; in the skeletal muscle, also fiber contraction, which is an 
energy dissipating process, leads to AMPK activation (Mihaylova & Shaw, 2011). The 

 
Protein Kinases in the Pathogenesis of Muscle Wasting 

 

255 

interference exerted by AMPK on protein synthesis is mainly related to its ability to inhibit 
mTOR signaling (Mihaylova & Shaw, 2011). On the other side, AMPK has been shown to 
modulate protein degradation rates. Indeed, administration of AICAR, an AMPK agonist, to 
mice results in increased levels of phosphorylated AMPK, associated with enhanced 
atrogin-1 expression through a FoxO-dependent mechanism; such a pattern is inhibited by 
treating the animals with Compound C, an AMPK inhibitor (Nakashima et al., 2007; 
Romanello et al., 2010). AMPK activation has also been reported in the skeletal muscle of 
tumor-bearing animals  (Penna et al., 2010a ; White et al., 2011), where it is associated with 
marked alterations of mitochondrial morphology (Penna et al., unpublished observations). 
The AMPK-dependent pathway links the alterations in the mitochondrial system, including 
reduced ATP production, with the onset of muscle atrophy. In this regard, energy deficiency 
could result in AMPK-dependent FoxO activation. Taking into account that FoxO 
transcription factors have been also involved in the regulation of autophagy, and that this 
latter process is in charge of sequestration and degradation of damaged organelles, FoxO 
activation may contribute to mitochondrial loss, further enhancing energy imbalance.  

5. Protein kinase inhibitors to prevent skeletal muscle wasting 
Muscle wasting is now well accepted to derive from metabolic alterations due to the 
combined action of several factors that act in a complex network involving different signal 
transduction pathways. The result of such networking is clearly reflected on muscle protein 
turnover, ultimately leading to the onset of a protein hypercatabolic state. Muscle wasting in 
patients affected by chronic diseases, but also in 'healthy' elderly people (sarcopenia of 
aging), is a highly debilitating condition, that markedly impairs quality of life, recovery 
from illnesses, and tolerance to therapies. The result is a significant complications in the 
management of these persons, also with important consequences at the social care level. In 
this regard, therapeutic approaches aimed at interfering pharmacologically with the onset of 
tissue wasting need to be pursued. On the bases of results obtained in experimental models, 
a number of drugs have been proposed to counteract the development of muscle wasting. 
Among these are protein kinase inhibitors; the rationale for their use stands up from the 
observations reported by several studies demonstrating that protein kinases are of crucial 
relevance to the activation/inactivation of mechanisms involved in the 
depletion/preservation of skeletal muscle mass. 

About 25 years ago the first natural kinase inhibitor, namely staurosporine, able to block 
protein kinase C but also many other kinases, has been discovered. Subsequently, the 
specific inhibitor of p38, SB203580, has become available, opening the research of 
heterocyclic “drug-like” structures able to distinguish between different kinases. As an 
example, SB203580 binds to p38, but not to the closely related JNK (Dar and Shokat, 2011). 
Up to now, nine kinase inhibitors have currently been approved by the FDA (imatinib, 
gefitininb, sorafenib, erlotininb, sunitinib, dasatinib, nilotinib, lapatininb, pazopanib, 
PLX4032), however, there are many other small molecules endowed with similar properties. 
Most of these inhibitors bind in the ATP site, thus preventing kinase activation. The most 
relevant use for the inhibitors approved by FDA, mainly working as tyrosine-kinase 
blockers, is in the antineoplastic therapy. In this regard, imatinib, whose main target is the 
BCR-Abl kinase, has been the first to be used in the treatment of chronic myelogenous 



 
Advances in Protein Kinases 

 

256 

leukemia, while sorafenib is currently administered to patients affected by renal or 
hepatocellular carcinoma (Dar and Shokat, 2011). 

Only recently protein kinase inhibitors have been proposed as a means to counteract the 
onset of skeletal muscle wasting. In this regard, we have recently demonstrated that 
treatment of mice bearing the C26 tumor with the ERK inhibitor PD98059 partially but 
significantly protects tumor hosts from the onset of body weight loss and muscle mass 
depletion (Penna et al., 2010a). ERK inhibition also results in normalization of atrogin-1 
hyperexpression, independently from the state of activation of Akt. Among the targets of 
ERK is the AP-1 transcription factor, which is activated in tumor-bearing animals (Costelli et 
al., 2005) and may contribute to muscle atrophy, since this latter is improved inhibiting AP-1 
by a c-jun dominant negative (TAM67; Moore-Carrasco et al., 2006) . AP-1 regulated genes 
may contribute to muscle depletion; as an example, cyclin D1 expression (Moore-Carrasco et 
al., 2006) could induce satellite cell proliferation, that not necessarily is followed by 
differentiation, resulting in impaired  myogenesis. The differential expression of specific 
factors defines the phenotype of satellite cells. In particular, while MyoD can be detected 
more or less throughout the myogenic process, high levels of Pax7 associated with low 
myogenin expression characterize proliferating satellite cells; an opposite pattern can be 
observed in differentiating cells (Halevy et al., 2004). Indeed, previous reports have shown 
that Pax7 hyperexpression results in inhibition of myogenesis (Olguin & Olwin, 2004). Low 
rates of myogenesis (satellite cell activation and differentiation) participate to the 
maintenance of physiological skeletal muscle mass (Nicolas et al., 2005). This is confirmed 
by observations showing that aging- or hindlimb suspension-induced muscle atrophy is 
associated with a reduced regenerative potential (Mitchell & Pavlath, 2004). Consistently, 
Pax7 expression is significantly increased in the muscle of C26 hosts with respect to controls, 
while myogenin levels are reduced. The pattern of Pax7 and myogenin expression in the 
C26-bearing mice is compatible with an impaired regenerative process and suggests the 
possibility that activated satellite cells accumulate in tumor host muscle because of either 
enhanced proliferation or impaired differentiation or both. Altered expression of myogenic 
factors has previously been reported in AH-130 hepatoma-bearing rats (Costelli et al., 2005), 
in cancer patients (Ramamoorthy et al., 2009), and in an experimental model of chronic 
kidney disease (Zhang et al., 2010). In the latter report, downregulation of IGF-1 signaling 
appears responsible for impaired regeneration (Zhang et al., 2010). The results obtained in 
our laboratory suggest an alternative mechanism based on ERK activation: when the C26 
hosts are treated with PD98059, and ERK is thus inhibited, Pax7 and myogenin expression is 
restored to control values. These observations suggest that ERK activation likely contributes 
to maintain satellite cells in an undifferentiated state (Penna et al., 2010a). 

Despite several reports have shown that p38 is involved in the induction of atrogenes as 
well as in the hyperactivation of protein degradation in different model systems, there are 
no studies demonstrating that its pharmacological inhibition in experimental animals may 
protect the skeletal muscle from wasting. In this regard, we have tested the effectiveness of 
the p38 inhibitor SB203580 in preventing skeletal muscle depletion in animals implanted 
with the C26 tumor. After a subcutaneous inoculum of about 106 C26 cells, death of the 
animals occurs in about 15 days; tumor growth is associated with progressive loss of body 
weight, depletion of both the skeletal muscle and the adipose tissue mass, as well as with 
markedly increased circulating levels of IL-6 (Penna et al., 2010a). Control and tumor-
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bearing mice have been treated daily with subcutaneous injection of 3 or 30 mg/kg initial 
body weight of SB203580, dissolved in DMSO and then diluted in saline, starting from the 
day after tumor implantation. No significant differences could be observed as for both 
muscle force (evaluated by grasping test; Fig. 1A), food intake (Fig. 1B) and tumor mass 
(C26: 231±93 mg, C26+SB203580 30 mg/kg: 249±31 mg). By contrast, an increase of body 
weight occurred in the group of tumor bearers that received SB203580 at the dose of 30 
mg/kg when compared to both treated or untreated controls (Fig.1C). Body weight 
accretion, however, does not reflect an effect on the skeletal muscle mass, that remains close 
to the values of untreated tumor hosts, while the weight of both liver and spleen is 
significantly higher in treated than in untreated C26 bearers, possibly reflecting drug 
toxicity (Fig. 1D).  

 
(A): voluntary muscle strength, evaluated by dynamometer, expressed in Newton; (B) food intake, 
expressed as the means amount of food (g) consumed be the animals every two days; (C) body weight 
(g), inclusive of the tumor; (D) muscle and tissue weight, expressed as percentages of controls. Date are 
represented as means ± SD (where not indicated SD is within 10% of the means), n = 8 for each 
experimental group. Significance of the differences: *p<0.05 vs. untreated controls, § p<0.05 vs. 
untreated C26 hosts. 
Fig. 1. Effect of treatment with SB203580 on cachexia in mice bearing the C26 colon 
carcinoma. 



 
Advances in Protein Kinases 

 

256 

leukemia, while sorafenib is currently administered to patients affected by renal or 
hepatocellular carcinoma (Dar and Shokat, 2011). 

Only recently protein kinase inhibitors have been proposed as a means to counteract the 
onset of skeletal muscle wasting. In this regard, we have recently demonstrated that 
treatment of mice bearing the C26 tumor with the ERK inhibitor PD98059 partially but 
significantly protects tumor hosts from the onset of body weight loss and muscle mass 
depletion (Penna et al., 2010a). ERK inhibition also results in normalization of atrogin-1 
hyperexpression, independently from the state of activation of Akt. Among the targets of 
ERK is the AP-1 transcription factor, which is activated in tumor-bearing animals (Costelli et 
al., 2005) and may contribute to muscle atrophy, since this latter is improved inhibiting AP-1 
by a c-jun dominant negative (TAM67; Moore-Carrasco et al., 2006) . AP-1 regulated genes 
may contribute to muscle depletion; as an example, cyclin D1 expression (Moore-Carrasco et 
al., 2006) could induce satellite cell proliferation, that not necessarily is followed by 
differentiation, resulting in impaired  myogenesis. The differential expression of specific 
factors defines the phenotype of satellite cells. In particular, while MyoD can be detected 
more or less throughout the myogenic process, high levels of Pax7 associated with low 
myogenin expression characterize proliferating satellite cells; an opposite pattern can be 
observed in differentiating cells (Halevy et al., 2004). Indeed, previous reports have shown 
that Pax7 hyperexpression results in inhibition of myogenesis (Olguin & Olwin, 2004). Low 
rates of myogenesis (satellite cell activation and differentiation) participate to the 
maintenance of physiological skeletal muscle mass (Nicolas et al., 2005). This is confirmed 
by observations showing that aging- or hindlimb suspension-induced muscle atrophy is 
associated with a reduced regenerative potential (Mitchell & Pavlath, 2004). Consistently, 
Pax7 expression is significantly increased in the muscle of C26 hosts with respect to controls, 
while myogenin levels are reduced. The pattern of Pax7 and myogenin expression in the 
C26-bearing mice is compatible with an impaired regenerative process and suggests the 
possibility that activated satellite cells accumulate in tumor host muscle because of either 
enhanced proliferation or impaired differentiation or both. Altered expression of myogenic 
factors has previously been reported in AH-130 hepatoma-bearing rats (Costelli et al., 2005), 
in cancer patients (Ramamoorthy et al., 2009), and in an experimental model of chronic 
kidney disease (Zhang et al., 2010). In the latter report, downregulation of IGF-1 signaling 
appears responsible for impaired regeneration (Zhang et al., 2010). The results obtained in 
our laboratory suggest an alternative mechanism based on ERK activation: when the C26 
hosts are treated with PD98059, and ERK is thus inhibited, Pax7 and myogenin expression is 
restored to control values. These observations suggest that ERK activation likely contributes 
to maintain satellite cells in an undifferentiated state (Penna et al., 2010a). 

Despite several reports have shown that p38 is involved in the induction of atrogenes as 
well as in the hyperactivation of protein degradation in different model systems, there are 
no studies demonstrating that its pharmacological inhibition in experimental animals may 
protect the skeletal muscle from wasting. In this regard, we have tested the effectiveness of 
the p38 inhibitor SB203580 in preventing skeletal muscle depletion in animals implanted 
with the C26 tumor. After a subcutaneous inoculum of about 106 C26 cells, death of the 
animals occurs in about 15 days; tumor growth is associated with progressive loss of body 
weight, depletion of both the skeletal muscle and the adipose tissue mass, as well as with 
markedly increased circulating levels of IL-6 (Penna et al., 2010a). Control and tumor-

 
Protein Kinases in the Pathogenesis of Muscle Wasting 

 

257 

bearing mice have been treated daily with subcutaneous injection of 3 or 30 mg/kg initial 
body weight of SB203580, dissolved in DMSO and then diluted in saline, starting from the 
day after tumor implantation. No significant differences could be observed as for both 
muscle force (evaluated by grasping test; Fig. 1A), food intake (Fig. 1B) and tumor mass 
(C26: 231±93 mg, C26+SB203580 30 mg/kg: 249±31 mg). By contrast, an increase of body 
weight occurred in the group of tumor bearers that received SB203580 at the dose of 30 
mg/kg when compared to both treated or untreated controls (Fig.1C). Body weight 
accretion, however, does not reflect an effect on the skeletal muscle mass, that remains close 
to the values of untreated tumor hosts, while the weight of both liver and spleen is 
significantly higher in treated than in untreated C26 bearers, possibly reflecting drug 
toxicity (Fig. 1D).  

 
(A): voluntary muscle strength, evaluated by dynamometer, expressed in Newton; (B) food intake, 
expressed as the means amount of food (g) consumed be the animals every two days; (C) body weight 
(g), inclusive of the tumor; (D) muscle and tissue weight, expressed as percentages of controls. Date are 
represented as means ± SD (where not indicated SD is within 10% of the means), n = 8 for each 
experimental group. Significance of the differences: *p<0.05 vs. untreated controls, § p<0.05 vs. 
untreated C26 hosts. 
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The results obtained by treating the C26 hosts with SB203580 could sound unexpected, since 
p38 has been shown to be involved in different mechanisms contributing to skeletal muscle 
depletion (see above). However, when analyzing the state of activation of MAPKs in two 
different experimental models, namely rats bearing the AH-130 hepatoma and the C26 
hosts, just ERK appears phosphorylated (active; Penna et al., 2010a), suggesting that the 
usual pattern of p38 involvement in muscle wasting likely does not apply to cancer 
cachexia. The other way round, p38 inhibition could have lead to a differential modulation 
of the mechanisms impinging on cancer-associated muscle wasting, mainly protein 
hypercatabolism and impaired myogenesis, worsening the latter and improving the former, 
or vice versa, resulting in lack of changes of muscle mass. Further work is warranted to 
clarify this point.  

Finally, imatinib mesylate (IM) administration has been shown to improve muscle 
pathology in mdx mice, an accepted model for the Duchenne-type muscle dystrophy. In 
particular, IM-treated mice show a less degree of muscle necrosis, inflammation and fibrosis 
than control animals. Such effects appear to depend on the inhibition exerted by the drug on 
the activation of both c-Abl and PDGFR on both peritoneal macrophages and muscle-
resident fibroblasts (Huang et al., 2009). Similar observations have been independently 
reported by another group (Bizario et al., 2009). Both reports suggest that treatment with IM 
exerts a marked anti-inflammatory effect, lowering the levels of proinflammatory cytokines. 
Keeping this in mind, we decided to test the effectiveness of IM in preventing muscle 
wasting in cancer cachexia, where the role played by the inflammatory state is widely 
accepted. The above cited C26 model has been used. IM has been administered with daily 
subcutaneous injection at the concentration of  400 mg/kg initial body weight, dissolved in 
water. Food intake have been recorded daily. At day 15 the animals have been sacrificed to 
evaluate the effects exerted by the treatment on body and tissue weight. The data reported 
in Figure 2 show that IM does not induce any detectable modifications when administered 
to healthy mice, demonstrating that the drug itself does not exert toxic effects on the 
animals. The treatment, however, is not able to correct the wasting pattern caused by the 
growth of the C26 tumor. Indeed, loss of body weight (Fig. 2A), cumulative food intake 
reduction (Fig. 2B), and mass depletion of gastrocnemius, tibialis anterior and heart (Fig. 2C) 
are comparable between treated and untreated tumor hosts. By contrast, spleen 
hypertrophy, a constant finding in the C26 hosts (Penna et al., unpublished observations; 
Fig. 1D, 2C), is completely prevented by treatment with IM (Fig. 2C), confirming the anti-
inflammatory effect of this drug. Finally, no significant differences could be observed as for 
tumor mass between mice administered IM or vehicle (C26: 325±86 mg, C26+IM: 253±79 mg, 
not statistically significant). 

The results show that while able to improve muscle phenotype in mdx mice (Bizario et al., 
2009; Huang et al., 2009), IM is ineffective in preventing muscle wasting in tumor-bearing 
animals, although it likely exert an anti-inflammatory action, as shown by the protection 
against spleen hypertrophy. These observations may suggest that the tyrosine kinases 
blocked by IM might not be involved in the pathogenesis of muscle wasting in cancer 
cachexia. However, the lack of effect could also depend on the different inflammatory 
situation occurring in the muscle of mdx mice and of tumor-bearing animals. Indeed, while 
the former is characterized by a marked inflammatory infiltrate, associated with an 
important fibrotic response, these alterations are quite lacking in the latter.  
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(A): body weight (g), inclusive of the tumor; (B) cumulative food intake (g) over the whole experimental 
period; (C) muscle and tissue weight, expressed as percentages of controls. Date are represented as 
means ± SD (where not indicated SD is within 10% of the means), n = 8 for each experimental group. 
Significance of the differences: *p<0.05 vs. untreated controls, § p<0.05 vs. untreated C26 hosts. 
Fig. 2. Effect of treatment with imatinib mesylate (IM) on cachexia in mice bearing the C26 
colon carcinoma. 

6. Conclusions 
Evidence coming from different experimental models have demonstrated the possibility to 
interfere with the onset of muscle protein hypercatabolism by several means, such as 
exercise, nutritional, and pharmacological interventions, better if combined. The growing 
amount of knowledge about the mechanisms underlying the alterations of muscle protein 
metabolism are highly relevant in this regard. Particular attention deserves the observation 
that several experimental results point to kinases as crucially involved in the 
activation/enhancement of the mechanisms leading to skeletal muscle depletion, either in 
physiological or pathological states. On this line, the availability of specific kinase inhibitors 
has opened the way to a direct evaluation of their possibility to be used as therapeutic tools 
to treat conditions characterized by skeletal muscle wasting. At present the results available 
in the literature are very few, and at least some of them appear encouraging. However, a 
note of care should be introduced, since inhibiting protein kinases would also impinge on 
transduction pathways physiologically relevant, rendering unavoidable an accurate 
estimate of the risk/benefit ratio. 
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interfere with the onset of muscle protein hypercatabolism by several means, such as 
exercise, nutritional, and pharmacological interventions, better if combined. The growing 
amount of knowledge about the mechanisms underlying the alterations of muscle protein 
metabolism are highly relevant in this regard. Particular attention deserves the observation 
that several experimental results point to kinases as crucially involved in the 
activation/enhancement of the mechanisms leading to skeletal muscle depletion, either in 
physiological or pathological states. On this line, the availability of specific kinase inhibitors 
has opened the way to a direct evaluation of their possibility to be used as therapeutic tools 
to treat conditions characterized by skeletal muscle wasting. At present the results available 
in the literature are very few, and at least some of them appear encouraging. However, a 
note of care should be introduced, since inhibiting protein kinases would also impinge on 
transduction pathways physiologically relevant, rendering unavoidable an accurate 
estimate of the risk/benefit ratio. 
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1. Introduction

Mast cells and basophils play major roles in allergic responses of the immediate type (Rivera
& Gilfillan, 2006). Allergic individuals produce IgE that is specific for the multivalent foreign
molecules (allergens) that trigger their allergic responses. IgE binds with high affinity through
its constant region to a monovalent receptor, Fc�RI, that is expressed on the surface of
basophils and mast cells and that mediates much of mast cell activation in allergic reactions.
Upon exposure to the allergen, the bridging of multiple IgEs by the allergen results in
the aggregation of Fc�RI receptors on the cell surface, which in turn triggers a cascade
of biochemical reactions that results in the release of preformed mediators from granules
together with the synthesis and release of lipid mediators and cytokines. The cytosolic protein
tyrosine kinase Syk plays a crucial role in Fc�RI-mediated signaling cascade in mast cells.
A clone of the syk gene was first isolated on the basis of partial sequenced information of
a 40 kDa kinase from porcine spleen (de Castro, 2011; Taniguchi et al., 1991). The product
of this gene was identified as a nonreceptor-type protein tyrosine kinase of 72 kDa (Yang
et al., 1994) and was named Spleen Tyrosine Kinase (Syk). Syk has two Src-homology 2
domains (SH2) which are separated by a linker region from the kinase domain (Siraganian
et al., 2002). Fc�RI is a tetrameric complex composed of an α-chain that binds IgE to form a
long-lived complex, and three subunits, a β-chain and two disulfide-linked γ-chains (Blank
et al., 1989) that contain immunoreceptor tyrosine-based activation motifs (ITAMs). The Fc�RI
receptor lacks intrinsic enzymatic acitivity and requires non-receptor protein tyrosine kinase
activity in propagating cellular signals in allergen-stimulated mast cells and basophils. The
unphosphorylated β-chain of the Fc�RI receptor associates weakly with the Src family kinase
Lyn, which is anchored to the inner layer of the plasma membrane (Vonakis et al., 1997;
2001). Upon receptor aggregation, Lyn transphosphorylates tyrosines in the β and γ ITAMs.
Syk from the cytosol binds with high affinity through its two SH2 domains to the doubly
phosphorylated γ ITAM (Benhamou et al., 1993; Hutchcroft et al., 1992). Recent experimental
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findings (de Castro et al., 2010; Siraganian et al., 2010) indicate that the binding of Syk to
phosphorylated γ ITAM causes a conformational change of the Syk molecule and enhances
its enzymatic activity. The conformation change of the activated Syk molecule exposes its
COOH-terminal region, thereby enabling the phosphorylation of two conserved tyrosines
(Tyr-624 and Tyr-625 in rat Syk). These two phosphotyrosines maintain the γ ITAM bound
Syk in an open conformation, which allows the phosphorylation on multiple tyrosines by
both Lyn and Syk (Siraganian et al., 2002), with a second Syk molecule playing the major role
in transphosphorylating two tyrosines, Tyr-519 and Tyr-520, in the Syk activation loop (Zhang
et al., 2000; 1998). This yields a fully activated Syk that phosphorylates the adaptor proteins
LAT (Linker for Activation of T cells) and NTAL (Non-T-cell Activation Linker) that function
as scaffolds, organizing other signaling proteins that are responsible for signaling events
further downstream (Rivera, 2005). The phosphorylation of the two tyrosine residues in the
activation loop of Syk is critical to the propagation of Fc�RI signaling, since the substitution of
these tyrosines by phenylalanine abrogates signaling and degranulation in mast cells (Zhang
et al., 1998).

In order to predict the strength of the allergen-induced signaling in mast cells and basophils,
it is important to understand the subtle kinetic effects underlying Syk activation, and how
these kinetic effects influence the level of Syk activation, since this event couples the initial
signaling events in the cascade with the downstream signaling events. Although many
of the biochemical reactions leading from Syk activation to histamine release have been
investigated in great detail, a complete model of the signaling cascade still eludes us. A
detailed mathematical model of the early signaling events, up to and including Syk activation,
that are triggered when IgE-Fc�RI complexes are exposed to a bivalent or trivalent ligand on
rat basophilic leukemia (RBL) cells has been developed by Faeder et al. (2003). In the model,
full activation of a Syk molecule requires its transphosphorylation by a second Syk molecule,
the two Syk molecules being bound to different receptors in a receptor dimer (Zhang et al.,
2000). In this chapter, we review our research (Nag, Faeder & Goldstein, 2010; Nag, Monine,
Blinov & Goldstein, 2010) on the exploration of the different factors that influence the kinetics
and the level of Syk activation in stimulated mast cells and basophils using the mathematical
model of Faeder et al. (2003).

First, we use the model of Faeder et al. (2003) to investigate investigate the effects of the
extracellular allergen concentration and the cellular Fc�RI and Syk expression levels on
the extent of Syk activation. Using model simulations, we explore how the extent of Syk
activation varies as a function of the concentration of the allergen, for given Fc�RI and Syk
concentrations, and for a given set of kinetic parameters characterizing binding, unbinding,
phosphorylation and dephosphorylation events (Nag, Faeder & Goldstein, 2010).

For bivalent allergens binding to the monovalent IgE-Fc�RI complex, a plot of the equilibrium
concentration of receptors in aggregates versus the log of the free allergen concentration,
the cross-linking curve, is symmetric and bell-shaped. One might naively expect that the
variation of Syk activation with the equilibrium allergen concentration should be qualitatively
similar to the variation in the number of cross-linked Fc�RI receptors. We define the Syk
activation curve as a plot of the number of fully activated Syk molecules in a cell versus the
log of the equilibrium free allergen concentration. Our model predicts that if the mechanism
by which Syk is fully activated involves the transphosphorylation of Syk by Syk, then Syk
activation curves can be either bell-shaped or double humped, depending on the relative
cellular concentrations of Syk and Fc�RI. For many physiological Syk expression levels, the
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predicted Syk activation curve follows the receptor cross-linking curve. However, for limiting
Syk concentration, an excess of cross-linked receptors over Syk molecules over a range of
free equilibrium allergen concentrations can occur and result in high-dose inhibition of Syk
activation (Hlavacek et al., 2003). At other allergen concentrations, the extent of cross-linking
is lower so that there is enough Syk for two Syk molecules to be bound to the same receptor
dimer. This predicted differential behavior at different allergen concentrations gives rise to
the variable shape (unimodal/multimodal) of the Syk activation curve (Hlavacek et al., 2003).
More interestingly, for some reasonable parameter regimes, the bimodal Syk activation curves
can be non-symmetric with respect to the ligand concentration. We discuss how, even though
it is only receptor aggregates that trigger responses, differences in total ligand concentration,
that are not reflected in the extent of receptor aggregation, can lead to subtle kinetic effects
that yield qualitative differences in the levels of Syk activation.

Secondly, we use our mathematical model to evaluate the role of serial engagement (Davis,
1995; Valitutti et al., 1995) in Syk activation in mast cells (Nag, Monine, Blinov & Goldstein,
2010). The terms serial triggering and serial engagement were introduced in immunology
when Valitutti et al. (Davis, 1995; Valitutti et al., 1995) reported that within the contact area
between an antigen presenting cell (APC) and a T cell, a few antigenic peptides bound to major
histocompatibility complex molecules (pMHC) mediated the internalization of hundreds of T
cell receptors (TCRs). The concept of serial engagement was introduced to describe the ability
of a single peptide, bound to a MHC molecule, to sequentially interact with TCRs within the
contact region between a T cell and an APC.

The observation that TCRs undergo serial engagement, coupled with the kinetic proofreading
model for cell signaling (Goldstein et al., 2008; McKeithan, 1995), led to the hypothesis
that for T cell activation there should be an optimal range of half-lives for the pMHC-TCR
bond (Lanzavecchia et al., 1999). The basic idea of kinetic proofreading is that for a TCR to
become activated it must remain associated with a pMHC long enough for a set of biochemical
modifications to occur. In case of dissociation of the pMHC from the TCR before the necessary
modifications have been completed, signaling is frustrated and activation is not achieved.
In order to obtain a measurable signaling response from a T cell, multiple TCRs must be
activated. Therefore, at low pMHC density, a single pMHC needs to trigger multiple TCR
before it diffuses out of the contact region. If the pMHC dissociates too rapidly it will
encounter many TCRs but activate only a few. On the other hand, if it remains bound too
long it will activate those it encounters but the frequency of encounters will be small. The
recognition that the pMHC-TCR bond half-life has opposing effects on kinetic proofreading
and serial engagement led to the prediction that to achieve an optimal rate of TCR activation
there should be an optimal half-life, or equivalently an optimal dissociation rate constant koff,
(Coombs & Goldstein, 2005; Lanzavecchia et al., 1999). Although some studies have found an
optimal half-life for T cell activation (Carreno et al., 2007; Coombs et al., 2002; Kalergis et al.,
2001), there are other results that are not consistent with this model (reviewed in (Aleksic et al.,
2010; Stone et al., 2009)).

In addition to surface ligands, soluble multivalent ligands can serially engage cell surface
receptors involving repeated binding and dissociating of ligand sites from receptors before
all ligand sites become free and the ligand leaves the surface. Although there has been a
significant effort directed at unraveling the role of serial engagement of TCRs in activating
T-cells, the role of serial engagement by soluble multivalent ligands, of other multichain
immune recognition receptors in cell activation has remained largely unexplored.
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The immunological term avidity was coined more than fifty years ago to distinguish between
the binding properties of an antibody and its monovalent Fab fragment (reviewed in (Karush,
1989)). It was observed that an IgG, at low concentrations, could bind to a surface containing
multiple binding sites (epitopes) with an apparent affinity that was orders of magnitude
greater than the equilibrium constant for binding of one of its Fab sites to an epitope
(Gopalakrishnan & Karush, 1974; Greenbury et al., 1965; Hornick & Karusch, 1972). Avidity
arises when the density of surface binding sites is sufficiently high that multivalent ligands are
observed to dissociate from the surface more slowly than their monovalent constituent parts,
thus exhibiting a high apparent affinity. When a site on a doubly bound IgG dissociates, the
epitope it was bound to will diffuse away. If this newly freed site on the IgG binds to another
epitope before its second site dissociates, the IgG will remain bound to the surface. Thus,
avidity can arise by ligands serially engaging epitopes, traversing from epitope to epitope,
along the surface.

Avidity can arise in another way that does not require serial engagement. For example,
the cross-linking IgE-Fc�RI complexes on rat basophilic leukemia (RBL) cells by a highly
multivalent antigen leads to the rapid formation of large stable aggregates of immobilized
receptors (Andrews et al., 2008; Menon et al., 1986). This observation suggests the possibility
that a site on a bound ligand can dissociate from, and rebind to the same immobilized receptor
many times, effectively increasing its off rate constant, before all its sites on the ligand become
free and the ligand dissociates from the cell. Recent multi-color tracking experiments indicate
that small aggregates of IgE-Fc�RI complexes, comprising two to four receptors, remain
mobile on the RBL surface even at ligand doses that result in degranulation (Andrews et al.,
2009).

A major difficulty in assessing the role of serial engagement of receptors in cell signaling is
that the phenomena cannot be studied in isolation. To gauge the role of serial engagement
in mast cell signaling, we use the detailed mathematical model of the early events triggered
when IgE-Fc�RI complexes are exposed to a bivalent or trivalent ligand on RBL cells (Faeder
et al., 2003). Simulations using this model has enabled us to delineate how different alterations
in the binding properties of the ligand, that result in the same rates of serial engagement of
receptors, can alter receptor activation in different ways.

2. Mathematical model

2.1 Components

We briefly review our mathematical model for the early signaling events initiated by
ligand-induced aggregation of Fc�RI-IgE complexes on mast cells and basophils. The model
is summarized in Fig. 1. The external stimulus in the model is constituted by a symmetric
bivalent ligand, such as a monoclonal anti-IgE, that cross-links two IgE molecules, each bound
to a Fc�RI receptor. We assume that aggregates of receptors are limited to dimers. The
tetrameric Fc�RI is modeled as three subunits, with the disulphide-bonded pair of γ chains
treated as one unit. The extracellular region of the α chain binds to the Fc portion of IgE.
The binding of IgE to the α subunit of the Fc�RI receptor is not explicitly considered, as the
half-life for the dissociation of the IgE-Fc�RI complex is much longer than the processes we
consider (Kulczycki & Metzger, 1974). We therefore ignore dissociation and treat the IgE-Fc�RI
complex as a single unit which we refer to as the receptor.
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Fig. 1. Components and states of the model, modified from Faeder et al. (2003). The bivalent
ligand is a monoclonal anti-IgE that can dimerize receptors.

The β subunit and the γ dimer contain the ITAMs that, upon phosphorylation, become
binding sites for the SH2 domains of the two kinases, Lyn and Syk. A simplifying assumption
of our model is that multiple tyrosine residues on receptor subunits and Syk are treated as
single units of phosphorylation, as indicated in Fig. 1a. For example, the separate tyrosines
in the β ITAM are lumped together, as are those in the γ ITAM, so that in the model an
ITAM is either phosphorylated or unphosphorylated. Sites of Syk tyrosine phosphorylation
are lumped into two units: the activation loop, which is phosphorylated by Syk, and the
linker region, which is phosphorylated by Lyn. Fig. 1b shows the states of the β chain
and the lumped γ chains included in the model. Each unit can be phosphorylated or
unphosphorylated, and can be associated with a kinase in any of several states. In the model,
each β chain and γ dimer can bind only a single kinase molecule at a time.

The model permits a large number of receptor states (Figs. 1b and 1c). Since the state of
each subunit is independent of the states of the other subunits, the total number of monomer
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states is nαnβnγ = 48. When a monovalent ligand is present as well as a bivalent ligand, the
number of monomeric states increases to 72. In a dimer, each subunit must be engaged with
the ligand, so the total number of dimer states is nβnγ(nβnγ + 1)/2 = 300. In addition, there
are six nonreceptor states, free ligand, free Lyn, and Syk in each of its four possible states of
phosphorylation, to yield a total of 354 distinct chemical species in the model. Our model is
composed of 354 chemical species and the 3680 chemical reactions that connect them. (For
details of the chemical reactions see Fig. 2 in Faeder et al. (2003).)

2.2 Network structure and parameters

The required input for the model are the rate constants associated with each of the reactions, as
well as the initial concentrations of each of the components, which are specific to the cell type
being modeled. We consider a bivalent allergen that differs from the ligand used by Faeder
et al. (2003) in that it binds reversibly to the receptor. Other than a different bivalent ligand,
the current reaction network is the same as in Faeder et al. (2003). Lyn can associate with
a receptor in a dimer in two possible ways, weakly with the unphosphorylated β chain of
the receptor and strongly to the phosphorylated β ITAM. Syk associates with Fc�RI through
an interaction between its tandem SH2 domains and the doubly phosphorylated γ ITAM.
Lyn, associated with a receptor aggregate, can transphosphorylate the β and γ ITAMs on an
adjacent receptor. In the model, all Lyn molecules available to the receptor are in an active
form. The available Lyn is considerably less than the total cellular Lyn. Syk is phosphorylated
in the model by either Lyn or Syk through transphosphorylation. Lyn phosphorylates Syk
tyrosines located in the linker region, while Syk phosphorylates the activation loop tyrosines.
Although Lyn may be responsible in vivo for a small portion of the Syk activation loop
phosphorylation, full Syk activation loop phosphorylation requires kinase-active Syk (Hong
et al., 2002).

In the model, phosphorylated units that are not protected through association with an SH2
domain can be dephosphorylated with a common rate constant, d, termed the intrinsic rate
constant for dephosphorylation. Dephosphorylation is blocked when an SH2 domain is
associated with the phosphorylated site. At long times, the model system goes to a steady
state, not an equilibrium. In the model, tyrosines are constantly being phosphorylated and
dephosphorylated. As a result, maintaining a constant level of phosphorylation requires a
constant input of energy. Since the modifications of the intracellular domains of the receptors
do not influence the extracellular binding, the distribution of ligand-receptor aggregates goes
to the same equilibrium as would be obtained if no chemical modifications occurred.

2.3 Implementation of rule-based modeling

The reaction rules and their associated rate constants were specified in the syntax of the
second-generation version of BioNetGen (Blinov et al., 2004; Faeder et al., 2009), which
uses graph theoretic methods to automatically generate the associated network of kinetic
balances (ordinary differential equations). The open-source software (available through
http://bionetgen.org) uses standard numerical algorithms to solve the generated system of
equations and obtain the time courses of all the species until the system attains a steady
state. In our simulations, all the kinetic parameters except the ones related to ligand binding
and unbinding are taken from Faeder et al. (2003), where a complete discussion of how the
parameters were obtained is given.
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3. The role of cellular FcεRI and Syk expression levels in determining the Syk
activation response to extracellular stimulation of mast cells and basophils

In the current investigation we model the Syk dose-response curves in human basophils. A
broad distribution of Syk expression levels in human basophils, ranging from 5000 to 60,000
molecules per cell, has been reported in a recent survey (MacGlashan Jr, 2007). MacGlashan
and co-workers have observed that a low expression level of Syk attenuates the calcium
response (MacGlashan Jr & Lavens-Phillips, 2001), an event which is more proximal to Syk
activation in the signaling cascade than histamine release. Maximal histamine release from
human basophils shows a strong correlation with Syk activation (MacGlashan Jr, 2007). The
number of FcεRI per human basophil varies from 1000 to 1000,000 with a typical value of
about 100,000 FcεRI (MacGlashan Jr, 2007). Experimental observations (MacGlashan Jr, 2007)
suggest that the median Lyn expression level in human basophils is about 100,000 molecules
per cell. Using simulations of the detailed model, we examine the Syk activation curve for
different sets of receptor and Syk expression levels, keeping the available Lyn fixed at 100,000
per cell.

3.1 The shape of the Syk activation curve is predicted to depend on the abundance of Syk
relative to the number of FcεRI

At equilibrium, the receptor cross-linking curve is always symmetric and bell shaped (Dembo
& Golstein, 1978). The shape of the Syk activation curve is predicted to depend on the
concentrations of Syk and FcεRI receptors. The number of FcεRI per human basophils varies
from 103 to 106 with a typical value of about 100,000 FcεRI (MacGlashan Jr, 2007). The
corresponding Syk concentration ranges from 5× 103 to 6× 104 per cell (MacGlashan Jr, 2007).
At the lower boundary of the range (5× 103 Syk per cell), a receptor population of 7× 104 per
cell results in a predicted bimodal Syk activation curve (Fig. 2a). At the upper boundary
(6 × 104 Syk per cell), the same level of receptors results in a bell-shaped Syk activation curve
(Fig. 2b).

In the model, full activation of a Syk molecule requires its transphosphorylation by a second
Syk, which occurs when two Syk molecules are bound to different receptors cross-linked by
a bivalent ligand. We refer to a receptor dimer with two bound Syk molecules, one on each
receptor, as a Syk dimer. Formation of Syk dimers is essential for Syk activation. Double
humped Syk activation curves are predicted to occur (Fig. 2a) if the concentration of receptors
dimers becomes sufficiently high that the number of receptor dimers with two Syks bound
decreases with increasing receptor dimer concentration.

Studies of histamine release dose response curves (log-log plots of the fraction of a cell’s total
histamine released in a given time versus the concentration of ligand the cell is exposed to)
lead to the definition of two types of inhibition of histamine release. In Type I inhibition,
commonly known as antigen excess inhibition, histamine release is inhibited when receptor
crosslinks are decreased. In the more interesting Type II inhibition, histamine release is
inhibited when receptor crosslinks are increased. This type of inhibition was first observed
by Becker et al. (Becker et al., 1973) who exposed human basophils to anti-IgE and found that
inhibition of histamine release was correlated with increased aggregation of IgE. Applying
the same terminology for Syk activation, Type I inhibition occurs in our model for parameter
regimes in which the number of Syk molecules is comparable to, or exceeds, the number
of receptors in dimers, so that the dose-response curve (Syk activation curve) follows the
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Fig. 2. Syk Activation curves for k+1 = 2.5 × 106 M−1s−1, k+2 = 8 × 10−9 cm2s−1,
k−1 = k−2 = 0.01 s−1, and [Lyn]tot = 105 per cell. Each curve corresponds to a different
number of receptors per cell given in the legend. The number of activated Syk molecules on
the y axis are given in numbers per cell. (a) [Syk]tot = 5 × 103 per cell; (b) [Syk]tot = 6 × 104

per cell. The number of activated Syk molecules on the y axis are the numbers per cell. In (a)
the ratio of total receptors to total Syk varies from 2-14 while in (b) the same ratio varies from
0.83-1.67.

receptor cross-linking curve at all the ligand concentrations (Fig. 3a). This type of inhibition
can be traced to the binding sites on IgE being blocked by the ligand at sufficiently high
concentrations, so that the number of receptor cross-links is reduced. Type II inhibition
in our model system results from an excess of FcεRI-bound IgE dimers compared to the
number of available Syk molecules, and is characterized by decreasing signaling response
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(Syk activation) at ligand concentrations where receptor cross-linking is increasing. The
reduction in Syk activation, with increasing ligand concentration, near the center of the Syk
activation curve in Fig 3b is a Type II inhibition. Although we used a bivalent ligand in our
simulations to illustrate the two types of inhibition, the valence of the ligand is not critical as
long as it is multivalent.
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Fig. 3. Comparison of receptor cross-linking and Syk activation curves to determine the type
of antigen excess inhibition. k+1 = 2.5 × 106M−1s−1, k+2 = 8 × 10−9 cm2s−1,
k−1 = k−2 = 0.01 s−1; [Syk]tot = 5 × 103 per cell; [Lyn]tot = 105 per cell. (a)
[FcεRI]tot = 1 × 104. The dashed line represents (Number of receptors in dimers)/20.0 and
the solid line represents the number of activated Syk molecules. (b) [FcεRI]tot = 7 × 104. The
dashed line represents (Number of receptors in dimers)/250.0 and the solid line represents
the number of activated Syk molecules.
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k−1 = k−2 = 0.01 s−1, and [Lyn]tot = 105 per cell. Each curve corresponds to a different
number of receptors per cell given in the legend. The number of activated Syk molecules on
the y axis are given in numbers per cell. (a) [Syk]tot = 5 × 103 per cell; (b) [Syk]tot = 6 × 104

per cell. The number of activated Syk molecules on the y axis are the numbers per cell. In (a)
the ratio of total receptors to total Syk varies from 2-14 while in (b) the same ratio varies from
0.83-1.67.

receptor cross-linking curve at all the ligand concentrations (Fig. 3a). This type of inhibition
can be traced to the binding sites on IgE being blocked by the ligand at sufficiently high
concentrations, so that the number of receptor cross-links is reduced. Type II inhibition
in our model system results from an excess of FcεRI-bound IgE dimers compared to the
number of available Syk molecules, and is characterized by decreasing signaling response
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(Syk activation) at ligand concentrations where receptor cross-linking is increasing. The
reduction in Syk activation, with increasing ligand concentration, near the center of the Syk
activation curve in Fig 3b is a Type II inhibition. Although we used a bivalent ligand in our
simulations to illustrate the two types of inhibition, the valence of the ligand is not critical as
long as it is multivalent.
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Fig. 3. Comparison of receptor cross-linking and Syk activation curves to determine the type
of antigen excess inhibition. k+1 = 2.5 × 106M−1s−1, k+2 = 8 × 10−9 cm2s−1,
k−1 = k−2 = 0.01 s−1; [Syk]tot = 5 × 103 per cell; [Lyn]tot = 105 per cell. (a)
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the number of activated Syk molecules.
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3.2 Effect of monovalent ligands on Syk activation

A way to distinguish between Type I and Type II inhibition is by comparing responses to
anti-IgE in the presence and absence of Fab fragments (Magro & Alexander, 1974; Magro
& Bennich, 1977). Adding monovalent ligand that competes for the same binding site as
a multivalent ligand will always reduce the number of cross-links. Thus, if the response
increases in the presence of monovalent ligand, the inhibition is Type II, while if it decreases
it is of Type I. To demonstrate, we have incorporated monovalent ligand into the model,
with the monovalent ligand having the same rate constants for binding and dissociation
as a single anti-IgE Fab site. The reference case we use for studying the effects of adding
monovalent ligands on the signaling response, measured by Syk activation in our model,
is characterized by the parameter values k−1 = k−2 = 0.01s−1, k+1 = 2.5 × 106 M−1 s−1,
k+2 = 8 × 10−9 molecule−1 cm2 s−1 and total Syk, Lyn and FcεRI numbers per cell of 5 × 103,
1 × 105 and 1 × 105 respectively. We use this parameter set because it yields a bimodal Syk
activation curve in the absence of the monovalent ligand. We add monovalent ligand to a
maximum concentration of 6.6 nM which corresponds to 4 × 106 molecules per cell. We
consider the effects of adding monovalent ligands on Syk activation at two bivalent ligand
concentrations, 2×10−5 nM and 2×10−3 nM, corresponding to 2K1L values of 10−5 and 10−3

respectively. Fig. 4 shows that adding monovalent IgE ligand in increasing concentrations
leads to a gradual lowering in the Syk activation level at 2K1L = 10−5 (Type I inhibition). In
contrast, adding monovalent ligand in increasing concentrations at 2K1L = 10−3 results in a
gradual increase of the Syk activation level (Type II inhibition).

On plotting the Syk activation level as a function of the added monovalent ligand
concentration for two values 10−5 and 10−3 of 2K1L, we obtain Fig. 4b which is qualitatively
similar to the plot of histamine release as a function of the amount of added monomer
anti-IgE (Fab) in Fig. 1 of Ref (Magro & Alexander, 1974) as shown in Fig. 4c. The
similarity between the predicted variation of Syk activation and the experimentally observed
variation of histamine release (Goldstein & Wofsy, 1994; Magro & Alexander, 1974) with
added monomer concentration suggests one possible mechanism for Type II inhibition.

3.3 A symmetric cross-linking curve can lead to an asymmetric Syk activation curve

For the ligand-receptor binding parameters in Table 1, and FcεRI and Syk concentrations of
1× 105 and 7× 103 per cell respectively, we observe a Syk activation curve with two prominent
maxima at 2K1L = 10−4 and 2K1L = 104 (Fig. 5a). This parameter set is used because it
accentuates the asymmetry between the two maxima. The extent of receptor cross-linking
at these two ligand concentrations are equal. The mean lifetime of the receptor dimer is
independent of the ligand concentration, which implies that kinetic proofreading effects at
these two ligand concentrations should be identical. Still, in the steady state, the model
predicts that there is greater Syk activation at the lower ligand concentration (2K1L = 10−4),
than at the higher (2K1L = 104).

Even though all signaling events are initiated by receptor aggregation, it appears that the
concentrations of free and bound receptors which are not in aggregates influence signaling.
To investigate the origin of the asymmetry, we vary both the the ligand-IgE association
(k+1) and dissociation (k−1) constants, such that the corresponding equilibrium constant K1,
and therefore the equilibrium cross-linking curve, remains unchanged. If the ligand-IgE
dissociation constant is gradually reduced from 0.3 (10−0.5) to 0.0003 (10−3.5)s−1, the Syk
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Fig. 4. (a)The effect of adding different concentrations of a monovalent IgE ligand on the
extent of Syk activation at 2K1L = 10−5 (Syk activation increases with 2K1L) and at
2K1L = 10−3 (Syk activation decreases with 2K1L). The concentration of monovalent
inhibitor (Fab fragments when the ligand is anti-IgE) present in the simulation is given in the
figure. (b) The variation of the extent of Syk activation as a function of the concentration per
cell of a monovalent inhibitor, I, at two ligand concentrations given by 2K1L = 10−5 and
2K1L = 10−3. The ligand-receptor binding parameters used are k+1 = 2.5 × 106 M−1s−1,
k+2 = 8 × 10−9 cm2s−1, k−1 = k−2 = 0.01s−1. [Syk]tot = 5 × 103 per cell; [Lyn]tot = 105 per
cell; [FcεRI]tot = 105 per cell. (c) Modified Figure 1 from Magro and Alexander (Magro &
Alexander, 1974). Plot of histamine release due to 5 × 10−10 M anti-IgE (A) and 5 × 10−8 M
(B) incubated with increasing concentrations of monomer anti-IgE (Fab). The insert shows
the positioning on the dose response curve of the two anti-IgE concentrations.

activation at 2K1L = 10−4 remains practically unaltered, whereas the Syk activation at
2K1L = 104 increases and approaches the extent of Syk activation at 2K1L = 10−4 (Fig. 5b).
On the other hand, if the ligand-IgE dissociation constant is increased from 0.3 to 103 s−1,
the Syk activation at 2K1L = 104 remains unchanged and that at 2K1L = 10−4 decreases and
approaches the Syk activation level at 2K1L = 104 for k−1 = 0.3 s−1 (Fig. 5c). In order to
determine the source of asymmetry in the Syk activation curve, we consider a pair of reduced
models, which are discussed in the following section.
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anti-IgE in the presence and absence of Fab fragments (Magro & Alexander, 1974; Magro
& Bennich, 1977). Adding monovalent ligand that competes for the same binding site as
a multivalent ligand will always reduce the number of cross-links. Thus, if the response
increases in the presence of monovalent ligand, the inhibition is Type II, while if it decreases
it is of Type I. To demonstrate, we have incorporated monovalent ligand into the model,
with the monovalent ligand having the same rate constants for binding and dissociation
as a single anti-IgE Fab site. The reference case we use for studying the effects of adding
monovalent ligands on the signaling response, measured by Syk activation in our model,
is characterized by the parameter values k−1 = k−2 = 0.01s−1, k+1 = 2.5 × 106 M−1 s−1,
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1 × 105 and 1 × 105 respectively. We use this parameter set because it yields a bimodal Syk
activation curve in the absence of the monovalent ligand. We add monovalent ligand to a
maximum concentration of 6.6 nM which corresponds to 4 × 106 molecules per cell. We
consider the effects of adding monovalent ligands on Syk activation at two bivalent ligand
concentrations, 2×10−5 nM and 2×10−3 nM, corresponding to 2K1L values of 10−5 and 10−3

respectively. Fig. 4 shows that adding monovalent IgE ligand in increasing concentrations
leads to a gradual lowering in the Syk activation level at 2K1L = 10−5 (Type I inhibition). In
contrast, adding monovalent ligand in increasing concentrations at 2K1L = 10−3 results in a
gradual increase of the Syk activation level (Type II inhibition).

On plotting the Syk activation level as a function of the added monovalent ligand
concentration for two values 10−5 and 10−3 of 2K1L, we obtain Fig. 4b which is qualitatively
similar to the plot of histamine release as a function of the amount of added monomer
anti-IgE (Fab) in Fig. 1 of Ref (Magro & Alexander, 1974) as shown in Fig. 4c. The
similarity between the predicted variation of Syk activation and the experimentally observed
variation of histamine release (Goldstein & Wofsy, 1994; Magro & Alexander, 1974) with
added monomer concentration suggests one possible mechanism for Type II inhibition.

3.3 A symmetric cross-linking curve can lead to an asymmetric Syk activation curve

For the ligand-receptor binding parameters in Table 1, and FcεRI and Syk concentrations of
1× 105 and 7× 103 per cell respectively, we observe a Syk activation curve with two prominent
maxima at 2K1L = 10−4 and 2K1L = 104 (Fig. 5a). This parameter set is used because it
accentuates the asymmetry between the two maxima. The extent of receptor cross-linking
at these two ligand concentrations are equal. The mean lifetime of the receptor dimer is
independent of the ligand concentration, which implies that kinetic proofreading effects at
these two ligand concentrations should be identical. Still, in the steady state, the model
predicts that there is greater Syk activation at the lower ligand concentration (2K1L = 10−4),
than at the higher (2K1L = 104).

Even though all signaling events are initiated by receptor aggregation, it appears that the
concentrations of free and bound receptors which are not in aggregates influence signaling.
To investigate the origin of the asymmetry, we vary both the the ligand-IgE association
(k+1) and dissociation (k−1) constants, such that the corresponding equilibrium constant K1,
and therefore the equilibrium cross-linking curve, remains unchanged. If the ligand-IgE
dissociation constant is gradually reduced from 0.3 (10−0.5) to 0.0003 (10−3.5)s−1, the Syk
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Fig. 4. (a)The effect of adding different concentrations of a monovalent IgE ligand on the
extent of Syk activation at 2K1L = 10−5 (Syk activation increases with 2K1L) and at
2K1L = 10−3 (Syk activation decreases with 2K1L). The concentration of monovalent
inhibitor (Fab fragments when the ligand is anti-IgE) present in the simulation is given in the
figure. (b) The variation of the extent of Syk activation as a function of the concentration per
cell of a monovalent inhibitor, I, at two ligand concentrations given by 2K1L = 10−5 and
2K1L = 10−3. The ligand-receptor binding parameters used are k+1 = 2.5 × 106 M−1s−1,
k+2 = 8 × 10−9 cm2s−1, k−1 = k−2 = 0.01s−1. [Syk]tot = 5 × 103 per cell; [Lyn]tot = 105 per
cell; [FcεRI]tot = 105 per cell. (c) Modified Figure 1 from Magro and Alexander (Magro &
Alexander, 1974). Plot of histamine release due to 5 × 10−10 M anti-IgE (A) and 5 × 10−8 M
(B) incubated with increasing concentrations of monomer anti-IgE (Fab). The insert shows
the positioning on the dose response curve of the two anti-IgE concentrations.

activation at 2K1L = 10−4 remains practically unaltered, whereas the Syk activation at
2K1L = 104 increases and approaches the extent of Syk activation at 2K1L = 10−4 (Fig. 5b).
On the other hand, if the ligand-IgE dissociation constant is increased from 0.3 to 103 s−1,
the Syk activation at 2K1L = 104 remains unchanged and that at 2K1L = 10−4 decreases and
approaches the Syk activation level at 2K1L = 104 for k−1 = 0.3 s−1 (Fig. 5c). In order to
determine the source of asymmetry in the Syk activation curve, we consider a pair of reduced
models, which are discussed in the following section.
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Fig. 5. (a) Syk Activation curve for k+1 = 2.5 × 107 M−1 s−1; k+2 = 8 × 10−9cm2s−1;
k−1 = 0.316(10−0.5) s−1; k−2 = 0.0316(10−1.5)s−1; (b)-(c) Syk Activation curves for
k+2 = 8 × 10−9cm2s−1; k−2 = 0.0316(10−1.5)s−1; (b)The k+1 and k−1 values are varied such
that K1 = k+1/k−1 is fixed at 7.9 ×107 M−1. The legends show the k−1 values used and the
k+1 values are accordingly adjusted so that K1 remains fixed. For parts (a), (b) and (c),
[Syk]tot = 7 × 103 per cell; [Lyn]tot = 105 per cell; [Fc�RI]tot = 105 per cell.

3.4 Reduced models of Syk binding to cross-linked receptors

We consider two reduced models, 1 and 2, where the kinetic effects involving Lyn and the
β subunit of the receptor have been eliminated. Both models correspond to the limit where
the available Lyn is in large excess. In model 1, cross-linked receptors transphosphorylate
each other on the γ subunit with a transphosphorylation rate that is the same as that of
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Parameter Description Value(s)
k+1 ligand-receptor binding forward rate constant 2.5 × 107M−1s−1

k−1 ligand-receptor binding reverse rate constant 0.316(10−0.5)s−1

k+2
ligand-receptor cross-linking forward rate
constant 8.0 × 10−9 cm2mole−1s−1

k−2 ligand-receptor cross-linking reverse rate constant 0.0316(10−1.5)s−1

Table 1. Ligand-receptor binding parameters which accentuate the asymmetry in the Syk
activation curves. Other rate constants used in our calculations are taken from Faeder et al.
(2003). The bimolecular rate constants k+1 and k+2 are divided by the inverse cell density
(1.0×10−6 ml) and the cell surface area (8.0×10−6 cm2) to convert them to unimolecular rate
constants.

Lyn bound through it SH2 domain to the phosphorylated β subunit of the receptor. As in
the full model, bound Syk protects the γ subunit from being dephosphorylated. The rate
of dephosphorylation of unprotected phosphorylated γ subunits is the same as in the full
model. As seen in Fig. 6a, model 1 exhibits an asymmetry in a plot of Syk dimer formation as
a function of the log of the ligand concentration.

In model 2, in addition to assuming Lyn is in excess, all receptor γ subunits are always
phosphorylated, thereby eliminating the kinetic effects of receptor phosphorylation. This
corresponds to the additional limit that the rate of receptor dephosphorylation goes to zero.
For example, if in the full model, the available Lyn is increased from 105 to 108 per cell and
the rate constant for dephosphorylation reduced from 20 s−1 to 10−4 s−1, then a plot of Syk
dimer formation for the full model and model 2 are identical (Fig. 6b). When this second
assumption is made, the asymmetry in the Syk dimer curve is eliminated, indicating that the
kinetics of phosphorylation and dephosphorylation of the γ subunit plays a role in creating
the asymmetry.

3.5 The asymmetry in Syk activation originates from asymmetry in Syk dimer formation.

Since model 1 captures the asymmetry in Syk activation predicted by the full model, we use it
to analyze the source of asymmetry in Syk dimer formation. As shown in Fig. 7b for model 1,
one can form a Syk dimer (d0) in a number ways. We have obtained expressions for the mean
time required by any particular Syk molecule to end up in a Syk dimer, starting as either
cytosolic Syk or as part of a complex with other molecule(s).

3.5.1 Mean time for a Syk molecule to enter into a Syk dimer

We calculate for reduced model 1, the mean times taken by a particular (tagged) Syk molecule
to end up in a Syk dimer (Syk-Fc�RI-Ligand-Fc�RI-Syk) starting as either free Syk or as part of
a Syk containing complex other than the Syk dimer. In Fig. 7a, we assign notations to different
Syk containing species in the reduced model. The mean time taken to form a Syk dimer from
species i is given by τi. The kinetic parameters used are described in Table 2. We define the
mean time of incorporation of the tagged Syk molecule in species d0, starting from species i, in
the following fashion. This mean time is divided into two parts, the first part corresponding
to the mean time of transition from species i to all other species containing the tagged Syk
molecule. This is the inverse of the sum of rates of all processes that transform species i to the
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Fig. 5. (a) Syk Activation curve for k+1 = 2.5 × 107 M−1 s−1; k+2 = 8 × 10−9cm2s−1;
k−1 = 0.316(10−0.5) s−1; k−2 = 0.0316(10−1.5)s−1; (b)-(c) Syk Activation curves for
k+2 = 8 × 10−9cm2s−1; k−2 = 0.0316(10−1.5)s−1; (b)The k+1 and k−1 values are varied such
that K1 = k+1/k−1 is fixed at 7.9 ×107 M−1. The legends show the k−1 values used and the
k+1 values are accordingly adjusted so that K1 remains fixed. For parts (a), (b) and (c),
[Syk]tot = 7 × 103 per cell; [Lyn]tot = 105 per cell; [Fc�RI]tot = 105 per cell.

3.4 Reduced models of Syk binding to cross-linked receptors

We consider two reduced models, 1 and 2, where the kinetic effects involving Lyn and the
β subunit of the receptor have been eliminated. Both models correspond to the limit where
the available Lyn is in large excess. In model 1, cross-linked receptors transphosphorylate
each other on the γ subunit with a transphosphorylation rate that is the same as that of
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Parameter Description Value(s)
k+1 ligand-receptor binding forward rate constant 2.5 × 107M−1s−1
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constant 8.0 × 10−9 cm2mole−1s−1
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Table 1. Ligand-receptor binding parameters which accentuate the asymmetry in the Syk
activation curves. Other rate constants used in our calculations are taken from Faeder et al.
(2003). The bimolecular rate constants k+1 and k+2 are divided by the inverse cell density
(1.0×10−6 ml) and the cell surface area (8.0×10−6 cm2) to convert them to unimolecular rate
constants.

Lyn bound through it SH2 domain to the phosphorylated β subunit of the receptor. As in
the full model, bound Syk protects the γ subunit from being dephosphorylated. The rate
of dephosphorylation of unprotected phosphorylated γ subunits is the same as in the full
model. As seen in Fig. 6a, model 1 exhibits an asymmetry in a plot of Syk dimer formation as
a function of the log of the ligand concentration.

In model 2, in addition to assuming Lyn is in excess, all receptor γ subunits are always
phosphorylated, thereby eliminating the kinetic effects of receptor phosphorylation. This
corresponds to the additional limit that the rate of receptor dephosphorylation goes to zero.
For example, if in the full model, the available Lyn is increased from 105 to 108 per cell and
the rate constant for dephosphorylation reduced from 20 s−1 to 10−4 s−1, then a plot of Syk
dimer formation for the full model and model 2 are identical (Fig. 6b). When this second
assumption is made, the asymmetry in the Syk dimer curve is eliminated, indicating that the
kinetics of phosphorylation and dephosphorylation of the γ subunit plays a role in creating
the asymmetry.

3.5 The asymmetry in Syk activation originates from asymmetry in Syk dimer formation.

Since model 1 captures the asymmetry in Syk activation predicted by the full model, we use it
to analyze the source of asymmetry in Syk dimer formation. As shown in Fig. 7b for model 1,
one can form a Syk dimer (d0) in a number ways. We have obtained expressions for the mean
time required by any particular Syk molecule to end up in a Syk dimer, starting as either
cytosolic Syk or as part of a complex with other molecule(s).

3.5.1 Mean time for a Syk molecule to enter into a Syk dimer

We calculate for reduced model 1, the mean times taken by a particular (tagged) Syk molecule
to end up in a Syk dimer (Syk-Fc�RI-Ligand-Fc�RI-Syk) starting as either free Syk or as part of
a Syk containing complex other than the Syk dimer. In Fig. 7a, we assign notations to different
Syk containing species in the reduced model. The mean time taken to form a Syk dimer from
species i is given by τi. The kinetic parameters used are described in Table 2. We define the
mean time of incorporation of the tagged Syk molecule in species d0, starting from species i, in
the following fashion. This mean time is divided into two parts, the first part corresponding
to the mean time of transition from species i to all other species containing the tagged Syk
molecule. This is the inverse of the sum of rates of all processes that transform species i to the
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Fig. 6. Comparison of number of Syk dimers per cell obtained using reduced model 1 and 2,
with the corresponding numbers obtained using the full model. [Syk]tot = 7 × 103 per cell;
[Fc�RI]tot = 105 per cell. We use the same ligand-receptor and Syk-pγ binding and
unbinding parameters as in Table 2 for both the reduced models and the full model. (a) We
consider two different total cellular concentrations of Lyn in the full model, [Lyn]tot = 105

and [Lyn]tot = 106 per cell. (b) Comparison of reduced model 2 to the full model when Lyn is
in large excess and the rate of dephosphorylation is negligible ([Lyn]tot = 108 per cell,
k−p = 10−4s−1).

other species. The second part represents the mean remaining time to incorporate the tagged
Syk in the Syk dimer species d0. In terms of the species from Fig. 7a and the kinetic parameters
from Table 2, the mean times of transition from species a0, b0, c0, c1 and s0 respectively.

ma0 =
1

k+2(b0 + b1 + b2) + k−1 + k−S
(1)

mb0 =
1

k+2(a0 + a1 + a2) + 2k+1L + k−S
(2)

mc0 =
1

2k−2 + k−S + k−p + k+Ss0
(3)
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Fig. 7. (a) Schematic representation of the different Syk containing species in the reduced
model 1. We tag a particular Syk molecule and calculate the mean time required by this Syk
molecule to be incorporated into a Syk dimer (d0). (b) (i-v) shows the different routes by
which a tagged Syk molecule can be transferred from one species to another. (c) Mean time
τSyk taken by any particular Syk molecule to be incorporated into a Syk dimer, starting as
cytosolic Syk (s0) or as other specie(s) (a0, b0, c0, c1) in (a). The rate parameters are taken from
Table. 2. [Syk]tot = 7 × 103 per cell; [Fc�RI]tot = 105 per cell.

mc1 =
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2k−2 + k−S + k+p
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ms0 =
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k+S(a1 + b1 + 2d1 + c0 + e0)
(5)
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Fig. 6. Comparison of number of Syk dimers per cell obtained using reduced model 1 and 2,
with the corresponding numbers obtained using the full model. [Syk]tot = 7 × 103 per cell;
[Fc�RI]tot = 105 per cell. We use the same ligand-receptor and Syk-pγ binding and
unbinding parameters as in Table 2 for both the reduced models and the full model. (a) We
consider two different total cellular concentrations of Lyn in the full model, [Lyn]tot = 105

and [Lyn]tot = 106 per cell. (b) Comparison of reduced model 2 to the full model when Lyn is
in large excess and the rate of dephosphorylation is negligible ([Lyn]tot = 108 per cell,
k−p = 10−4s−1).

other species. The second part represents the mean remaining time to incorporate the tagged
Syk in the Syk dimer species d0. In terms of the species from Fig. 7a and the kinetic parameters
from Table 2, the mean times of transition from species a0, b0, c0, c1 and s0 respectively.
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Fig. 7. (a) Schematic representation of the different Syk containing species in the reduced
model 1. We tag a particular Syk molecule and calculate the mean time required by this Syk
molecule to be incorporated into a Syk dimer (d0). (b) (i-v) shows the different routes by
which a tagged Syk molecule can be transferred from one species to another. (c) Mean time
τSyk taken by any particular Syk molecule to be incorporated into a Syk dimer, starting as
cytosolic Syk (s0) or as other specie(s) (a0, b0, c0, c1) in (a). The rate parameters are taken from
Table. 2. [Syk]tot = 7 × 103 per cell; [Fc�RI]tot = 105 per cell.

mc1 =
1

2k−2 + k−S + k+p
(4)

ms0 =
1

k+S(a1 + b1 + 2d1 + c0 + e0)
(5)
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Parameter Description Value(s)
k+1 ligand-receptor binding forward rate constant 2.5 × 107M−1s−1

k−1 ligand-receptor binding reverse rate constant 0.316(10−0.5)s−1

k+2 ligand-receptor cross-linking forward rate constant 8.0 × 10−9 cm2mole−1s−1

k−2 ligand-receptor cross-linking reverse rate constant 0.0316(10−1.5)s−1

k+gP receptor γ phosphorylation forward rate constant 3.0 s−1

k−gP receptor γ dephosphorylation rate constant 20s−1

k+S Syk-phosphorylated receptor γ binding forward rate constant 6.0 × 10−5 molecule−1s−1

k−S Syk-phosphorylated receptor γ reverse rate constant 0.13s−1

Table 2. Kinetic parameters used in reduced model with receptor γ
phosphorylation-dephosphorylation. The bimolecular rate constants are divided by the
inverse cell density (1.0×10−6 ml) and the cell surface area (8.0×10−6 cm2) to convert them
to unimolecular rate constants.

In terms of the above quantitites, τi can be defined as follows.

τa0 = ma0[1 + (k+2b1τc0 + k+2b2τc1 + k−1τb0 + k−Sτs0)] (6)

τb0 = mb0[1 + (k+2a1τc0 + k+2a2τc1 + 2k+1Lτa0 + k−Sτs0)] (7)

τc0 = mc0[1 + (k−2τa0 + k−2τb0 + k−Sτs0 + k−pτc1)] (8)

τc1 = mc1[1 + (k−2τa0 + k−2τb0 + k−Sτs0 + k+pτc0)] (9)

τs0 = ms0[1 + (k+Sa1τa0 + k+Sb1τb0 + 2k+Sd1τc0 + k+Se0τc1)] (10)

The above equations are solved for τa0, τb0, τc0, τc1 and τs0 using parameters from Table 2 for
different L values corresponding to log10(2K1L) values from -8 to 8. The expression levels of
Syk and Fc�RI receptor per cell are taken as 7×103 and 105 respectively. The mean time for
any tagged Syk molecule to be incorporated into a Syk dimer (d0) is given by

τSyk = pa0τa0 + pb0τb0 + pc0τc0 + pc1τc1 + ps0τs0 (11)

where

pa0 = a0/[Syk]tot; pb0 = b0/[Syk]tot; pc0 = c0/[Syk]tot;
pc1 = c1/[Syk]tot; ps0 = s0/[Syk]tot

(12)

and [Syk]tot = a0 + b0 + c0 + c1 + 2d0 + s0. The quantity τSyk is plotted as a function of
log102K1L in Fig. 7c. This mean time τSyk is not symmetric with respect to reflection about
2K1L = 1. The mean time at 2K1L = 10−4 is less than its counterpart at 2K1L = 104, as shown
in Fig 7c.

3.6 The asymmetry in Syk activation depends on the receptor-ligand dissociation constant

In Fig. 8a, we vary k−1 and k+1 keeping their ratio K1 fixed, and calculate the average time
τSyk required by a Syk to end up in a Syk dimer. At k−1 = 10−3.5 s−1, the τSyk values at
2K1L = 10−4 and 2K1L = 104 are close to each other, so that there is little difference in the
extent of Syk activation at these two ligand concentrations as was seen in Fig. 5b. As k−1
is increased from 10−3.5 s−1, τSyk at 2K1L = 10−4 remains unchanged while τSyk at 2K1L =

104 increases. This is consistent with our results from the full model, that Syk activation at
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2K1L = 10−4 is essentially unchanged, while Syk activation at 2K1L = 104 decreases as k−1
is increased and K1 is kept fixed (Fig. 5b). The difference between the τSyk values at the two
ligand concentrations increases, as does the asymmetry in Syk activation obtained using the
full model. When k−1 is increased beyond 0.316 (10−0.5) s−1, τSyk at 2K1L = 10−4 increased
while τSyk at 2K1L = 104 reaches a plateau. As a result, the difference in the τSyk values at
these two ligand concentrations decreases with increasing k−1. As k−1 is increased to 103

s−1, τSyk at both 2K1L = 10−4 and 2K1L = 104 approaches the same value. This is the same
trend exhibited by Syk activation in the full model (Fig. 5c). The strong correlation between
τSyk from reduced model 1 and Syk activation in the full model supports the idea that the
asymmetry in the Syk activation profile originates from the asymmetry in τSyk.

The question remains, how can the kinetics of ligand binding, which occurs on the outside of
the cell, give rise to an asymmetry in the Syk activation curve, when the receptor cross-linking
curve is symmetric? To answer the question we considered two receptors, one free and
one bound. These receptors might, for example, have come from a receptor dimer when it
dissociated and their cytoplasmic domains may be associated with Syk or Lyn or both. We
show how to calculate two quantities at equilibrium, τR and τB, the mean times respectively
of an unbound receptor to enter into an aggregate and for a bound receptor that is not
cross-linked to a second receptor to enter into an aggregate (Fig. 9a).

3.6.1 Mean time for a receptor to enter into a receptor dimer

We consider the case the cross-linking of monovalent receptors by a bivalent ligand. There
are two possible transitions an unbound receptor can undergo. It can interact with a bound
receptor to form a dimer or it can bind to a ligand in solution to become a bound receptor.
Similarly two transitions are possible for a bound receptor that is not in an aggregate. It can
associate with a free receptor to form a dimer or it can detach from its ligand and become a
free receptor. These transitions are illustrated in Fig. 9a where the rates of transition are given.

The mean times τR and τB will be found by solving two linear algebraic equations that are
functions of the equilibrium concentrations of the free receptors, R, and the bound receptors
not in dimers, B. At equilibrium, these concentrations are calculated from the single site
equilibrium constants for binding and crosslinking, K1 and K2 respectively, and the total
receptor and ligand concentrations, RT and LT . However, for our purposes, it is more useful
to express the results in terms of the free ligand concentration.

If there are RT total receptors on the cell surface and there are no processes that remove or add
new receptors the the total number of receptors is conserved and

RT = R + B + 2D = R + 2K1LR + 2(2K1L)(K2/2)R2

= (1 + 2K1L)R + 2K1K2LR2 (13)

where D is the concentration of receptor dimers. Defining r = R/RT as the fraction of free
receptors Eq. (13) becomes

1 = (1 + 2K1L)r + 2K1K2RT Lr2 (14)

It can be shown that w, the fraction of receptors not in dimers is given by

w = (1 + 2K1L)r =
−1 +

√
1 + 4δ

2δ
(15)
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log102K1L in Fig. 7c. This mean time τSyk is not symmetric with respect to reflection about
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In Fig. 8a, we vary k−1 and k+1 keeping their ratio K1 fixed, and calculate the average time
τSyk required by a Syk to end up in a Syk dimer. At k−1 = 10−3.5 s−1, the τSyk values at
2K1L = 10−4 and 2K1L = 104 are close to each other, so that there is little difference in the
extent of Syk activation at these two ligand concentrations as was seen in Fig. 5b. As k−1
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104 increases. This is consistent with our results from the full model, that Syk activation at
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trend exhibited by Syk activation in the full model (Fig. 5c). The strong correlation between
τSyk from reduced model 1 and Syk activation in the full model supports the idea that the
asymmetry in the Syk activation profile originates from the asymmetry in τSyk.

The question remains, how can the kinetics of ligand binding, which occurs on the outside of
the cell, give rise to an asymmetry in the Syk activation curve, when the receptor cross-linking
curve is symmetric? To answer the question we considered two receptors, one free and
one bound. These receptors might, for example, have come from a receptor dimer when it
dissociated and their cytoplasmic domains may be associated with Syk or Lyn or both. We
show how to calculate two quantities at equilibrium, τR and τB, the mean times respectively
of an unbound receptor to enter into an aggregate and for a bound receptor that is not
cross-linked to a second receptor to enter into an aggregate (Fig. 9a).
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We consider the case the cross-linking of monovalent receptors by a bivalent ligand. There
are two possible transitions an unbound receptor can undergo. It can interact with a bound
receptor to form a dimer or it can bind to a ligand in solution to become a bound receptor.
Similarly two transitions are possible for a bound receptor that is not in an aggregate. It can
associate with a free receptor to form a dimer or it can detach from its ligand and become a
free receptor. These transitions are illustrated in Fig. 9a where the rates of transition are given.

The mean times τR and τB will be found by solving two linear algebraic equations that are
functions of the equilibrium concentrations of the free receptors, R, and the bound receptors
not in dimers, B. At equilibrium, these concentrations are calculated from the single site
equilibrium constants for binding and crosslinking, K1 and K2 respectively, and the total
receptor and ligand concentrations, RT and LT . However, for our purposes, it is more useful
to express the results in terms of the free ligand concentration.

If there are RT total receptors on the cell surface and there are no processes that remove or add
new receptors the the total number of receptors is conserved and

RT = R + B + 2D = R + 2K1LR + 2(2K1L)(K2/2)R2

= (1 + 2K1L)R + 2K1K2LR2 (13)

where D is the concentration of receptor dimers. Defining r = R/RT as the fraction of free
receptors Eq. (13) becomes

1 = (1 + 2K1L)r + 2K1K2RT Lr2 (14)

It can be shown that w, the fraction of receptors not in dimers is given by
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Fig. 8. Variation with k−1 of (a) average time (τSyk) required by any particular Syk molecule

to end up in a Syk dimer and (b) minimum time (τ(R)
min) required by a receptor to be

incorporated into a receptor dimer, at ligand concentrations given by 2K1L = 10−4 and
2K1L = 104. The k−1 and k+1 are varied in such a way that K1 = k+1/k−1 remains fixed at
7.9 ×107 M−1. Other rate constants are taken from Table 2. [Syk]tot = 7 × 103 per cell;
[Fc�RI]tot = 105 per cell.

where
δ =

2K1K2RT L
(1 + 2K1L)2 (16)

It follows that
R = wRT

1
1 + 2K1L

(17)

B = wRT
2K1L

1 + 2K1L
(18)
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We next write down the equations for the mean times.

τB =
1

k+2R + k−1
+

k−1
k+2R + k−1

τR (19)

τR =
1

k+2B + 2k+1L
+

2k+1L
k+2B + 2k+1L

τB (20)
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incorporated into a receptor dimer, at ligand concentrations given by 2K1L = 10−4 and
2K1L = 104. The k−1 and k+1 are varied in such a way that K1 = k+1/k−1 remains fixed at
7.9 ×107 M−1. Other rate constants are taken from Table 2. [Syk]tot = 7 × 103 per cell;
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where
δ =

2K1K2RT L
(1 + 2K1L)2 (16)

It follows that
R = wRT

1
1 + 2K1L

(17)

B = wRT
2K1L

1 + 2K1L
(18)
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We next write down the equations for the mean times.

τB =
1

k+2R + k−1
+

k−1
k+2R + k−1

τR (19)

τR =
1

k+2B + 2k+1L
+

2k+1L
k+2B + 2k+1L

τB (20)
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The first term in each equation is the mean time to make a transition, while the second term
is the mean remaining time after the first transition until the receptor is incorporated into a
dimer. We define the following quantities:

t1 =
1

k+2R + k−1
t2 =

1
k+2B + 2k+1L

(21)

p1 =
k−1

k+2R + k−1
p2 =

2k+1L
k+2B + 2k+1L

(22)

The ts are mean times to make a transition while the ps are probabilities of making specific
transitions.

Eqs. (19) and (20) hold whether or not the system is in equilibrium. At equilibrium, there
are simplifications. For example, at equilibrium, p1 = p2, i.e., the probability of a ligand
dissociating from a bound receptor is equal to the probability of a free receptor binding a
ligand. This must be so if equilibrium is to be maintained. Solving Eqs. (19) and (20), we have

τB =
t1 + p1t2
1 − p1 p2

(23)

τR =
t2 + p2t1
1 − p1 p2

(24)

3.6.2 Asymmetry in Syk activation profile results from differential minimum time for a
receptor to reform a dimer at different ligand concentrations

In Fig. 9b we show the mean times τR and τB as functions of the bivalent ligand concentration.
Neither are symmetric, nor is their minimum, although their sum is symmetric (Fig.9c).
Monovalent binding is responsible for the asymmetry. Consider the mean times at two free
ligand concentrations, L+ and L−, where log(2K1L+) = − log(2K1L−). At L−, the bound
receptor gets incorporated into a dimer more rapidly than the unbound receptor because it
is present in the lowest concentration, and so it more rapidly finds a partner to crosslink.
At L+ the opposite is true. The asymmetry that arises in the minimum time for a receptor

to reform a dimer, τ
(R)
min , results from an asymmetric effect of the free ligand concentration

on the lifetime of the minority receptor (the receptor at lowest concentration). At high ligand
concentrations, minority receptors (unbound) are rapidly converted to bound receptors giving
them less time to enter into a dimer. Thus, they may have to undergo interconversion between
unbound and bound forms many times before forming a dimer. At low ligand concentrations,
the initial conversion of the minority receptors (bound) to the unbound form is independent
of the ligand concentration, depending only on the rate of dissociation.

In Fig. 8b we keep the equilibrium constant K1 = k+1/k−1 fixed and, for the same set of

parameters as in Fig. 8a, vary k−1. We observe that the dependence of τ
(R)
min on log10(k−1/s−1)

at the two ligand concentrations given by 2K1L = 10−4 and 2K1L = 104 is qualitatively similar
to that of τSyk. Since receptor dimerization is upstream from, and necessary for Syk activation,

we infer that the dependence of τSyk on k−1 results from the corresponding dependence of τ
(R)
min

on k−1.
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4. Serial engagement of IgE-Fc�RI complexes can enhance Syk activation in mast
cells

As we have mentioned earlier in this chapter, mast cell responses mediated by Fc�RI are
initiated when a multivalent ligand, an allergen for example, aggregates the receptors. In
order to maintain the cellular response, it is not required that new aggregates constantly form.
Kent et al. (Kent et al., 1994) exposed RBL cells to covalently cross-linked oligomers of IgE
for a short duration and then added excess monomeric IgE to prevent further aggregation of
receptors. Under these conditions, aggregated receptors continued to propagate the cellular
signal. Phosphorylation of the β and γ immunoreceptor tyrosine-based activating motifs
(ITAMs), phosphorylation of the protein tyrosine kinase Syk, and the release of histamine
containing granules were sustained for substantial lengths of time after new aggregate
formation was blocked. Although serial engagement of IgE-Fc�RI complexes is not necessary
for mast cell signaling, the question still remains whether serial engagement can enhance mast
cell response at low allergen concentrations. After deriving an expression for the rate at which
a ligand of valence N serially engages receptors on a surface, we have refined this question
and used the model of Faeder et al. (2003) to answer it.

4.1 Extension of mathematical model to simulate Syk activation in RBL cells stimulated by
trivalent ligands

Earlier in this chapter, we have discussed how the model of Faeder et al. (2003) has been
used to simulate the early response of RBL cells to the addition of a reversible bivalent ligand
that binds to, and dimerizes, IgE-Fc complexes on RBL cell surfaces. The model consists
of a network of 354 distinct chemical species connected by 3680 chemical reactions, 21 rate
constants and three concentrations, the surface concentrations of Fc�RI and available Lyn,
and the total concentration of Syk. With the exception of the rate constants that describe the
interaction of the bivalent ligand with IgE, k+1, k−1, k+2 and k−2, the parameters used in the
simulations are the same as those given in Table I of Faeder et al. (2003). In the simulations for
the current investigation, we take koff = k−1 = k−2 and the total concentrations of Lyn, Syk
and Fc�RI are specific for RBL cells.

We now generalize our model to simulate the early signaling events triggered by the addition
of a symmetric trivalent ligand with three identical binding sites interacting with IgE bound
to Fc�RI on RBL cells. There is now an additional surface crosslinking reaction involving a
trivalent ligand with two of its sites bond crosslinking a third IgE-Fc�RI, described by rate
constants k−3 and k+3. In the simulations, we take koff = k−1 = k−2 = k−3 and k+2 = k+3.
It is assumed that a Lyn bound to a receptor can randomly transphosphorylate any other
receptor in the aggregate with the same rates, as it was assumed for the dimeric aggregate.
For the trivalent ligand, the model expands to 2954 distinct chemical species connected by
49948 reactions.

4.2 Theory

First, we obtain an expression for the rate of serial engagement of a multivalent ligand of
valence N binding to free mobile receptors on a cell surface that has a concentration of R
free receptors. This expression allows us to choose parameter values that define ligands with
different rates of serial engagement. We then use these parameter values to simulate the early
response of mast cells to ligands that serial engage receptors at different rates. We use as our
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The first term in each equation is the mean time to make a transition, while the second term
is the mean remaining time after the first transition until the receptor is incorporated into a
dimer. We define the following quantities:

t1 =
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k−1

k+2R + k−1
p2 =
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The ts are mean times to make a transition while the ps are probabilities of making specific
transitions.

Eqs. (19) and (20) hold whether or not the system is in equilibrium. At equilibrium, there
are simplifications. For example, at equilibrium, p1 = p2, i.e., the probability of a ligand
dissociating from a bound receptor is equal to the probability of a free receptor binding a
ligand. This must be so if equilibrium is to be maintained. Solving Eqs. (19) and (20), we have

τB =
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(23)

τR =
t2 + p2t1
1 − p1 p2

(24)

3.6.2 Asymmetry in Syk activation profile results from differential minimum time for a
receptor to reform a dimer at different ligand concentrations

In Fig. 9b we show the mean times τR and τB as functions of the bivalent ligand concentration.
Neither are symmetric, nor is their minimum, although their sum is symmetric (Fig.9c).
Monovalent binding is responsible for the asymmetry. Consider the mean times at two free
ligand concentrations, L+ and L−, where log(2K1L+) = − log(2K1L−). At L−, the bound
receptor gets incorporated into a dimer more rapidly than the unbound receptor because it
is present in the lowest concentration, and so it more rapidly finds a partner to crosslink.
At L+ the opposite is true. The asymmetry that arises in the minimum time for a receptor

to reform a dimer, τ
(R)
min , results from an asymmetric effect of the free ligand concentration

on the lifetime of the minority receptor (the receptor at lowest concentration). At high ligand
concentrations, minority receptors (unbound) are rapidly converted to bound receptors giving
them less time to enter into a dimer. Thus, they may have to undergo interconversion between
unbound and bound forms many times before forming a dimer. At low ligand concentrations,
the initial conversion of the minority receptors (bound) to the unbound form is independent
of the ligand concentration, depending only on the rate of dissociation.

In Fig. 8b we keep the equilibrium constant K1 = k+1/k−1 fixed and, for the same set of

parameters as in Fig. 8a, vary k−1. We observe that the dependence of τ
(R)
min on log10(k−1/s−1)

at the two ligand concentrations given by 2K1L = 10−4 and 2K1L = 104 is qualitatively similar
to that of τSyk. Since receptor dimerization is upstream from, and necessary for Syk activation,

we infer that the dependence of τSyk on k−1 results from the corresponding dependence of τ
(R)
min

on k−1.

290 Advances in Protein Kinases Mathematical Modeling of Syk Activation in Allergen-Stimulated Mast Cells and Basophils 21

4. Serial engagement of IgE-Fc�RI complexes can enhance Syk activation in mast
cells

As we have mentioned earlier in this chapter, mast cell responses mediated by Fc�RI are
initiated when a multivalent ligand, an allergen for example, aggregates the receptors. In
order to maintain the cellular response, it is not required that new aggregates constantly form.
Kent et al. (Kent et al., 1994) exposed RBL cells to covalently cross-linked oligomers of IgE
for a short duration and then added excess monomeric IgE to prevent further aggregation of
receptors. Under these conditions, aggregated receptors continued to propagate the cellular
signal. Phosphorylation of the β and γ immunoreceptor tyrosine-based activating motifs
(ITAMs), phosphorylation of the protein tyrosine kinase Syk, and the release of histamine
containing granules were sustained for substantial lengths of time after new aggregate
formation was blocked. Although serial engagement of IgE-Fc�RI complexes is not necessary
for mast cell signaling, the question still remains whether serial engagement can enhance mast
cell response at low allergen concentrations. After deriving an expression for the rate at which
a ligand of valence N serially engages receptors on a surface, we have refined this question
and used the model of Faeder et al. (2003) to answer it.

4.1 Extension of mathematical model to simulate Syk activation in RBL cells stimulated by
trivalent ligands

Earlier in this chapter, we have discussed how the model of Faeder et al. (2003) has been
used to simulate the early response of RBL cells to the addition of a reversible bivalent ligand
that binds to, and dimerizes, IgE-Fc complexes on RBL cell surfaces. The model consists
of a network of 354 distinct chemical species connected by 3680 chemical reactions, 21 rate
constants and three concentrations, the surface concentrations of Fc�RI and available Lyn,
and the total concentration of Syk. With the exception of the rate constants that describe the
interaction of the bivalent ligand with IgE, k+1, k−1, k+2 and k−2, the parameters used in the
simulations are the same as those given in Table I of Faeder et al. (2003). In the simulations for
the current investigation, we take koff = k−1 = k−2 and the total concentrations of Lyn, Syk
and Fc�RI are specific for RBL cells.

We now generalize our model to simulate the early signaling events triggered by the addition
of a symmetric trivalent ligand with three identical binding sites interacting with IgE bound
to Fc�RI on RBL cells. There is now an additional surface crosslinking reaction involving a
trivalent ligand with two of its sites bond crosslinking a third IgE-Fc�RI, described by rate
constants k−3 and k+3. In the simulations, we take koff = k−1 = k−2 = k−3 and k+2 = k+3.
It is assumed that a Lyn bound to a receptor can randomly transphosphorylate any other
receptor in the aggregate with the same rates, as it was assumed for the dimeric aggregate.
For the trivalent ligand, the model expands to 2954 distinct chemical species connected by
49948 reactions.

4.2 Theory

First, we obtain an expression for the rate of serial engagement of a multivalent ligand of
valence N binding to free mobile receptors on a cell surface that has a concentration of R
free receptors. This expression allows us to choose parameter values that define ligands with
different rates of serial engagement. We then use these parameter values to simulate the early
response of mast cells to ligands that serial engage receptors at different rates. We use as our
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measure of signaling response, receptors that have fully activated Syk associated with their
γ ITAMs. Syk becomes partially active upon binding through its two SH2 domains to the
doubly phosphorylated γ ITAM (Shiue et al., 1995). In our model, Syk is fully active when
it has been transphosphorylated on its activation loop tyrosines by a second Syk (reviewed
in Faeder et al. (2003)). Finally, we use the results of the simulations to evaluate the role of
serial engagement in early responses of mast cell signaling.

4.2.1 Serial engagement of a N-valent ligand

The rate of serial engagement equals the number of receptors the ligand encounters from the
time ta it first attaches to a cell surface receptor until the time tb when its last bond breaks,
divided by the time this process lasted, tb − ta. Figure 10 illustrates the reactions a five valent
ligand can undergo once it is initially bound to a receptor on a surface. The mean time an
N-valent ligand, that initially has one site bound to a receptor, remains on a surface when the
concentration of free receptors is R is (Hlavacek et al., 2002; 1999)

tN =
1

koff

[ (1 + K2R)N − 1
NK2R

]
(25)

where K2 = k+2/koff is the equilibrium cross-linking constant.

Fig. 10. The multiple reactions a ligand of valence five (N = 5) can undergo from the time it
first binds a cell surface receptor until the last ligand-receptor bond breaks and the ligand
leaves the surface. R is the concentration of free receptors. In these reactions, k+2 is the
single-site rate constant for addition of a receptor to a ligand-receptor complex and koff is the
corresponding reverse rate constant. By taking all the forward and reverse rate constants to
be the same, we have assumed that these rate constants are independent of the bound state
of the ligand.

In the following section, we derive the following expression for nN , the mean number of
receptors an N-valent ligand that initially has one site bound to a receptor, serial engages
before it dissociates from the cell surface.

4.2.2 Average number of receptors serially engaged by a multivalent ligand

An expression for the average number of receptors a multivalent ligand serially engages, nN ,
is obtained by solving a set of ordinary differential equations (ODEs). We consider a cell with
monovalent receptors on its surface that is in equilibrium with a homogeneous concentration
of N-valent ligands. At equilibrium, there is a distribution of bound ligands, some with one
site bound, some with two sites bound, up to some with N sites bound. We consider the
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ensemble of N-valent ligands that, at t = 0, have one and only one site bound to a receptor.
We let Bi(t) be the fraction of these ligands that have i sites bound at time t or equivalently,
the probability that a ligand has i sites bound at time t when initially it had one site bound.
We keep track of the number of receptors a ligand serial engages by keeping track of how
many receptors dissociate from a ligand until the ligand leaves the cell surface. Since the rate
at which a receptor dissociates from a ligand with i sites bound is ikoff, the averaged number
of receptors a ligand will serial engage from the time it binds to the cell until the time it leaves
the cell is:

nN = koff

∫ ∞

0

(
2B2(t�) + 3B3(t�) · · ·+ NBN(t�)

)
dt� (26)

Before solving the general problem, we illustrate our approach by finding the number of
receptors a bivalent ligand serial engages during its time on the cell surface.

The equilibrium concentration of free receptors we call R. For a bivalent ligand, we have the
following set of ODEs:

dB1
dt

= −koffB1 − k+2RB1 + 2koffB2 (27)

dB2
dt

= k+2RB1 − 2koffB2 (28)

The initial conditions are that B1 = 1 and B2 = 0.

The average number of receptors a bivalent ligand engages during its time on the cell surface
is

n2 = 2koff

∫ ∞

0
B2(t�)dt� (29)

As is standard, we use Laplace transforms (L), to transform the problem into solving a set of
algebraic equations, taking s to be the transform variable and B̄i(s) = L[Bi(t)]. Note that

nN = lim
s→0

koff

(
2B̄2(s) + 3B̄3(s) · · ·+ NB̄N(s)

)
(30)

This follows because the Laplace transform of
∫ t

0 f (u)du is f̄ (s)/s and

lim
t→∞

g(t) = lim
s→0

sḡ(s) (31)

Taking Laplace transforms of both sides of Eqs. (27) and (28), we have

sB̄1 − B1(0) = −koffB̄1 − k+2RB̄1 + 2koffB̄2

sB2 = k+2RB̄1 − 2koffB̄2

We can take the limit before we solve the equations. Setting s = 0, k = k+2R/koff = K2R and
B1(0) = 1,

1
koff

= (1 + k)B̄1 − 2B̄2

0 = kB̄1 − 2B̄2

Solving, we have that B2 = k/(2koff) and

n2 = lim
s→0

koff2B2(s) = k = K2R (32)
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measure of signaling response, receptors that have fully activated Syk associated with their
γ ITAMs. Syk becomes partially active upon binding through its two SH2 domains to the
doubly phosphorylated γ ITAM (Shiue et al., 1995). In our model, Syk is fully active when
it has been transphosphorylated on its activation loop tyrosines by a second Syk (reviewed
in Faeder et al. (2003)). Finally, we use the results of the simulations to evaluate the role of
serial engagement in early responses of mast cell signaling.

4.2.1 Serial engagement of a N-valent ligand

The rate of serial engagement equals the number of receptors the ligand encounters from the
time ta it first attaches to a cell surface receptor until the time tb when its last bond breaks,
divided by the time this process lasted, tb − ta. Figure 10 illustrates the reactions a five valent
ligand can undergo once it is initially bound to a receptor on a surface. The mean time an
N-valent ligand, that initially has one site bound to a receptor, remains on a surface when the
concentration of free receptors is R is (Hlavacek et al., 2002; 1999)
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first binds a cell surface receptor until the last ligand-receptor bond breaks and the ligand
leaves the surface. R is the concentration of free receptors. In these reactions, k+2 is the
single-site rate constant for addition of a receptor to a ligand-receptor complex and koff is the
corresponding reverse rate constant. By taking all the forward and reverse rate constants to
be the same, we have assumed that these rate constants are independent of the bound state
of the ligand.

In the following section, we derive the following expression for nN , the mean number of
receptors an N-valent ligand that initially has one site bound to a receptor, serial engages
before it dissociates from the cell surface.

4.2.2 Average number of receptors serially engaged by a multivalent ligand

An expression for the average number of receptors a multivalent ligand serially engages, nN ,
is obtained by solving a set of ordinary differential equations (ODEs). We consider a cell with
monovalent receptors on its surface that is in equilibrium with a homogeneous concentration
of N-valent ligands. At equilibrium, there is a distribution of bound ligands, some with one
site bound, some with two sites bound, up to some with N sites bound. We consider the
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ensemble of N-valent ligands that, at t = 0, have one and only one site bound to a receptor.
We let Bi(t) be the fraction of these ligands that have i sites bound at time t or equivalently,
the probability that a ligand has i sites bound at time t when initially it had one site bound.
We keep track of the number of receptors a ligand serial engages by keeping track of how
many receptors dissociate from a ligand until the ligand leaves the cell surface. Since the rate
at which a receptor dissociates from a ligand with i sites bound is ikoff, the averaged number
of receptors a ligand will serial engage from the time it binds to the cell until the time it leaves
the cell is:

nN = koff

∫ ∞

0

(
2B2(t�) + 3B3(t�) · · ·+ NBN(t�)

)
dt� (26)

Before solving the general problem, we illustrate our approach by finding the number of
receptors a bivalent ligand serial engages during its time on the cell surface.

The equilibrium concentration of free receptors we call R. For a bivalent ligand, we have the
following set of ODEs:

dB1
dt

= −koffB1 − k+2RB1 + 2koffB2 (27)

dB2
dt

= k+2RB1 − 2koffB2 (28)

The initial conditions are that B1 = 1 and B2 = 0.

The average number of receptors a bivalent ligand engages during its time on the cell surface
is

n2 = 2koff

∫ ∞

0
B2(t�)dt� (29)

As is standard, we use Laplace transforms (L), to transform the problem into solving a set of
algebraic equations, taking s to be the transform variable and B̄i(s) = L[Bi(t)]. Note that

nN = lim
s→0

koff

(
2B̄2(s) + 3B̄3(s) · · ·+ NB̄N(s)

)
(30)

This follows because the Laplace transform of
∫ t

0 f (u)du is f̄ (s)/s and

lim
t→∞

g(t) = lim
s→0

sḡ(s) (31)

Taking Laplace transforms of both sides of Eqs. (27) and (28), we have

sB̄1 − B1(0) = −koffB̄1 − k+2RB̄1 + 2koffB̄2

sB2 = k+2RB̄1 − 2koffB̄2

We can take the limit before we solve the equations. Setting s = 0, k = k+2R/koff = K2R and
B1(0) = 1,

1
koff

= (1 + k)B̄1 − 2B̄2

0 = kB̄1 − 2B̄2

Solving, we have that B2 = k/(2koff) and

n2 = lim
s→0

koff2B2(s) = k = K2R (32)
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For a ligand with valence N,

dBi
dt

= (i + 1)koffBi+1 + (N − i + 1)k+2RBi−1 − ikoffBi − (N − i)k+2RBi (33)

Bi can appear through dissociation of a receptor from any of i + 1 receptor-occupied sites
of Bi+1, which corresponds to a term (i + 1)koffBi+1, and through engaging of a receptor by
any of (N − (i − 1)) free sites of Bi−1, which corresponds to a term (N − i + 1)k+2RBi−1. Bi
can disappear by losing a receptor from any of its i receptor-bound sites and by adding a
receptor to any of (N − i) free sites, which corresponds to substraction of terms ikoffBi and
(N − i)k+2RBi respectively.

Putting k = k+2R/koff, τ = kofft, B0 = BN+1 = 0, and collecting terms,

dBi
dτ

= (i + 1)Bi+1 − (i + k(N − i))Bi + k(N − i + 1)Bi−1, i = 1, . . . , N (34)

(Note that B0 = BN+1 = 0 implies that the corresponding Laplace transforms B̄0 = B̄N+1 =
0.)

As before, taking Laplace transforms and setting the transform variable equal to zero, we
obtain

−1 = 2B̄2 − (1 + k(N − 1))B̄1

0 = 3B̄3 − (2 + k(N − 2))B̄2 + (N − 1)kB̄1

0 = 4B̄4 − (3 + k(N − 3))B̄3 + (N − 2)kB̄2

...

0 = −NB̄N + kB̄N−1

First, we solve this system of equations for B̄1 by summing all the equations:

−1 =
N

∑
i=1

(
(i + 1)B̄i+1 − (i + k(N − i))B̄i + k(N − i + 1)B̄i−1

)

=
N

∑
i=2

iB̄i −
N

∑
i=1

(i + k(N − i))B̄i +
N−1

∑
i=1

k(N − i)B̄i

=
N

∑
i=1

(
i − (i + k(N − i)) + k(N − i)

)
B̄i − B̄1

Each term in the sum on the right hand side equals zero, so that B̄1 = 1. To find B̄2, we sum
up all equations except the first one:

0 =
N

∑
i=2

(
(i + 1)B̄i+1 − (i + k(N − i))B̄i + k(N − i + 1)B̄i−1

)

=
N

∑
i=3

iB̄i −
N

∑
i=2

(i + k(N − i))B̄i +
N−1

∑
i=1

k(N − i)B̄i

=
N

∑
i=2

(
i − (i + k(N − i)) + k(N − i)

)
B̄i − 2B̄2 + k(N − 1)B̄1
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K2R = 0.1 K2R = 1.0 K2R = 10.0
N kofftN nN rNk−1

off kofftN nN rNk−1
off kofftN nN rNk−1

off
2 1.05 0.10 0.095 1.50 1.00 0.67 6.00 10.00 1.67
3 1.10 0.21 0.190 2.33 3.00 1.29 44.33 120.00 2.71
4 1.16 0.33 0.285 3.75 7.00 1.87 366.00 1330.00 3.63
5 1.22 0.46 0.380 6.20 15.00 2.42 3221.00 14640.00 4.55

Table 3. The influence of the parameter K2R (the product of the equilibrium cross-linking
constant and the free receptor concentration) on the mean time a N-valent ligand remains
bound to the surface (tN), the mean number of receptors the ligand engages while it remains
bound to the surface (nN), and the rate the ligand serial engages receptors (rN). Increasing
K2R increases the rate at which a ligand cross-links a receptor compared to the rate at which
a receptor dissociates from the ligand.

Again, the first sum on the right hand side equals zero so that B̄2 = k(N − 1)B̄1/2 = k(N −
1)/2. Similarly, B̄3 = k(N − 2)B̄2/3 = k2(N − 1)(N − 2)/(1 · 2 · 3). Following this approach,
it is straightforward to show that

B̄j = kj−1 (N − j + 1)(N − j + 2) . . . (N − 1)
j!

= kj−1 (N − 1)!
j!(N − j)!

(35)

and therefore, that

nN =
N

∑
j=2

jB̄j =
N

∑
j=2

kj−1 (N − 1)!
(j − 1)!(N − j)!

(36)

4.2.3 Average rate of serial engagement

The average rate, rN , an N-valent ligand serially engages receptors is

rN = nN/tN (37)

In Table 3 we evaluate these expressions for N = 1 − 5 and K2R = 0.10, 1.0 and 10.0. The
parameter K2R is the product of the surface equilibrium cross-linking constant and the surface
concentration of free receptors. Larger values of K2R favor aggregate formation. Note that for
large values of K2R, as the valence is increased, the number of serial engagements and the
mean time the ligand remains bound to the cell rises rapidly but their ratio, the rate of serial
engagement, increases only modestly. From Eqs (25)-(37) it can be shown that the maximal
rate of serial engagement achievable by an N-valent ligand when koff is fixed and k+2R is
increased is Nkoff. When k+2R is fixed and koff is increased, the maximal rate is k+2R.

4.2.4 The rates of serial engagement of receptors for bivalent and trivalent ligands

We now focus on bivalent and trivalent ligands interacting with monovalent receptors. From
Eqs. (25) - (37) we have that the rate of serial engagement of a bivalent ligand

r2 = 2koff
K2R

2 + K2R
(38)

A second way this result can be obtained is to note that one receptor is bound and released
by a bivalent ligand in one cycle time tc so that r2 = 1/tc. The cycle time is the sum of the

295Mathematical Modeling of Syk Activation in Allergen-Stimulated Mast Cells and Basophils



24 Will-be-set-by-IN-TECH

For a ligand with valence N,

dBi
dt

= (i + 1)koffBi+1 + (N − i + 1)k+2RBi−1 − ikoffBi − (N − i)k+2RBi (33)

Bi can appear through dissociation of a receptor from any of i + 1 receptor-occupied sites
of Bi+1, which corresponds to a term (i + 1)koffBi+1, and through engaging of a receptor by
any of (N − (i − 1)) free sites of Bi−1, which corresponds to a term (N − i + 1)k+2RBi−1. Bi
can disappear by losing a receptor from any of its i receptor-bound sites and by adding a
receptor to any of (N − i) free sites, which corresponds to substraction of terms ikoffBi and
(N − i)k+2RBi respectively.

Putting k = k+2R/koff, τ = kofft, B0 = BN+1 = 0, and collecting terms,

dBi
dτ

= (i + 1)Bi+1 − (i + k(N − i))Bi + k(N − i + 1)Bi−1, i = 1, . . . , N (34)

(Note that B0 = BN+1 = 0 implies that the corresponding Laplace transforms B̄0 = B̄N+1 =
0.)

As before, taking Laplace transforms and setting the transform variable equal to zero, we
obtain

−1 = 2B̄2 − (1 + k(N − 1))B̄1

0 = 3B̄3 − (2 + k(N − 2))B̄2 + (N − 1)kB̄1

0 = 4B̄4 − (3 + k(N − 3))B̄3 + (N − 2)kB̄2

...

0 = −NB̄N + kB̄N−1

First, we solve this system of equations for B̄1 by summing all the equations:

−1 =
N

∑
i=1

(
(i + 1)B̄i+1 − (i + k(N − i))B̄i + k(N − i + 1)B̄i−1

)

=
N

∑
i=2

iB̄i −
N

∑
i=1

(i + k(N − i))B̄i +
N−1

∑
i=1

k(N − i)B̄i

=
N

∑
i=1

(
i − (i + k(N − i)) + k(N − i)

)
B̄i − B̄1

Each term in the sum on the right hand side equals zero, so that B̄1 = 1. To find B̄2, we sum
up all equations except the first one:

0 =
N

∑
i=2

(
(i + 1)B̄i+1 − (i + k(N − i))B̄i + k(N − i + 1)B̄i−1

)

=
N

∑
i=3

iB̄i −
N

∑
i=2

(i + k(N − i))B̄i +
N−1

∑
i=1

k(N − i)B̄i

=
N

∑
i=2

(
i − (i + k(N − i)) + k(N − i)

)
B̄i − 2B̄2 + k(N − 1)B̄1
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K2R = 0.1 K2R = 1.0 K2R = 10.0
N kofftN nN rNk−1

off kofftN nN rNk−1
off kofftN nN rNk−1

off
2 1.05 0.10 0.095 1.50 1.00 0.67 6.00 10.00 1.67
3 1.10 0.21 0.190 2.33 3.00 1.29 44.33 120.00 2.71
4 1.16 0.33 0.285 3.75 7.00 1.87 366.00 1330.00 3.63
5 1.22 0.46 0.380 6.20 15.00 2.42 3221.00 14640.00 4.55

Table 3. The influence of the parameter K2R (the product of the equilibrium cross-linking
constant and the free receptor concentration) on the mean time a N-valent ligand remains
bound to the surface (tN), the mean number of receptors the ligand engages while it remains
bound to the surface (nN), and the rate the ligand serial engages receptors (rN). Increasing
K2R increases the rate at which a ligand cross-links a receptor compared to the rate at which
a receptor dissociates from the ligand.

Again, the first sum on the right hand side equals zero so that B̄2 = k(N − 1)B̄1/2 = k(N −
1)/2. Similarly, B̄3 = k(N − 2)B̄2/3 = k2(N − 1)(N − 2)/(1 · 2 · 3). Following this approach,
it is straightforward to show that

B̄j = kj−1 (N − j + 1)(N − j + 2) . . . (N − 1)
j!

= kj−1 (N − 1)!
j!(N − j)!

(35)

and therefore, that

nN =
N

∑
j=2

jB̄j =
N

∑
j=2

kj−1 (N − 1)!
(j − 1)!(N − j)!

(36)

4.2.3 Average rate of serial engagement

The average rate, rN , an N-valent ligand serially engages receptors is

rN = nN/tN (37)

In Table 3 we evaluate these expressions for N = 1 − 5 and K2R = 0.10, 1.0 and 10.0. The
parameter K2R is the product of the surface equilibrium cross-linking constant and the surface
concentration of free receptors. Larger values of K2R favor aggregate formation. Note that for
large values of K2R, as the valence is increased, the number of serial engagements and the
mean time the ligand remains bound to the cell rises rapidly but their ratio, the rate of serial
engagement, increases only modestly. From Eqs (25)-(37) it can be shown that the maximal
rate of serial engagement achievable by an N-valent ligand when koff is fixed and k+2R is
increased is Nkoff. When k+2R is fixed and koff is increased, the maximal rate is k+2R.

4.2.4 The rates of serial engagement of receptors for bivalent and trivalent ligands

We now focus on bivalent and trivalent ligands interacting with monovalent receptors. From
Eqs. (25) - (37) we have that the rate of serial engagement of a bivalent ligand

r2 = 2koff
K2R

2 + K2R
(38)

A second way this result can be obtained is to note that one receptor is bound and released
by a bivalent ligand in one cycle time tc so that r2 = 1/tc. The cycle time is the sum of the
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mean times for a site on a doubly bound ligand to open and for the singly bound ligand to
bind to another receptor, i.e., tc = 1/(2koff) + 1/(k+2R). (When the ligand is a pMHC rather
than a bivalent ligand the two in Eq. (38) becomes a one (Wofsy et al., 2001).) This simple
approach for calculating r2 cannot easily be generalized to ligands with valence greater than
two because for these ligands, there is more than one recycling time.

From Eqs. (25) - (37), we have the rate of serial engagement of a trivalent ligand

r3 = 3koff
2K2R + (K2R)2

3 + 3K2R + (K2R)2 (39)

It is easy to see from these expressions that for large values of K2R, the rate of serial
engagement approaches its maximal value of Nkoff. We use Eqs. (38) and (39) to pick the
parameter values that characterize the ligands for our simulations.

There are three separate ways to vary the ligand properties to enhance serial engagement,
increase koff, increase k+2 or increase the valence of the ligand:

1. Increasing koff enhances the rate at which the ligand serial engages receptors but this has the
deleterious effect of enhancing kinetic proofreading by reducing the time a receptor remains
in an aggregate. Once a receptor leaves an aggregate, unless it can rapidly enter into a new
aggregate, all modifications it has undergone will be reversed and it will return to its basal
state (Mao & Metzger, 1997; Peirce & Metzger, 2000).

2. Increasing k+2 reduces the time it takes a free site on a ligand in a ligand-receptor complex
to bind to a new receptor. This enhances the effects of serial engagement by making it more
likely that a ligand-receptor complex will form a new dimer before the ligand dissociates and
the receptor returns to its basal state.

3. Increasing the valence of the ligand has a similar effect to increasing the forward rate
constant. For an N-valent ligand bound through a single site to a receptor, the forward rate
of binding a second receptor and forming a dimer is proportional to (N − 1)k+2. However,
increasing the valence introduces other effects as well. A higher valent ligand can form larger
aggregates and large aggregates are more effective at signaling than smaller aggregates, even
when the ligands are oligomers of IgE that do not undergo serial engagement (Fewtrell &
Metzger, 1980). In RBL cells, Lyn, the kinase that is responsible for ITAM phosphorylation,
is limiting (Torigoe et al., 1997; Wofsy et al., 1997). Therefore, larger aggregates have a higher
probability than receptor dimers of containing a receptor associated with Lyn, and a Lyn in an
aggregate can serial phosphorylate all its neighboring receptors in the aggregate.

4.3 Simulations of mast cell responses to bivalent and trivalent ligands for different rates
of serial engagement

We use our model to assess the role of serial engagement in mast cell signaling. The predicted
outputs of the model that we use in our study are the concentrations (number per cell)
of the phosphorylated β and γ ITAMs of Fc�RI, and the concentration of Syk bound to a
phosphorylated γ ITAM and transphosphorylated on its activation loop tyrosines by a Syk
bound to an adjacent receptor. We refer to Syk bound to the γ ITAM and phosphorylated on
its activation loop tyrosines as fully activated Syk or phosphorylated Syk. Using antibodies
specific for phosphorylated tyrosines in the activation loop of Syk, it has been shown that
upon Fc�RI aggregation, these tyrosines became phosphorylated and this phosphorylation
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depended on the kinase activity of Syk (Zhang et al., 2000). The presence of these activation
loop tyrosines are necessary for Syk-mediated propagation of Fc�RI signaling (Zhang et al.,
1998).

4.3.1 Increasing serial engagement by increasing koff reduces Syk activation

In Figure 11 we compare the predicted levels of β and γ ITAM phosphorylation and full
Syk activation induced by four different hypothetical ligands, two bivalent (circles) and two
trivalent (squares), that have the same single site forward rate constants k+2 = 2.0 × 10−11

cm2/s. (In the simulations, we take the surface area of the cell A = 8 × 10−6 cm2 and the
total number of receptors per cell NT = 4 × 105 so that the receptor density RT = 5 × 1010

cm−2. Therefore, at low ligand concentrations, when most of the receptors are free so
that R ≈ RT , the rate at which a bound ligand with one site free cross-links a receptor is
k+2R = 1.0 s−1.) Each pair of bivalent and trivalent ligands have dissociation rate constants
koff = 0.01 s−1 (solid lines and symbols) and 10 s−1 (dashed lines and open symbols). For
the dimer, increasing koff from 0.01 s−1 to 10 s−1 corresponds to increasing the rate of serial
engagement from r2 = 0.017 s−1 to 0.10 s−1 (Eq. 38), while for the trimer, the increase is from
r3 = 0.027 s−1 to 0.20 s−1 (Eq. 39). In addition to increasing the rate of serial engagement,
increasing koff reduces the lifetime of the bond between a site on the ligand and a receptor
site and thus, increases the effects of kinetic proofreading (McKeithan, 1995). As previously
discussed (Faeder et al., 2003), to equalize the comparison, the levels of phosphorylation are
plotted as a function of the number of receptors in aggregates. Figure 11a shows the ligand
concentrations needed to achieve the same level of receptor aggregation for the different
ligands. As koff is increased while keeping k+2RT fixed, for both bivalent and trivalent ligands,
a higher ligand concentration is required to yield the same number of aggregated receptors,
since the rate at which the receptor cross-link is broken is enhanced, whereas the rate at which
the cross-links form remains unaltered. In Figure 11d we see that as the lifetime of a receptor in
an aggregate is decreased, i.e., koff is increased, full Syk activation is dramatically reduced for
both bivalent and trivalent ligands. Kinetic proofreading dominates any positive effects serial
engagement may have on Syk activation. This result is similar to that seen in experiments
using fast and slowly dissociating multivalent ligands that aggregate IgE on RBL cells (Torigoe
et al., 1998).

Figure 11b and Figure 11c show that the proximal signaling events, β and γ ITAM
phosphorylation, compared with Syk phosphorylation, are effected less by the changes in the
ligand-receptor lifetime as expected from a kinetic proofreading model (McKeithan, 1995).
The reduction in Syk phosphorylation is pronounced because it is much further down the
signaling cascade than phosphorylation of the receptor γ-chain. A number of reversible steps
must occur to go from γ-chain phosphorylation to Syk phosphorylation. A Syk molecule
has to bind to a phosphorylated γ-chain before the γ-chain is dephosphorylated. For
transphosphorylation of the γ-bound Syk molecule to occur, a second Syk molecule must
bind, which requires a second γ-chain to be phosphorylated in the same aggregate. Finally,
transphoshorylation among the Syk molecules must occur before either of the Syk molecules
dissociates.

4.3.2 Increasing serial engagement by increasing k+2 increases Syk activation

In Figure 12 we compare the levels of β and γ ITAM phosphorylation and full Syk activation
induced by four different hypothetical ligands, two bivalent (circles) and two trivalent
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mean times for a site on a doubly bound ligand to open and for the singly bound ligand to
bind to another receptor, i.e., tc = 1/(2koff) + 1/(k+2R). (When the ligand is a pMHC rather
than a bivalent ligand the two in Eq. (38) becomes a one (Wofsy et al., 2001).) This simple
approach for calculating r2 cannot easily be generalized to ligands with valence greater than
two because for these ligands, there is more than one recycling time.

From Eqs. (25) - (37), we have the rate of serial engagement of a trivalent ligand

r3 = 3koff
2K2R + (K2R)2

3 + 3K2R + (K2R)2 (39)

It is easy to see from these expressions that for large values of K2R, the rate of serial
engagement approaches its maximal value of Nkoff. We use Eqs. (38) and (39) to pick the
parameter values that characterize the ligands for our simulations.

There are three separate ways to vary the ligand properties to enhance serial engagement,
increase koff, increase k+2 or increase the valence of the ligand:

1. Increasing koff enhances the rate at which the ligand serial engages receptors but this has the
deleterious effect of enhancing kinetic proofreading by reducing the time a receptor remains
in an aggregate. Once a receptor leaves an aggregate, unless it can rapidly enter into a new
aggregate, all modifications it has undergone will be reversed and it will return to its basal
state (Mao & Metzger, 1997; Peirce & Metzger, 2000).

2. Increasing k+2 reduces the time it takes a free site on a ligand in a ligand-receptor complex
to bind to a new receptor. This enhances the effects of serial engagement by making it more
likely that a ligand-receptor complex will form a new dimer before the ligand dissociates and
the receptor returns to its basal state.

3. Increasing the valence of the ligand has a similar effect to increasing the forward rate
constant. For an N-valent ligand bound through a single site to a receptor, the forward rate
of binding a second receptor and forming a dimer is proportional to (N − 1)k+2. However,
increasing the valence introduces other effects as well. A higher valent ligand can form larger
aggregates and large aggregates are more effective at signaling than smaller aggregates, even
when the ligands are oligomers of IgE that do not undergo serial engagement (Fewtrell &
Metzger, 1980). In RBL cells, Lyn, the kinase that is responsible for ITAM phosphorylation,
is limiting (Torigoe et al., 1997; Wofsy et al., 1997). Therefore, larger aggregates have a higher
probability than receptor dimers of containing a receptor associated with Lyn, and a Lyn in an
aggregate can serial phosphorylate all its neighboring receptors in the aggregate.

4.3 Simulations of mast cell responses to bivalent and trivalent ligands for different rates
of serial engagement

We use our model to assess the role of serial engagement in mast cell signaling. The predicted
outputs of the model that we use in our study are the concentrations (number per cell)
of the phosphorylated β and γ ITAMs of Fc�RI, and the concentration of Syk bound to a
phosphorylated γ ITAM and transphosphorylated on its activation loop tyrosines by a Syk
bound to an adjacent receptor. We refer to Syk bound to the γ ITAM and phosphorylated on
its activation loop tyrosines as fully activated Syk or phosphorylated Syk. Using antibodies
specific for phosphorylated tyrosines in the activation loop of Syk, it has been shown that
upon Fc�RI aggregation, these tyrosines became phosphorylated and this phosphorylation
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depended on the kinase activity of Syk (Zhang et al., 2000). The presence of these activation
loop tyrosines are necessary for Syk-mediated propagation of Fc�RI signaling (Zhang et al.,
1998).

4.3.1 Increasing serial engagement by increasing koff reduces Syk activation

In Figure 11 we compare the predicted levels of β and γ ITAM phosphorylation and full
Syk activation induced by four different hypothetical ligands, two bivalent (circles) and two
trivalent (squares), that have the same single site forward rate constants k+2 = 2.0 × 10−11

cm2/s. (In the simulations, we take the surface area of the cell A = 8 × 10−6 cm2 and the
total number of receptors per cell NT = 4 × 105 so that the receptor density RT = 5 × 1010

cm−2. Therefore, at low ligand concentrations, when most of the receptors are free so
that R ≈ RT , the rate at which a bound ligand with one site free cross-links a receptor is
k+2R = 1.0 s−1.) Each pair of bivalent and trivalent ligands have dissociation rate constants
koff = 0.01 s−1 (solid lines and symbols) and 10 s−1 (dashed lines and open symbols). For
the dimer, increasing koff from 0.01 s−1 to 10 s−1 corresponds to increasing the rate of serial
engagement from r2 = 0.017 s−1 to 0.10 s−1 (Eq. 38), while for the trimer, the increase is from
r3 = 0.027 s−1 to 0.20 s−1 (Eq. 39). In addition to increasing the rate of serial engagement,
increasing koff reduces the lifetime of the bond between a site on the ligand and a receptor
site and thus, increases the effects of kinetic proofreading (McKeithan, 1995). As previously
discussed (Faeder et al., 2003), to equalize the comparison, the levels of phosphorylation are
plotted as a function of the number of receptors in aggregates. Figure 11a shows the ligand
concentrations needed to achieve the same level of receptor aggregation for the different
ligands. As koff is increased while keeping k+2RT fixed, for both bivalent and trivalent ligands,
a higher ligand concentration is required to yield the same number of aggregated receptors,
since the rate at which the receptor cross-link is broken is enhanced, whereas the rate at which
the cross-links form remains unaltered. In Figure 11d we see that as the lifetime of a receptor in
an aggregate is decreased, i.e., koff is increased, full Syk activation is dramatically reduced for
both bivalent and trivalent ligands. Kinetic proofreading dominates any positive effects serial
engagement may have on Syk activation. This result is similar to that seen in experiments
using fast and slowly dissociating multivalent ligands that aggregate IgE on RBL cells (Torigoe
et al., 1998).

Figure 11b and Figure 11c show that the proximal signaling events, β and γ ITAM
phosphorylation, compared with Syk phosphorylation, are effected less by the changes in the
ligand-receptor lifetime as expected from a kinetic proofreading model (McKeithan, 1995).
The reduction in Syk phosphorylation is pronounced because it is much further down the
signaling cascade than phosphorylation of the receptor γ-chain. A number of reversible steps
must occur to go from γ-chain phosphorylation to Syk phosphorylation. A Syk molecule
has to bind to a phosphorylated γ-chain before the γ-chain is dephosphorylated. For
transphosphorylation of the γ-bound Syk molecule to occur, a second Syk molecule must
bind, which requires a second γ-chain to be phosphorylated in the same aggregate. Finally,
transphoshorylation among the Syk molecules must occur before either of the Syk molecules
dissociates.

4.3.2 Increasing serial engagement by increasing k+2 increases Syk activation

In Figure 12 we compare the levels of β and γ ITAM phosphorylation and full Syk activation
induced by four different hypothetical ligands, two bivalent (circles) and two trivalent
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Receptors in aggregates

Fig. 11. Simulation of the effects of increasing the rate of serial engagement of bivalent and
trivalent ligand by increasing the ligand-receptor dissociation constant, koff. The four curves
correspond to k+2RT = 1.0 s−1 and bivalent (circles) and trivalent (squares) ligands with
koff = 0.01 s−1 (solid lines and symbols) and 10 s−1 (dashed lines and open symbols). The
additional parameters used in the simulations are given in Table I of Faeder et al. (2003). The
x-axis indicates levels of Fc�RI aggregation, given as the number of receptors per cell in
aggregates. One percent of the cell’s receptors in aggregates corresponds to 4 × 103 receptors.
(A) Free ligand concentrations corresponding to specified levels of receptor aggregation. (B),
(C), and (D) are respectively the predicted number of receptors per cell with the β ITAM
phosphorylated, the γ ITAM phosphorylated, and Syk bound to the phosphorylated γ ITAM
and transphosphorylated on its activation loop by another Syk.

(squares), that have the same dissociation rate constant koff = 0.1 s−1 and different surface
cross-linking constants. Each pair of bivalent and trivalent ligands have surface cross-linking
constants such that k+2RT = 0.1 s−1 (solid lines and symbols) and 100 s−1 (dashed lines and
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open symbols). As in Figure 11, we compare ligands at different concentrations that result
in the same number of receptors being in aggregates at equilibrium. Since koff is fixed, the
lifetime of a receptor in an aggregate is the same for all four ligands. As k+2RT is increased
from 0.1 s−1 to 100 s−1, the rate of serial engagement for the bivalent ligand increases from
0.067 s−1 to 0.20 s−1 (Eq.(38)), and for the trivalent ligand from 0.13 s−1 to 0.30 s−1 (Eq.(39)).
(These rates of serial engagement were calculated for low ligand concentrations, when R ≈ RT
and k+2R ≈ k+2RT .) We see that the simulations predict that increasing the rate of serial
engagement while holding koff fixed has a minor effect on receptor phosphorylation (12b
and c), but a more pronounced effect on the phosphorylation of Syk by Syk, i.e, on full Syk
activation (12d).

4.3.3 Increasing the valence of a ligand increases Syk activation, partly as a result of
increased serial engagement

From Eqs. (38) and (39) we can calculate the increase in the rate of serial engagement as a
result of increasing the valence of a ligand from two to three while keeping its rate constants
unchanged. The factor by which the rate of serial engagement increases, r3/r2, depends only
on the parameter k+2R, and monotonically decreases from 2 to 3/2 as k+2R increases from
zero to infinity. In Figure 13, as in 12, we compare the predicted full Syk activation from
simulations where the stimulating ligand is either bivalent (circles) or trivalent (squares), the
rate of serial engagement is varied by varying k+2, and for both ligands, the lifetime of a
receptor bound to a ligand is the same, 10 s (koff = 0.10 s−1). The range over which the rate
of serial engagement varies in Figure 13 corresponds to k+2R = 0.01 − 100 s−1. In Figure
13a, the two top curves and two bottom curves correspond to 1000 and a 100 receptors per
cell in aggregates. For the same rate of serial engagement and the same number of receptors
in aggregates, the model predicts that the trivalent ligand is more effective than the bivalent
ligand at activating Syk.

In Figure 13b, we re-plot the simulations for the upper two curves in Figure 13a. To illustrate
how we can asses the contribution of serial engagement in enhancing Syk phosphorylation
of Syk when the valence is increased, we consider the point labeled 1 on the Syk activation
curve for the bivalent ligand in Figure 13b. This point corresponds to the serial engagement
rate for a bivalent ligand with k+2R = 0.01 s−1 and koff = 0.10 s−1 . When the valence is
increased from two to three with the rate constants unchanged, the rate of serial engagement
for the trimer increases above that of the dimer to the point on the trivalent ligand curve
labeled 2. We see that there would be an increase in Syk phosphorylation of Syk for a trivalent
ligand even if there was no increase in the rate of serial engagement. This is indicated by
the difference B-A on the y-axis and is a result of effects other than serial engagement. The
increase in Syk activation that is attributable to the increase in serial engagement is indicated
by the difference C-B on the y-axis, which can be substantial.

Lyn is strongly regulated by Cbp and Csk (Kawabuchi et al., 2000; Ohtake et al., 2002) on
RBL cells and as a result, the amount of Lyn available to the receptor is in short supply
(Torigoe et al., 1997; Wofsy et al., 1997). Although Lyn regulation is not in the model, the Lyn
concentration available to the receptor is chosen so that Lyn is limiting. In the model, in the
absence of the ligand, less than five percent of the receptors are associated with Lyn which is
consistent with the observations of Yamashita et al. (Yamashita et al., 1994). Upon aggregation,
large receptor aggregates are more likely to contain a Lyn than small receptor aggregates, and
once a Lyn is in an aggregate it can transphosphorylate all receptors in its proximity. It is
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Receptors in aggregates

Fig. 11. Simulation of the effects of increasing the rate of serial engagement of bivalent and
trivalent ligand by increasing the ligand-receptor dissociation constant, koff. The four curves
correspond to k+2RT = 1.0 s−1 and bivalent (circles) and trivalent (squares) ligands with
koff = 0.01 s−1 (solid lines and symbols) and 10 s−1 (dashed lines and open symbols). The
additional parameters used in the simulations are given in Table I of Faeder et al. (2003). The
x-axis indicates levels of Fc�RI aggregation, given as the number of receptors per cell in
aggregates. One percent of the cell’s receptors in aggregates corresponds to 4 × 103 receptors.
(A) Free ligand concentrations corresponding to specified levels of receptor aggregation. (B),
(C), and (D) are respectively the predicted number of receptors per cell with the β ITAM
phosphorylated, the γ ITAM phosphorylated, and Syk bound to the phosphorylated γ ITAM
and transphosphorylated on its activation loop by another Syk.

(squares), that have the same dissociation rate constant koff = 0.1 s−1 and different surface
cross-linking constants. Each pair of bivalent and trivalent ligands have surface cross-linking
constants such that k+2RT = 0.1 s−1 (solid lines and symbols) and 100 s−1 (dashed lines and
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open symbols). As in Figure 11, we compare ligands at different concentrations that result
in the same number of receptors being in aggregates at equilibrium. Since koff is fixed, the
lifetime of a receptor in an aggregate is the same for all four ligands. As k+2RT is increased
from 0.1 s−1 to 100 s−1, the rate of serial engagement for the bivalent ligand increases from
0.067 s−1 to 0.20 s−1 (Eq.(38)), and for the trivalent ligand from 0.13 s−1 to 0.30 s−1 (Eq.(39)).
(These rates of serial engagement were calculated for low ligand concentrations, when R ≈ RT
and k+2R ≈ k+2RT .) We see that the simulations predict that increasing the rate of serial
engagement while holding koff fixed has a minor effect on receptor phosphorylation (12b
and c), but a more pronounced effect on the phosphorylation of Syk by Syk, i.e, on full Syk
activation (12d).

4.3.3 Increasing the valence of a ligand increases Syk activation, partly as a result of
increased serial engagement

From Eqs. (38) and (39) we can calculate the increase in the rate of serial engagement as a
result of increasing the valence of a ligand from two to three while keeping its rate constants
unchanged. The factor by which the rate of serial engagement increases, r3/r2, depends only
on the parameter k+2R, and monotonically decreases from 2 to 3/2 as k+2R increases from
zero to infinity. In Figure 13, as in 12, we compare the predicted full Syk activation from
simulations where the stimulating ligand is either bivalent (circles) or trivalent (squares), the
rate of serial engagement is varied by varying k+2, and for both ligands, the lifetime of a
receptor bound to a ligand is the same, 10 s (koff = 0.10 s−1). The range over which the rate
of serial engagement varies in Figure 13 corresponds to k+2R = 0.01 − 100 s−1. In Figure
13a, the two top curves and two bottom curves correspond to 1000 and a 100 receptors per
cell in aggregates. For the same rate of serial engagement and the same number of receptors
in aggregates, the model predicts that the trivalent ligand is more effective than the bivalent
ligand at activating Syk.

In Figure 13b, we re-plot the simulations for the upper two curves in Figure 13a. To illustrate
how we can asses the contribution of serial engagement in enhancing Syk phosphorylation
of Syk when the valence is increased, we consider the point labeled 1 on the Syk activation
curve for the bivalent ligand in Figure 13b. This point corresponds to the serial engagement
rate for a bivalent ligand with k+2R = 0.01 s−1 and koff = 0.10 s−1 . When the valence is
increased from two to three with the rate constants unchanged, the rate of serial engagement
for the trimer increases above that of the dimer to the point on the trivalent ligand curve
labeled 2. We see that there would be an increase in Syk phosphorylation of Syk for a trivalent
ligand even if there was no increase in the rate of serial engagement. This is indicated by
the difference B-A on the y-axis and is a result of effects other than serial engagement. The
increase in Syk activation that is attributable to the increase in serial engagement is indicated
by the difference C-B on the y-axis, which can be substantial.

Lyn is strongly regulated by Cbp and Csk (Kawabuchi et al., 2000; Ohtake et al., 2002) on
RBL cells and as a result, the amount of Lyn available to the receptor is in short supply
(Torigoe et al., 1997; Wofsy et al., 1997). Although Lyn regulation is not in the model, the Lyn
concentration available to the receptor is chosen so that Lyn is limiting. In the model, in the
absence of the ligand, less than five percent of the receptors are associated with Lyn which is
consistent with the observations of Yamashita et al. (Yamashita et al., 1994). Upon aggregation,
large receptor aggregates are more likely to contain a Lyn than small receptor aggregates, and
once a Lyn is in an aggregate it can transphosphorylate all receptors in its proximity. It is
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Receptors in aggregates

Fig. 12. Simulation of the effects of increasing the rate of serial engagement of bivalent and
trivalent ligand by increasing the rate of crosslinking, k+2R. The four curves correspond to
koff = 0.1 s−1 and bivalent (circles) and trivalent (squares) ligands with k+2R = 0.1 s−1 (solid
lines and symbols) and 100 s−1 (dashed lines and open symbols). All other parameters are
the same as in Figure 11. The x-axis indicates levels of Fc�RI aggregation, given as the
number of receptors per cell in aggregates. (A) Free ligand concentrations corresponding to
specified levels of receptor aggregation. (B), (C), and (D) are respecitively the predicted
number of receptors per cell with the β ITAM phosphorylated, the γ ITAM phosphorylated,
and Syk bound to the γ ITAM and transphosphorylated by Syk on its activation loop.

these effects that the model captures when the valence of the ligand is increased from two
to three and that account for the increase in Syk phosphorylation that is not a result of serial
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Fig. 13. Predicted number of activated Syk (Syk transphosphorylated by Syk) as a function of
the rate of serial engagement. (A) The circles refer to bivalent ligand simulations and the
squares to trivalent ligand simulations. Open and solid symbols refer to 1000 and 100
receptors in aggregates respectively. (B) Replot of the bivalent and trivalent curves in (A) for
1000 receptors in aggregates. The symbol 1 corresponds to a dimer with k+2R = 0.01 s−1 and
koff = 0.10 s−1. The symbol 2 corresponds to a trimer with the same rate constants. A = 100,
B = 161 and C = 290 activated Syk per cell. The net increase in activated Syk, (C − A) is 190
Syk per cell, of which C − B = 129 Syk per cell can be attributed to serial engagement.

engagement. We investigate this further by considering ligands that cannot serial engage
receptors.

4.3.4 Serial engagement is not necessary for Syk activation

Although the aggregation of FcεRI is an absolute requirement for mast cell signaling mediated
by FcεRI, serial engagement is not, as has been demonstrated using oligomers of IgE (Kent
et al., 1994). As a test of our model, we have carried out simulations with bivalent and
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Fig. 13. Predicted number of activated Syk (Syk transphosphorylated by Syk) as a function of
the rate of serial engagement. (A) The circles refer to bivalent ligand simulations and the
squares to trivalent ligand simulations. Open and solid symbols refer to 1000 and 100
receptors in aggregates respectively. (B) Replot of the bivalent and trivalent curves in (A) for
1000 receptors in aggregates. The symbol 1 corresponds to a dimer with k+2R = 0.01 s−1 and
koff = 0.10 s−1. The symbol 2 corresponds to a trimer with the same rate constants. A = 100,
B = 161 and C = 290 activated Syk per cell. The net increase in activated Syk, (C − A) is 190
Syk per cell, of which C − B = 129 Syk per cell can be attributed to serial engagement.

engagement. We investigate this further by considering ligands that cannot serial engage
receptors.

4.3.4 Serial engagement is not necessary for Syk activation

Although the aggregation of FcεRI is an absolute requirement for mast cell signaling mediated
by FcεRI, serial engagement is not, as has been demonstrated using oligomers of IgE (Kent
et al., 1994). As a test of our model, we have carried out simulations with bivalent and
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trivalent oligomers of IgE considered as ligands, taking the dissociation rate constant koff = 0,
which ensures that there is no serial engagement. (Since the half-life for dissociation of
an IgE-Fc� complex is close to a day (Kulczycki & Metzger, 1974), this is an excellent
approximation in simulating experiments that last a few hours or less.) The predicted results
for γ-phosphorylation and Syk activation for IgE dimers and trimers at one hour are shown
in Figures 14a and 14b. These results are compared to histamine release dose response curves
for RBL-2H3 cells exposed to IgE oligomers for one hour. Because of the slow forward rate
constant for IgE binding to Fc�RI (Wofsy et al., 1995), equilibrium is achieved at one hour
only for IgE concentrations greater than about 5 μg/ml. The simulations indicate that to
achieve measureable histamine release from RBL cells requires the activation of substantial
numbers of Syk molecules. For example, the simulations predict that 10% histamine release
with trivalent ligands, about 25% of maximal release, occurs when approximately 10,000 Syk
are fully activated.

5. Discussion

Mutivalent ligands (allergens) bind to, and aggregate, IgE complexed with Fc�RI receptors
expressed on the surface of mast cells and basophils. We have used a generalized version
of the model of Faeder et al. (2003) of the early cell signaling events (seconds to minutes)
mediated by the cross-linking of IgE-Fc�RI complexes to study the dependence of the
activation of Syk on the cellular concentrations of Syk and IgE-Fc�RI complexes and to
investigate the role of serial engagement in Syk activation. The model was originally
developed for covalently cross-linked dimers of IgE binding to Fc�RI on the surface of RBL
cells (Faeder et al., 2003). For bivalent ligands binding reversibly to IgE-Fc�RI complexes,
the model applies when IgE acts as a monovalent receptor. We restrict the use of the model
to concentrations of bivalent ligands for which the binding of two ligands to one IgE is
negligible. In the model, full activation of Syk can only occur when two Syk molecules
are bound to a receptor dimer formed by a bivalent ligand. A Syk molecule becomes fully
activated when it is transphosphorylated on its activation loop tyrosines (Tyr518 and Tyr519 in
murine Syk) by a Syk bound to the adjacent receptor in the dimer. Using antibodies specific
for phosphorylated tyrosines in the activation loop of Syk, Zhang et al. (Zhang et al., 2000)
showed that upon Fc�RI aggregation, these tyrosines became phosphorylated and the extent
of phosphorylation depended on the kinase activity of Syk. Further, the presence of these
activation loop tyrosines was necessary for Syk-mediated propagation of Fc�RI signaling
(Zhang et al., 1998). Syk is capable of phosphorylating its activation loop tyrosines both
in vitro (Tsang et al., 2008; Zhang et al., 2000) and in vivo Zhang et al. (2000), but it is still
unresolved whether transphosphorylation (phosphorylation of one Syk molecule by another
in the same complex) or autophosphorylation (phosphorylation of a Syk molecule by the
kinase domain of the same molecule) is the mechanism by which the Syk activation loop
tyrosines are phosphorylated in mast cells and basophils.

If the mechanism of Syk activation is Syk transphosphorylation of Syk, as postulated
by Faeder et al. (2003), the Syk activation curve can be either bell-shaped or double-humped,
depending on the cellular concentrations of Syk and IgE-Fc�RI complexes (see Figure 2). On
the other hand, if Syk activation is achieved via autophosphorylation, the model predicts that
only a bell-shaped Syk activation curve is possible. In the model, it is assumed that because
of steric hindrance only one Syk molecule can bind per receptor, even though there are two
disulfide-linked γ-chains that, when fully phosphorylated, present two binding sites for Syk.
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Fig. 14. Predicted γ and Syk phosphorylation, and measured RBL-2H3 cell degranulation, for
dimeric and trimer oligomers of IgE. In (A) and (B) the circles refer to IgE dimer simulations
and the squares to IgE trimer simulations. The rate constants characterizing the oligomers
are taken to be koff = 0 s−1, k+1 = 8 × 104 M−1 s−1 and k+2RT = 100 s−1. The simulations
correspond to exposure of the ligands to RBL-2H3 cells for one hour. (C) Experimentally
determined degranulation of RBL-2H3 cells after one hour of exposure to either dimers or
trimers of IgE (Fewtrell & Metzger, 1980).

If two Syk can be bound simultaneously to the same receptor on two separate γ-chains, and
if they can transphosphorylate each other to achieve full Syk activation, the prediction is still
that Syk activation curves can be either bell-shaped or double humped depending on the ratio
of the receptor to Syk concentrations.

Unfortunately, at present there are no experimentally-determined Syk activation curves to
help us distinguish among possible mechanisms for the phosphorylation of the Syk activation
loop tyrosines. If we look further downstream than Syk activation at histamine release
from basophils, which requires kinase active Syk, the data are consistent with the Syk
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approximation in simulating experiments that last a few hours or less.) The predicted results
for γ-phosphorylation and Syk activation for IgE dimers and trimers at one hour are shown
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achieve measureable histamine release from RBL cells requires the activation of substantial
numbers of Syk molecules. For example, the simulations predict that 10% histamine release
with trivalent ligands, about 25% of maximal release, occurs when approximately 10,000 Syk
are fully activated.
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Mutivalent ligands (allergens) bind to, and aggregate, IgE complexed with Fc�RI receptors
expressed on the surface of mast cells and basophils. We have used a generalized version
of the model of Faeder et al. (2003) of the early cell signaling events (seconds to minutes)
mediated by the cross-linking of IgE-Fc�RI complexes to study the dependence of the
activation of Syk on the cellular concentrations of Syk and IgE-Fc�RI complexes and to
investigate the role of serial engagement in Syk activation. The model was originally
developed for covalently cross-linked dimers of IgE binding to Fc�RI on the surface of RBL
cells (Faeder et al., 2003). For bivalent ligands binding reversibly to IgE-Fc�RI complexes,
the model applies when IgE acts as a monovalent receptor. We restrict the use of the model
to concentrations of bivalent ligands for which the binding of two ligands to one IgE is
negligible. In the model, full activation of Syk can only occur when two Syk molecules
are bound to a receptor dimer formed by a bivalent ligand. A Syk molecule becomes fully
activated when it is transphosphorylated on its activation loop tyrosines (Tyr518 and Tyr519 in
murine Syk) by a Syk bound to the adjacent receptor in the dimer. Using antibodies specific
for phosphorylated tyrosines in the activation loop of Syk, Zhang et al. (Zhang et al., 2000)
showed that upon Fc�RI aggregation, these tyrosines became phosphorylated and the extent
of phosphorylation depended on the kinase activity of Syk. Further, the presence of these
activation loop tyrosines was necessary for Syk-mediated propagation of Fc�RI signaling
(Zhang et al., 1998). Syk is capable of phosphorylating its activation loop tyrosines both
in vitro (Tsang et al., 2008; Zhang et al., 2000) and in vivo Zhang et al. (2000), but it is still
unresolved whether transphosphorylation (phosphorylation of one Syk molecule by another
in the same complex) or autophosphorylation (phosphorylation of a Syk molecule by the
kinase domain of the same molecule) is the mechanism by which the Syk activation loop
tyrosines are phosphorylated in mast cells and basophils.

If the mechanism of Syk activation is Syk transphosphorylation of Syk, as postulated
by Faeder et al. (2003), the Syk activation curve can be either bell-shaped or double-humped,
depending on the cellular concentrations of Syk and IgE-Fc�RI complexes (see Figure 2). On
the other hand, if Syk activation is achieved via autophosphorylation, the model predicts that
only a bell-shaped Syk activation curve is possible. In the model, it is assumed that because
of steric hindrance only one Syk molecule can bind per receptor, even though there are two
disulfide-linked γ-chains that, when fully phosphorylated, present two binding sites for Syk.
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Fig. 14. Predicted γ and Syk phosphorylation, and measured RBL-2H3 cell degranulation, for
dimeric and trimer oligomers of IgE. In (A) and (B) the circles refer to IgE dimer simulations
and the squares to IgE trimer simulations. The rate constants characterizing the oligomers
are taken to be koff = 0 s−1, k+1 = 8 × 104 M−1 s−1 and k+2RT = 100 s−1. The simulations
correspond to exposure of the ligands to RBL-2H3 cells for one hour. (C) Experimentally
determined degranulation of RBL-2H3 cells after one hour of exposure to either dimers or
trimers of IgE (Fewtrell & Metzger, 1980).

If two Syk can be bound simultaneously to the same receptor on two separate γ-chains, and
if they can transphosphorylate each other to achieve full Syk activation, the prediction is still
that Syk activation curves can be either bell-shaped or double humped depending on the ratio
of the receptor to Syk concentrations.

Unfortunately, at present there are no experimentally-determined Syk activation curves to
help us distinguish among possible mechanisms for the phosphorylation of the Syk activation
loop tyrosines. If we look further downstream than Syk activation at histamine release
from basophils, which requires kinase active Syk, the data are consistent with the Syk
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transphosphorylation mechanism. For example, although most histamine release curves
show only a single maximum, double-humped histamine release curves have been observed
(Delisi & Siraganian, 1979; Weyer et al., 1982). (Histamine release curves are plots of the
fraction of a cell’s total histamine that is released in a given time versus the logarithm of the
concentration of ligand the cell is exposed to.) In addition, for ligand concentrations where
receptor aggregate formation is high and histamine release low, the addition of monovalent
hapten, which reduces the number of receptors in dimers, increases histamine release (Magro
& Alexander, 1974; Magro & Bennich, 1977). In model simulations, the same manipulation
increases Syk activation (Figure 4).

To study the properties of Syk activation, we performed simulations over a range of ligand
concentrations for different Syk and receptor concentrations. From the simulations we found
that even though the receptor cross-linking curve was symmetric with respect to the log of the
ligand concentration in the steady state (Figure 15), the Syk activation curve often was not.
This was easiest to see when the Syk activation curve was doubled-humped (Figure 5). The
asymmetry in the steady state occured when, at two different ligand concentrations yielding
identical total numbers of receptors in dimers and identical lifetimes of a receptor in a dimer,
the levels of Syk activation differed. This was puzzling since all that differed on the cell
surface at the two ligand concentrations was the number of receptors bound monovalently.
Why should this matter since basophils and mast cells don’t respond to monovalently bound
ligand? The answer is subtle and concerns the competition between kinetic proofreading, that
activation requires the receptor to undergo multiple binding and chemical modification events
while the receptor is in an aggregate, and serial engagement, that ligands can bind multiple
receptors before dissociating from the cell surface.

Once a receptor dimer breaks up, the two receptors, one with a ligand attached and the
other free, will diffuse away from each other. If Syk or Lyn is bound to the receptors, these
kinases will dissociate with half-lives of about ten seconds, leaving behind unprotected ITAM
phosphotyrosines to be rapidly dephosphorylated. Thus, the receptors would return to their
basal state. If, however, a receptor can re-form a dimer before it has been transformed
back to its basal state, it can partially compensate for the effects of kinetic proofreading.
The asymmetry in the Syk activation curve arises because the minimum time required by
a receptor to form a dimer is dependent on the free ligand concentration (Figure 9). At low
ligand concentration, and therefore low numbers of bound receptors, a singly bound receptor
will collide with many free receptors and have ample opportunity to rapidly form a dimer.
At high ligand concentration, and therefore low numbers of free receptors, a free receptor
will have many bound receptors to collide with, but, because the free ligand concentration is
high, the free receptor may bind a ligand from solution before it has time to form a dimer.
Thus, at low ligand concentration, re-formation of dimers is more effective than at high
ligand concentration at reducing the effects of kinetic proofreading. In our simulations, the
double-humped Syk activation curves (Figure 5) show that Syk activation can be higher at the
first maximum (at the lower ligand concentration) than at the second maximum (at the higher
ligand concentration) where the extent of receptor cross-linking is the same at both maxima.

To further probe the underlying mechanism of the asymmetry in the Syk activation curve, we
considered our model in the limit when Lyn is in large excess and γ-ITAM phosphorylation
follows immediately upon dimer formation. In this limit, simulations again showed an
asymmetry in the double-humped Syk activation curve (Fig.6a). Since for full Syk activation
to occur, a Syk dimer (Syk-Fc�RI-ligand-Fc�RI-Syk) must form, we calculate the mean time
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Fig. 15. Receptor cross-linking (dimerization) curve for k+1 = 2.5 × 107 M−1 s−1;
k+2 = 8 × 10−9cm2s−1; k−1 = 0.316(10−0.5) s−1, k−2 = 0.0316(10−1.5) s−1. The receptor
aggregation is maximum at L = 1/2K1, i.e. at log10(2K1L) = 0, where K1 = k+1/k−1 is the
equilibrium constant for the extracellular bivalent ligand, present at concentration L, for
binding to the Fab part of the IgE.

for a Syk molecule that is not in a Syk dimer to be incorporated into a Syk dimer. The time for
this to occur showed a similar asymmetry as that of the minimum time for a receptor to enter
a dimer. It appears that the asymmetry in the Syk activation curve is a manifestation of the
underlying competition that is constantly occurring between kinetic proofreading and serial
engagement in signaling cascades triggered by multivalent ligands aggregating cell surface
receptors.

The asymmetry we observed in simulations of Syk activation curves was always small.
Although the explanation of the effect is interesting, whether it is ever important in cell
signaling is an open question. Since amplifications of cell signals can be highly nonlinear, it
is possible that small differences in the concentration of activated kinases early in a signaling
cascade can have profound effects on later cell responses.

A major function of activated Syk in mast cells and basophils is to phosphorylate a set of
tyrosines on the transmembrane adapter protein LAT (linker for the activation of T cells).
LAT’s three distal tyrosines, when phosphorylated, all bind the adapter protein Grb2, and
Grb2 mediates the aggregation of LAT (Houtman et al., 2006). The size of the LAT aggregates
that form depends strongly on whether or not all three of the Grb2 binding site tyrosines
are phosphorylated (Nag et al., 2009). It remains to be seen whether small differences in the
amount of activated Syk can lead to large differences in the distribution of LAT aggregates
that form downstream of Syk.
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transphosphorylation mechanism. For example, although most histamine release curves
show only a single maximum, double-humped histamine release curves have been observed
(Delisi & Siraganian, 1979; Weyer et al., 1982). (Histamine release curves are plots of the
fraction of a cell’s total histamine that is released in a given time versus the logarithm of the
concentration of ligand the cell is exposed to.) In addition, for ligand concentrations where
receptor aggregate formation is high and histamine release low, the addition of monovalent
hapten, which reduces the number of receptors in dimers, increases histamine release (Magro
& Alexander, 1974; Magro & Bennich, 1977). In model simulations, the same manipulation
increases Syk activation (Figure 4).

To study the properties of Syk activation, we performed simulations over a range of ligand
concentrations for different Syk and receptor concentrations. From the simulations we found
that even though the receptor cross-linking curve was symmetric with respect to the log of the
ligand concentration in the steady state (Figure 15), the Syk activation curve often was not.
This was easiest to see when the Syk activation curve was doubled-humped (Figure 5). The
asymmetry in the steady state occured when, at two different ligand concentrations yielding
identical total numbers of receptors in dimers and identical lifetimes of a receptor in a dimer,
the levels of Syk activation differed. This was puzzling since all that differed on the cell
surface at the two ligand concentrations was the number of receptors bound monovalently.
Why should this matter since basophils and mast cells don’t respond to monovalently bound
ligand? The answer is subtle and concerns the competition between kinetic proofreading, that
activation requires the receptor to undergo multiple binding and chemical modification events
while the receptor is in an aggregate, and serial engagement, that ligands can bind multiple
receptors before dissociating from the cell surface.

Once a receptor dimer breaks up, the two receptors, one with a ligand attached and the
other free, will diffuse away from each other. If Syk or Lyn is bound to the receptors, these
kinases will dissociate with half-lives of about ten seconds, leaving behind unprotected ITAM
phosphotyrosines to be rapidly dephosphorylated. Thus, the receptors would return to their
basal state. If, however, a receptor can re-form a dimer before it has been transformed
back to its basal state, it can partially compensate for the effects of kinetic proofreading.
The asymmetry in the Syk activation curve arises because the minimum time required by
a receptor to form a dimer is dependent on the free ligand concentration (Figure 9). At low
ligand concentration, and therefore low numbers of bound receptors, a singly bound receptor
will collide with many free receptors and have ample opportunity to rapidly form a dimer.
At high ligand concentration, and therefore low numbers of free receptors, a free receptor
will have many bound receptors to collide with, but, because the free ligand concentration is
high, the free receptor may bind a ligand from solution before it has time to form a dimer.
Thus, at low ligand concentration, re-formation of dimers is more effective than at high
ligand concentration at reducing the effects of kinetic proofreading. In our simulations, the
double-humped Syk activation curves (Figure 5) show that Syk activation can be higher at the
first maximum (at the lower ligand concentration) than at the second maximum (at the higher
ligand concentration) where the extent of receptor cross-linking is the same at both maxima.

To further probe the underlying mechanism of the asymmetry in the Syk activation curve, we
considered our model in the limit when Lyn is in large excess and γ-ITAM phosphorylation
follows immediately upon dimer formation. In this limit, simulations again showed an
asymmetry in the double-humped Syk activation curve (Fig.6a). Since for full Syk activation
to occur, a Syk dimer (Syk-Fc�RI-ligand-Fc�RI-Syk) must form, we calculate the mean time
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Fig. 15. Receptor cross-linking (dimerization) curve for k+1 = 2.5 × 107 M−1 s−1;
k+2 = 8 × 10−9cm2s−1; k−1 = 0.316(10−0.5) s−1, k−2 = 0.0316(10−1.5) s−1. The receptor
aggregation is maximum at L = 1/2K1, i.e. at log10(2K1L) = 0, where K1 = k+1/k−1 is the
equilibrium constant for the extracellular bivalent ligand, present at concentration L, for
binding to the Fab part of the IgE.

for a Syk molecule that is not in a Syk dimer to be incorporated into a Syk dimer. The time for
this to occur showed a similar asymmetry as that of the minimum time for a receptor to enter
a dimer. It appears that the asymmetry in the Syk activation curve is a manifestation of the
underlying competition that is constantly occurring between kinetic proofreading and serial
engagement in signaling cascades triggered by multivalent ligands aggregating cell surface
receptors.

The asymmetry we observed in simulations of Syk activation curves was always small.
Although the explanation of the effect is interesting, whether it is ever important in cell
signaling is an open question. Since amplifications of cell signals can be highly nonlinear, it
is possible that small differences in the concentration of activated kinases early in a signaling
cascade can have profound effects on later cell responses.

A major function of activated Syk in mast cells and basophils is to phosphorylate a set of
tyrosines on the transmembrane adapter protein LAT (linker for the activation of T cells).
LAT’s three distal tyrosines, when phosphorylated, all bind the adapter protein Grb2, and
Grb2 mediates the aggregation of LAT (Houtman et al., 2006). The size of the LAT aggregates
that form depends strongly on whether or not all three of the Grb2 binding site tyrosines
are phosphorylated (Nag et al., 2009). It remains to be seen whether small differences in the
amount of activated Syk can lead to large differences in the distribution of LAT aggregates
that form downstream of Syk.
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The model prediction of differential Syk activation at low and high extracellular ligand
concentrations, which arises from differential compensation by serial engagement for the
effects of kinetics proofreading at the two ligand concentrations, has led us to explore in
greater detail, the role of serial engagement in enhancing Syk activation in mast cells and
basophils. When surface densities of receptors are sufficiently high, multivalent ligands can
bind to cell surfaces and serial engage numerous receptors before dissociating, i.e., before
all of the ligand’s binding sites are simultaneously free. Even with a valence as low as two, a
ligand can engage multiple receptors from the time it first attaches to the surface until the time
it dissociates (see Table 3). A single binding site on a ligand may bind a receptor, dissociate
from it, and repeat the cycle with a new receptor multiple times before the ligand leaves the
surface.

Using our detailed mathematical model, we have investigated the role of serial engagement
of Fc�RI in mast cell signaling. We use the model for low concentrations of the multivalent
ligand so that the binding of two ligands to one IgE is negligible. For the purpose of
exploring the role of serial engagement in enhancing Syk activation, we have included in
our model, cross-linking reactions between a trivalent ligand and an IgE-Fc�RI complex. The
concentration of receptors is chosen to be high enough that there is a significant population
of free receptors so that serial engagement is favored. A basic assumption of the model is
that when a ligand is bound to more than one receptor and a bond opens, the freed receptor
diffuses away before the site on the ligand can rebind to it. This is a reasonable assumption
as long as receptors remain mobile on the cell surface. Receptors in small aggregates on
the RBL cell surface remain mobile (Andrews et al., 2009), but not the receptors in large
aggregates (Andrews et al., 2008; Menon et al., 1986). We expect serial engagement to be
significantly reduced and exert little effect on cell signaling when the surface receptors are
immobile. We have only considered the case when receptors remain mobile and our results do
not apply to large aggregates where receptors are immobile. The expression we have derived
for the rate of serial engagement for a ligand of valence N, Eq. (37), holds only when receptors
are mobile.

We considered three ways in which serial engagement could be enhanced: by increasing the
rate at which a ligand binding site dissociates from a receptor; by increasing the rate at which
a free site on a ligand that is bound to a receptor can cross-link another receptor; and by
increasing the valence of the ligand. Model simulations showed that increasing the rate of
serial engagement by increasing the rate of dissociation reduced the concentration of activated
Syk (see Figure 11d). Increasing the rate of dissociation of a ligand-receptor bond decreases
the lifetime of a receptor in an aggregate and accentuates the effect of kinetic proofreading.
The further down the signaling pathway an event occurs, the more pronounced are the effects
of kinetic proofreading on the event, as can be seen by comparing the predicted γ-chain
phosphorylation (Figure 11c) with the predicted Syk phosphorylation (Figure 11d). The
positive effects serial engagement has on signaling are outweighed by kinetic proofreading
when the lifetime of the ligand-receptor bond is decreased(McKeithan, 1995; Torigoe et al.,
1998).

Simulations predict that increasing the rate at which cross-linking occurs, while keeping
the lifetime of the bond between a ligand site and receptor constant, so as not to enhance
kinetic proofreading, increases Syk activation. In Figure 13a, a single curve corresponds to a
series of bivalent or trivalent ligands with increasing rates of serial engagement achieved by
increasing cross-linking constants. The ligands have the same dissociation rate constants and
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Fig. 16. At low ligand concentration, when most receptors are unbound, a receptor-ligand
complex that dissociates from an aggregate (1), can rapidly enter a new aggregate (2),
provided that the rate of cross-linking is greater than the rate of dissociation of its
ligand-receptor bond. If this is not the case the ligand-receptor complex will be rapidly
converted to a free receptor, reducing it chance of quickly finding a binding partner.

their concentrations have been chosen so that they aggregate the same number of receptors
on the cell surface, yet the faster the ligands are able to serial engage receptors, the more Syk
they are able to activate. This model prediction supports the hypothesis used to explain the
previously discussed asymmetric Syk activation profile, that serial engagement can partially
nullify the effects of kinetic proofreading by allowing receptors that have dissociated from
an aggregate to enter new aggregates before they fully return to their basal state. Previously
we estimated that when a receptor leaves an aggregate its unprotected phosphotyrosines are
dephosphorylated in less than a second, and any Syk or Lyn that are bound to phosphorylated
ITAMS dissociate with half-lives of the order of 10-15 seconds (Faeder et al., 2003). Even
within an aggregate, phosphorylation and dephosphorylation is constantly occurring (Kent
et al., 1994). If a receptor can enter into a new aggregate before all the modifications it has
undergone have been reversed, full activation of Syk will be more efficient.

As depicted in Figure 16 for a bivalent ligand at low concentration, a receptor that remains
bound to a ligand when an aggregate breaks up is much more likely to be rapidly incorporated
into a new aggregate than a receptor with its binding site free, provided the rate for
cross-linking a new receptor is equal to, or faster than the rate of dissociation of the
ligand-receptor bond, i.e., k+2R ≥ koff, or equivalently K2R ≥ 1. Even when this condition
on the rate constants is met, serial engagement can only partially compensate for the effects of
kinetic proofreading since free receptors that leave an aggregate will most likely return to the
basal state before they form new aggregates.

The model also predicts that increasing the valence of a ligand from two to three, while
keeping the rate constants the same, increases Syk activation (Figure 13). We have derived
expressions for the rates of serial engagement of dimers and trimers, Eqs. (38) and (39), which
show that increasing the valence while keeping all other quantities fixed raises the rate of
serial engagement. However, the predicted increase in Syk activation is not solely due to
the increase in serial engagement. Both experiment (Fewtrell & Metzger, 1980) and the model
predictions (Figure 14) indicate that trimeric oligomers of IgE are more effective than dimers at
activating RBL cells, even though these ligands cannot serial engage receptors. This is because
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exploring the role of serial engagement in enhancing Syk activation, we have included in
our model, cross-linking reactions between a trivalent ligand and an IgE-Fc�RI complex. The
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of free receptors so that serial engagement is favored. A basic assumption of the model is
that when a ligand is bound to more than one receptor and a bond opens, the freed receptor
diffuses away before the site on the ligand can rebind to it. This is a reasonable assumption
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aggregates (Andrews et al., 2008; Menon et al., 1986). We expect serial engagement to be
significantly reduced and exert little effect on cell signaling when the surface receptors are
immobile. We have only considered the case when receptors remain mobile and our results do
not apply to large aggregates where receptors are immobile. The expression we have derived
for the rate of serial engagement for a ligand of valence N, Eq. (37), holds only when receptors
are mobile.

We considered three ways in which serial engagement could be enhanced: by increasing the
rate at which a ligand binding site dissociates from a receptor; by increasing the rate at which
a free site on a ligand that is bound to a receptor can cross-link another receptor; and by
increasing the valence of the ligand. Model simulations showed that increasing the rate of
serial engagement by increasing the rate of dissociation reduced the concentration of activated
Syk (see Figure 11d). Increasing the rate of dissociation of a ligand-receptor bond decreases
the lifetime of a receptor in an aggregate and accentuates the effect of kinetic proofreading.
The further down the signaling pathway an event occurs, the more pronounced are the effects
of kinetic proofreading on the event, as can be seen by comparing the predicted γ-chain
phosphorylation (Figure 11c) with the predicted Syk phosphorylation (Figure 11d). The
positive effects serial engagement has on signaling are outweighed by kinetic proofreading
when the lifetime of the ligand-receptor bond is decreased(McKeithan, 1995; Torigoe et al.,
1998).

Simulations predict that increasing the rate at which cross-linking occurs, while keeping
the lifetime of the bond between a ligand site and receptor constant, so as not to enhance
kinetic proofreading, increases Syk activation. In Figure 13a, a single curve corresponds to a
series of bivalent or trivalent ligands with increasing rates of serial engagement achieved by
increasing cross-linking constants. The ligands have the same dissociation rate constants and
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nullify the effects of kinetic proofreading by allowing receptors that have dissociated from
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dephosphorylated in less than a second, and any Syk or Lyn that are bound to phosphorylated
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et al., 1994). If a receptor can enter into a new aggregate before all the modifications it has
undergone have been reversed, full activation of Syk will be more efficient.

As depicted in Figure 16 for a bivalent ligand at low concentration, a receptor that remains
bound to a ligand when an aggregate breaks up is much more likely to be rapidly incorporated
into a new aggregate than a receptor with its binding site free, provided the rate for
cross-linking a new receptor is equal to, or faster than the rate of dissociation of the
ligand-receptor bond, i.e., k+2R ≥ koff, or equivalently K2R ≥ 1. Even when this condition
on the rate constants is met, serial engagement can only partially compensate for the effects of
kinetic proofreading since free receptors that leave an aggregate will most likely return to the
basal state before they form new aggregates.

The model also predicts that increasing the valence of a ligand from two to three, while
keeping the rate constants the same, increases Syk activation (Figure 13). We have derived
expressions for the rates of serial engagement of dimers and trimers, Eqs. (38) and (39), which
show that increasing the valence while keeping all other quantities fixed raises the rate of
serial engagement. However, the predicted increase in Syk activation is not solely due to
the increase in serial engagement. Both experiment (Fewtrell & Metzger, 1980) and the model
predictions (Figure 14) indicate that trimeric oligomers of IgE are more effective than dimers at
activating RBL cells, even though these ligands cannot serial engage receptors. This is because
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Lyn is limiting in RBL cells, with most receptors not associated with a Lyn (Torigoe et al.,
1997; Wofsy et al., 1997; Yamashita et al., 1994). Large aggregates are more likely than small
aggregates to have a Lyn bound to a receptor in the aggregate and initiate signaling. Further,
the larger the aggregate, the higher is the number of receptors that can be phosphorylated
by a single Lyn. Serial engagement can further accentuate this signaling. We have estimated
the additional contribution to Syk activation from the increase in serial engagement when a
trivalent ligand is substituted for a bivalent ligand and shown that it can be substantial (Figure
13b).

Ligand-induced receptor aggregation initiates a chemical cascade that involves chemical
reactions that build and use transient molecular scaffolds. Upon aggregation of FcεRI on mast
cells, the cytoplasmic domains of the receptor become sites for the coalescence of the kinases
Lyn and Syk, with Syk undergoing rapid activation by phosphorylation. The activated Syk
phosphorylates conserved tyrosines on adaptor molecules such as LAT to form scaffolding
molecules. However, the structures formed around the cytoplasmic domains of the receptor,
as well as other scaffolding proteins, are ephemeral with components going on and off
rapidly. How successful this construction will be depends on the lifetime of a receptor in
an aggregate. If the lifetime is too short, most of the chemical cascades that are initiated
will not go to completion, and signaling will be dampened or completely prevented. This
is the idea behind kinetic proofreading (reviewed in (Goldstein et al., 2008)), introduced in
the context of cell signaling by McKeithan (McKeithan, 1995), and kinetic proofreading has
highlighted the role of the pMHC-TCR bond dissociation rate constant in T-cell signaling.
We have used a mathematical model of the initial steps in the chemical cascade triggered
by FcεRI aggregation on mast cells to investigate the role of serial engagement in signaling,
and shown that for a series of ligands with the same dissociation rate constant, increasing
the forward rate constant for cross-linking, or increasing the ligand valence increases serial
engagement and Syk activation. Serial engagement is able to partially reverse the effects of
kinetic proofreading and enhance mast cell signaling.

6. Conclusion

Faeder et al. have developed detailed mathematical model of the early signaling events, up
to and including Syk activation, that are triggered when IgE-FcεRI complexes are exposed
to a bivalent or trivalent ligand on rat basophilic leukemia (RBL) cells. We have used
this model to investigate the effect of cellular Syk and FcεRI concentrations on the level
of Syk activation. Using model simulations, we show that for a subset of physiological
FcεRI and Syk concentrations, differences in total extracellular ligand concentration can lead
to subtle kinetic effects that yield qualitative differences in the levels of Syk activation.
Since these kinetic effects arise from differential serial engagement rates at different ligand
concentrations, we have assessed the contribution of serial engagement to Syk activation in
mast cells and basophils, and shown that for a series of ligands with the same dissociation
rate constant, increasing the forward rate constant for cross-linking, or increasing the ligand
valence increases serial engagement and Syk activation. Serial engagement is able to partially
reverse the effects of kinetic proofreading and enhance mast cell signaling. To summarize, we
review in this chapter, our research directed at determining the possible factors that influence
the levels of Syk activation in mast cells and basophils. Syk activation is a crucial step in
the signal transduction cascade in mast cells and basophils that gives rise to the allergic
response in individuals. An in-depth understanding of the strength of the signal transduced
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via this biochemical network, and its underlying kinetics, will be of immense assistance in
a network level approach for design of allergy drugs that targets multiple molecules in the
signal transduction cascade.
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1. Introduction  
Osteoblasts, as well as osteocytes that are a terminally differentiated form of osteoblasts, are 
responsible for bone formation by producing bone matrix proteins, which subsequently 
induce tissue mineralization. Osteoblasts differentiate and mature from their progenitors in 
response to various regulatory factors including bone morphogenetic proteins (BMPs), 
Insulin-like growth factor 1 (IGF-1), fibroblast growth factor 2 (FGF-2), parathyroid hormone 
(PTH), tumor necrosis factor-α (TNF-α), Wnts, and extracellular matrix (ECM) signals. 
Matrix mineral deposition occurs at the terminal stage of osteoblast differentiation and is 
associated with maximal expression of osteocalcin (Ocn). 

Although several transcription factors, such as runt-related transcription factor 2 (Runx2), 
Osterix (Osx), and activating transcription factor (ATF) 4, have been demonstrated to be 
crucial to bone development, the molecular details of intracellular signals controlling stage-
specific osteoblast differentiation remain enigmatic. It is well recognized that the mitogen 
activated protein kinase (MAPK) superfamily, including p44/p42 extracellular signal-
regulated kinases (ERKs), p38 kinases, and p54/p46 c-Jun N-terminal kinases (JNKs), 
integrates signals from a diverse range of extracellular stimuli, and plays important roles in 
cellular functions such as proliferation, differentiation, and cell death in a variety of cell 
types. Despite intensive investigation, the physiological roles of MAPKs in osteogenic 
differentiation have not been clearly demonstrated. AMP-activated protein kinase (AMPK) 
is a serine-threonine kinase widely known as an essential regulator of energy homeostasis of 
cells. Interestingly, however, non-metabolic functions of AMPK, including its roles in cell 
differentiation have recently been demonstrated. Several recent studies including ours have 
indicated that the differentiation of osteoblasts is functionally associated with the AMPK 
activity.  

Being located in the skeletons, osteoblasts are constantly exposed to various forms of 
mechanical stresses. Many previous studies have indicated that mechanical stresses on 
osteoblasts affect their cell differentiation process, which may explain why moderate 
exercises contribute to healthy bone development. However, mechanical stresses often 
induce tissue inflammation in bones, especially when they are excessive. We and others 
have recently revealed that osteoblasts respond to mechanical stresses by expressing various 
inflammatory cytokines and chemokines, which is dependent on the activation of kinases, 
such as MAPKs.  
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mechanical stresses. Many previous studies have indicated that mechanical stresses on 
osteoblasts affect their cell differentiation process, which may explain why moderate 
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In this chapter, I will first briefly review recent and basic knowledge about osteoblast 
functions. I will then try to review the contribution of various kinase signals, including 
MAPKs and AMPK, to the osteoblast differentiation process. Finally, I will review the 
known mechanisms of kinase activation by mechanical stresses in osteoblasts, as well as 
how the mechanical stress-activated kinases affect the physiological functions of osteoblasts, 
including cell proliferation, differentiation, survival and the expression of chemokines and 
cytokines. 

2. The basic picture of osteoblast functions  
In vertebrates, bone tissue constitutes the skeleton and provides mechanical support, 
motility, and protection of internal organs. Bone tissue also acts as a reservoir of biologically 
essential minerals including calcium, phosphate, and magnesium. Osteoblasts, as well as 
osteocytes are responsible for bone formation by producing bone matrix proteins, which 
subsequently induce tissue mineralization (Raisz and Kream 1983). Osteoblasts are derived 
from bone marrow mesenchymal stem cells (MSCs), and terminally differentiate into 
osteocytes in bone tissue. In contrast, osteoclasts, which are derived from bone marrow 
hematopoietic stem cells, are in charge of bone resorption. The growth and maintenance of 
bone mass are thus regulated by the coordinated actions of osteoblasts and osteoclasts. Bone 
remodelling is a dynamic and constant process even in adults, replacing approximately 15% 
of the trabecular and 3% of the cortical bones every year (Manolagas and Jilka 1995). 
Disturbance of this delicate balance in bone remodelling leads to various bone disorders. 
The most well-known is probably osteoporosis which affects over 200 million people world-
wide (Cooper, Campion, and Melton 1992) and is considered as a serious public health 
concern. Osteoporosis is caused by the relative increase of bone resorption resulting in 
decreased bone density and increased risk of fractures. In contrast, relative increase of bone 
formation causes disorders such as osteopetrosis and osteosclerosis. 

The coordinated balance of bone remodelling is established by multiple coupling 
mechanisms between osteoblasts and osteoclasts. The most noticeable mechanism is 
through RANK ligand (RANKL) expressed on the surface of osteoblasts. RANKL signals 
through RANK, a cell surface receptor expressed on osteoclasts (Yasuda et al. 1998; Lacey et 
al. 1998; Boyle, Simonet, and Lacey 2003). In a complex interplay with macrophage colony-
stimulating factor (M-CSF), which is also produced by osteoblasts, RANKL induces the 
maturation and activation of osteoclasts. Osteoblasts also secrete osteoprotegerin (Opg) that 
acts as an inhibitory decoy receptor for RANKL, and the expression ratio of RANKL to Opg 
by osteoblasts dictates osteoclastogenesis (Manolagas and Jilka 1995; Boyle, Simonet, and 
Lacey 2003). Thus osteoblasts are the central players of bone metabolism controlling both 
bone formation and resorption. 

2.1 Molecular mechanisms of osteoblast differentiation 

Osteoblasts are derived from MSCs, which have the potential to differentiate into myoblasts, 
fibroblasts, and chondrocytes, in addition to osteoblasts. Osteoblasts differentiate and 
mature from their progenitors in response to various regulatory factors including BMPs, 
Insulin-like growth factor 1 (IGF-1), fibroblast growth factor 2 (FGF-2), parathyroid hormone 
(PTH), tumor necrosis factor-α (TNF-α), Wnts, and ECM signals (Deng et al. 2008). 
Osteoblasts produce various bone matrix proteins during differentiation (Fig. 1). Matrix 
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mineral deposition occurs at the terminal stage of osteoblast differentiation and is associated 
with maximal expression of Ocn (Hauschka et al. 1989).  

 
Fig. 1. Schematic presentation of osteoblast differentiation. Osteoblast differentiation is 
controlled by the expression of several transcription factors including Runx2, Osx, and 
ATF4. A series of proteins termed “osteogenic markers” contributing to bone matrix 
formation are produced during osteoblast differentiation in stage-specific manners. These 
proteins include ColI, Opn, and Ocn. 

Differentiation of MSCs into different lineages is governed by the expression of lineage-
specific transcription factors. Specifically, osteoblast differentiation is controlled by 
transcription factors including Runx2 and Osx. Gene deficiency of either Runx2 or Osx 
causes defective bone formation and lack of mature osteoblasts in mice, suggesting that both 
of these transcription factors are necessary for osteoblast differentiation in vivo (Ducy et al. 
1997; Komori et al. 1997; Nakashima et al. 2002). The Runx regulatory element is found in 
the gene promoter regions of major bone matrix proteins including collagen type I (ColI), 
osteopontin (Opn), bone sialoprotein (Bsp), and Ocn (Marie 2008), indicating that the 
expression of these proteins is directly regulated by Runx2. Furthermore, recent reports 
have indicated that Runx2 interacts with some other transcription factors, which either 
activates or repress the transcriptional activity of Runx2 (Karsenty 2008). Thus Runx2 
functions as a transducer through which various signals can modulate osteoblast 
differentiation. A typical example is Runx2-Smad interaction. Two Smad members, Smad1 
and Smad5 which are activated by BMPs, interact with Runx2 and enhance its 
osteoblastogenetic activity.  

The essential role of Osx, a zinc-finger protein with homology to the Sp1/Kruppel 
transcription factor family, in osteogenesis relies on its ability to regulate the expression of a 
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number of osteogenic markers such as Opn, Dickkoph-related protein 1 (Dkk1), and ColI. 
Furthermore, transcriptional regulators such as Nuclear factor of activated T-cells, cytoplasmic 
(NFATc) or Nucleolar protein 66 (NO66), a jumonji family histone demethylase, have been 
shown to interact with Osx and regulate its transcriptional responses (Koga et al. 2005; Sinha et 
al. 2010). Osx has been generally believed as a downstream transcription factor of Runx2, as 
Osx-deficient osteoblasts still express Runx2 (Nakashima et al. 2002) and the transcription of 
Osx is positively regulated by Runx2 (Celil, Hollinger, and Campbell 2005). Interestingly, 
although expression of Osx in vivo requires Runx2, BMP-2 is still able to stimulate Osx 
expression in Runx2-deficient cells (Lee et al. 2003). Moreover, recent data have indicated that 
BMP-2 activates expression of Osx through Runx2-dependent as well as -independent 
mechanisms involving Dlx5 and Msx2 (Ulsamer et al. 2008; Matsubara et al. 2008).  

Other than Runx2 and Osx, various transcription factors have been identified as important 
regulators of osteoblast differentiation. They include ATF4, activator protein 1 (AP1), 
homeobox proteins (Msx1, Msx2, Dlx5, Dlx6), and CCAAT/enhancer-binding proteins 
(C/EBPs) (Marie 2008). ATF4, also known as cAMP-response element-binding protein 2 
(CREB2), is a basic leucine-zipper transcriptional factor that belongs to ATF/CREB protein 
family (Karpinski et al. 1992). Similar to Runx2 and Osx, an essential role of ATF4 in bone 
development in vivo was revealed by a study using ATF4-deficient mice, which showed a 
marked reduction in bone mineralization and trabecular development throughout life (Yang 
et al. 2004). The promoting effects of ATF4 on bone development is not through the 
modulation of Runx2 or Osx expression level, as ATF4-deficient mice showed normal 
expression levels of these two transcriptional factors (Yang et al. 2004).  

2.2 Osteoblasts as immune-regulatory cells 

Bone tissue often becomes the site of inflammation caused by infection, auto-immune 
responses, and mechanical stresses. Recent lines of evidence have indicated that osteoblasts 
are important immune-regulatory cells controlling inflammatory responses in bone tissue. 
We and others have previously shown that osteoblasts express several members of Toll-like 
receptors (TLRs) which sense microbe infection by binding pathogen-associated molecular 
patterns (PAMPs) such as lipopolysaccharide (LPS) (Kikuchi et al. 2001; Kikuchi et al. 2003; 
Amcheslavsky et al. 2005). Stimulation of osteoblasts through TLRs induce the production of 
RANKL and TNF-, both of which activate osteoclast-mediated bone resorption (Kikuchi et 
al. 2001; Kikuchi et al. 2003; Hayashi et al. 2003).  

It has been reported that in inflammatory bone tissues, osteoblasts also express chemokines 
including monocyte chemoattractant protein (MCP)-1, macrophage-inflammatory protein 
(MIP)-1, RANTES (Lisignoli et al. 2002) and interleukin (IL)-8 (Bendre et al. 2003). These 
chemokines attract monocytes, macrophages and T cells through CC chemokine receptor 1 
(CCR1), CCR2, CCR3, CCR5, and CXC chemokine receptor1 (CXCR1) (Yoshie, Imai, and 
Nomiyama 2001). Interestingly, IL-8 has recently been shown to increase the motility of 
osteoclasts and directly induce their differentiation through both RANKL-dependent and 
independent pathways (Bendre et al. 2003).  

2.3 Effects of mechanical stresses on osteoblast functions 

Mechanical loading to the skeleton is important for the development and maintenance of 
strong and healthy bones. Significant bone loss is often encountered due to long-term 
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immobilization, which has become an increasing social problem. Being located in the 
skeletons, osteoblasts are constantly exposed to various forms of mechanical stresses. Many 
previous studies have indicated that mechanical stresses on osteoblasts affect their cell 
proliferation, survival, and differentiation processes, which may explain why moderate 
exercises contribute to healthy bone development. However, mechanical stresses often 
induce tissue inflammation in bones, especially when they are excessive. We and others 
have recently revealed that osteoblasts respond to mechanical stresses by expressing various 
inflammatory cytokines and chemokines (Bandow et al. 2007; Maeda et al. 2007). 

3. Kinases involved in osteoblast differentiation  
As briefly discussed in 2.1, several transcription factors including Runx2, Osx, and ATF4 
have been demonstrated to be crucial for bone development. However, the molecular details 
of intracellular kinases controlling stage-specific osteoblast differentiation remain enigmatic. 
The biggest reason, I presume, is that the expression of most kinases remains relatively 
constant during osteoblast differentiation, unlike some transcription factors whose 
expression is clearly induced in differentiation stage-specific manners. Here I list some of 
the reported kinases whose activities are functionally associated with osteoblast 
differentiation. 

3.1 MAPKs  

It is well recognized that the MAPK superfamily, including p44/p42 ERKs, p38 kinases, and 
p54/p46 JNKs, integrates signals from a diverse range of extracellular stimuli, and plays 
important roles in cellular functions such as proliferation, differentiation, and cell death in a 
variety of cell types (Widmann et al. 1999). Activation of MAPKs requires dual 
phosphorylation of Tyr and Thr residues in the activation loop of the molecules, which is 
catalized by a family of dual specificity kinases termed MAPK kinases (MKKs). Conversely, 
their dephosphorylation is catalyzed by dual specificity phosphatases termed MAPK 
phosphatases (MKPs). Among MKP family members, some show highly selective substrate 
specificity, whereas others efficiently inactivate all three classes of MAPKs. We previously 
cloned an MKP termed MKP-M (also referred to as DUSP16 or MKP-7) (Matsuguchi et al. 
2001; Masuda et al. 2001; Tanoue et al. 2001), which preferentially inactivates JNKs 
(Matsuguchi et al. 2001; Masuda et al. 2001).  

The role of ERKs in osteoblast differentiation has been studied with inconsistent results. In 
recent reports, matrix mineralization of MC3T3-E1 cells (a mouse osteoblastic cell line) and 
preosteocytic MLO-A5 cells was increased by an inhibitor of MEK1/2 that are upstream 
activators of ERKs (Kono et al. 2007). In contrast, selective expression of a constitutively active 
form of ERK1 by a transgenic approach accelerated in vitro differentiation of mouse calvaria 
cells, as well as in vivo bone development in mice (Ge et al. 2007). We additionally observed 
that matrix mineralization by MC3T3-E1 cells was enhanced by an MEK1/2 inhibitor, whereas 
the same inhibitor clearly inhibited matrix mineralization of primary osteoblasts from mouse 
calvaria, indicating the regulatory role of ERKs in osteogenic differentiation may vary 
depending on the cell types or differentiation stages of osteoblasts (Matsuguchi et al. 2009).  

Being similar to ERKs, the role of p38 kinase in osteoblast differentiation is also disputable. 
BMP2 is known to activate p38 kinase in osteoblasts. Kinase activity of p38 kinase was 
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reported to be stimulatory (Gallea et al. 2001) or inhibitory (Vinals et al. 2002) in BMP-2-
induced osteoblast differentiation. Noticeably, it has recently been reported that p38 kinase 
phosphorylates Osx at Ser-73/77 (Ortuno et al. 2010). Phosphorylatied Osx showed 
increased ability to recruit coactivators including p300 and SWI/SNF leading to the 
formation of transcriptionally active complexes, indicating the possibility that p38 exerts 
promotion of osteoblast differentiation by phosphorylating Osx.   

JNK was originally identified by its ability to specifically phosphorylate the transcription 
factor c-Jun on its N-terminal transactivation domain (Hibi et al. 1993). JNK consists of three 
isoforms (JNK1, 2 and 3) deriving from distinct genes. Among them, JNK1 and JNK2 are 
ubiquitously expressed while JNK3 is mainly expressed in brain, testis, and heart (Kyriakis 
and Avruch 2001). Alternative splicing at the C-terminus yields 46 kDa and 54 kDa 
polypeptides for each JNK isoform. The 46kDa form is predominant for JNK1, whereas the 
54kDa form is predominant for JNK2 and JNK3. Although JNK1 and JNK2 possess 
structural similarities and many overlapping biological functions, recent evidences have 
revealed some functional differences between the two kinases (Sabapathy et al. 2004; Liu, 
Minemoto, and Lin 2004). We have recently found that the terminal osteoblastic 
differentiation was significantly inhibited by the treatment with a specific JNK inhibitor as 
well as the over-expression of MKP-M, a JNK-specific MKP (Matsuguchi et al. 2009). 
Conversely, enhanced matrix mineralization was observed by inducible overexpression of 
p54JNK2 in an isoform-specific manner. More specifically, JNK inhibition significantly 
suppressed the late stage molecular events of osteoblastic differentiation, such as gene 
expression of Ocn and Bsp. In contrast, earlier differentiation events including alkaline 
phosphatase (ALP) activation and Opn expression were not inhibited by JNK inactivation. 
As for transcriptional factors, induction of ATF4 expression during osteoblastic 
differentiation was significantly inhibited, whereas the expression levels of Runx2 and Osx, 
were not significantly affected by JNK inactivation. Thus JNK activity is essential for the 
late-stage differentiation of osteoblasts. 

3.2 Phosphoinositide3-Kinase (PI3K)-akt signaling pathway  

Various cytokines and growth factors activate PI3K to produce phosphatidylinositol 3,4,5-
phosphate (PIP3), which then recruits and activates Akt. Akt has been shown to be activated 
by BMPs in osteoblasts (Ghosh-Choudhury et al. 2002). Deletion of Akt1, the major form of 
Akt in osteoblasts, in mice results in osteopenia caused by the inhibition of differentiation 
and the increase of apoptosis of osteoblasts (Kawamura et al. 2007). Conversely, osteoblast-
specific deletion of Pten, an inhibitory phosphatase of PI3K, by Ocn-Cre system in mice 
induced progressive increases in bone volume and density throughout life (Liu et al. 2007). 
The isolated Pten-defective osteoblasts showed accelerated differentiation capacity and 
decreased susceptibility to apoptosis. These results indicated that the PI3K-Akt signal is 
promotive of osteoblasts differentiation and inhibitory to osteoblast apoptosis. Consistently, 
it has been shown that Akt is essential for Runx2 indcution in osteoblasts by IGF-I, a known 
osteogenic growth factor. 

3.3 Glycogen synthase kinase 3 (GSK3) in Wnt signals 

Wnt family proteins play important roles in both embryogenesis and postnatal 
development. Wnts bind their cell surface receptor, Frizzled (Frz) in combination with the 
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co-receptors, low density lipoprotein receptor-related protein (LRP) 5/6. The activated 
receptors induce the inactivation of a serine/threonine kinase, GSK3. In the steady-state 
cells, GSK3 form a complex with -Catenin and phosphorylates it leading to its ubiquitin-
mediated degradation (Cadigan and Liu 2006). When Wnt is signal is on, GSK3-mediated -
Catenin degradation is off, leading to the accumulation of -Catenin in the nucleus. Nuclear 
-Catenin forms a complex with a transcription factor, TCF/LEF, activating the 
transcription of a series of Wnt-target genes including Runx2 in osteoblasts. This GSK3-
mediated cannonical pathway is responsible for the osteogenic activity of Wnts, as inhibitors 
of GSK3 stimulate osteoblastgenesis in vitro and in vivo (Kulkarni et al. 2006).  

Involvemennt of GSK3 in the synergestic effects of Wnt and BMP-4 on 
osteoblastic differentiation has recently been reported (Fukuda et al. 2010). Wnt3a, a 
canonical Wnt, synergistically stimulated ColI expression and ALP activity in the presence 
of BMP-4. Interestingly, overexpression of -Catenin did not affect BMP-4-induced ALP 
activity, whereas inhibition or stimulation of GSK3 activity resulted in either stimulation or 
suppression of ALP activity, respectively, in the presence of BMP-4. This finding indicated 
that GSK3 mediates synergy of BMP-4 and Wnt3a to promote osteoblastic differentiation 
through a -Catenin-independent mechanism. 

3.4 AMP-Activated Protein Kinase (AMPK) 

AMP-activated protein kinase (AMPK) is a serine-threonine kinase widely known as a 
regulator of cell metabolism (Hardie 2007). AMPK is a hetero-trimeric protein consisting of 
the catalytic  subunit and the regulatory  and  subunits in a 1:1:1 stoichiometric ratio. As 
several isoforms have been identified for each subunit (1-2; 1-2; 1-3), 12 combinations are 
possible, which show relative tissue specificity (Cheung et al. 2000). AMPK is activated by 
cellular stresses with increased AMP:ATP ratio as in calorie restriction. Subsequently, ATP-
generating pathways are activated, while ATP-consuming mechanisms are inhibited, 
thereby restoring the cellular AMP:ATP ratio. AMPK is thus considered as an essential 
regulator of energy homeostasis, and termed as a metabolic “energy sensor” of the 
biological system. The activation of AMPK is through phosphorylation of the catalytic  
subunit by an upstream kinase (Hawley et al. 1996).The most characterized upstream 
AMPK kinase (AMPKK) is LKB1, which is a reported target of metformin, a type 2 diabetes 
drug (Shaw et al. 2005). 

Intriguingly, recent studies have revealed non-metabolic functions of AMPK, such as the 
regulation of cell polarity and mitosis (Lee et al. 2007), and mammal longevity (McCarty 
2004). Several lines of evidence have also indicated the involvement of AMPK in the 
regulation of cellular differentiation. Activation of AMPK was suggested to be inhibitory to 
the differentiation of adipocytes (Dagon, Avraham, and Berry 2006; Giri et al. 2006; 
Habinowski and Witters 2001; Hwang et al. 2005; Tong et al. 2008), and myoblasts (Fulco et 
al. 2008), and promotive to the differentiation of endothelial progenitor cells (Li et al. 2008). 

We have recently explored the role of AMPK in osteoblast differentiation using in vitro 
differentiation models (Kasai et al. 2009). We found that the phosphorylation of AMPK 
was progressively decreased during osteoblastic differentiation. Conversely, osteoblast 
differentiation was significantly inhibited by glucose restriction and treatment with 
metformin, both of which are known activators of AMPK, as well as the forced expression of 
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reported to be stimulatory (Gallea et al. 2001) or inhibitory (Vinals et al. 2002) in BMP-2-
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a constitutively active form of AMPK. Metformin stimulation of osteoblasts significantly 
inhibited gene expression of Runx2 along with osteogenic markers including Ocn, Bsp, and 
Opn. Our result is consistent with a recent report showing the inhibitory effects of AMPK 
activators on Wnt/-Catenin signaling in human osteoblastic cells (Takatani et al. 2011). In 
contrast to our result, treatment by metformin was previously reported to promote 
osteoblast differentiation (Cortizo et al. 2006; Kanazawa et al. 2008). We presume that the 
inconsistent results were due to the different dose of metformin used in experiment. The 
previous reports used metformin at much lower concentrations than we did, which might 
not be sufficient to induce sustained AMPK phosphorylation (Kasai et al. 2009). Thus the 
effects of AMPK activity on osteoblast differentiation may vary in a dose-dependent fashion. 

4. Kinases involved in mechanotransduction of osteoblasts 
It has been well established that the load-induced mechanical stresses significantly affect 
cellular functions of osteoblasts. Mechanical stresses have been reported to be associated 
with increased proliferation, accelerated differentiation, and inhibition of apoptosis of 
osteoblasts (Aguirre et al. 2006; Robling and Turner 2009; Turner et al. 2009). Recent lines of 
evidence have also revealed that mechanical stresses induce the expression of RANKL, 
inflammatory cytokines, and chemokines by osteoblasts (Bandow et al. 2007; Maeda et al. 
2007). However, the reception and intracellular signals transducing these stresses (termed as 
mechanotransduction) of osteoblasts are not well understood. What makes things more 
complicated is that there are various types of mechanical stresses. They include compression 
(static or cyclic), tension (static and cyclic), shear stress (including fluid shear stress), 
ultrasound, and others. It should be considered that the mechanotrasduction mechanisms 
for different types of stresses may significantly vary. Moreover, intensity and frequency for 
each type of mechanical stress may also affect the induced molecular events in cells. Here, I 
will review some of the kinases previously identified as mechanotransducers of osteoblasts. 

4.1 MAPKs 

4.1.1 ERKs 

It has been reported that in osteoblasts ERKs are activated by mechanical stimuli including 
fluid shear stress (You et al. 2001; Kapur, Baylink, and Lau 2003; Weyts et al. 2002), 
compression by centrifugation (Hatton et al. 2003), cyclic stretch (Jessop et al. 2002), 
magnaetic drag force (Pommerenke et al. 2002), and ultrasound (Bandow et al. 2007) (Fig. 2). 
At least in our hands, it is the MAPK most evidently activated by cyclic stretch (unpublished 
result) and ultrasound (Bandow et al. 2007). Osteoblast proliferation induced by cyclic 
stretch requires the activation of ERKs as the treatment with a specific inhibitor of the ERK 
activating pathway abrogated the proliferation-promoting activity of cyclic stretch 
(Boutahar et al. 2004). ERK activation has also been reported to be essential for the fluid 
shear stress to stimulate osteoblast differentiation (Kido et al. 2009). Furthermore, a previous 
report has indicated that the stretch-induced anti-apoptotic effect on osteoblasts requires the 
activation of ERKs but not PI3K or p38 kinase (Plotkin et al. 2005). This anti-apoptotic effect 
involves the nuclear translocation of ERKs and new gene transcription (Plotkin et al. 2005). 

The upstream mechanisms mediating mechanical activation of ERKs have been proposed for 
some experimental systems (Fig. 2). It has previously been shown that integrins are essential  
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Fig. 2. Working model: Mechanical stress-sensing mechanisms of osteoblasts. ERKs are 
activated by various types of mechanical stress and initiate multiple cellular functions. 

for the activation of ERKs in osteoblasts by cyclic stretch (Schmidt et al. 1998; Zhang et al. 
2003). We have recently reported that the treatment of osteoblasts by low-intensity pulsed 
ultrasound (LIPUS) induced ERK activation and the expression of chemokine and RANKL 
(Bandow et al. 2007). These LIPUS-induced cellular events were abrogated by candesaltan, a 
specific inhibitor of angiotensin II type 1 receptor (AT1). AT1 is a known mechanoreceptor 
in cardiomyocytes (Zou et al. 2004). Osteoblasts express AT1 mRNA and protein and the 
level of expression increased significantly during osteoblast differentiation (Bandow et al. 
2007). These findings indicate that AT1 functions as a mechanoreceptor of in osteoblasts as 
well as in cardiomyocytes. Another example is P2X7, a two-transmembrane ionotropic 
receptor. P2X7 has been reported as a mechanotransducer of osteoblasts, which is essential 
for the ERK activation by fluid shear stress (Liu et al. 2008), indicating that ERK activation 
by fluid shear stress is dependent on intracellular Ca2+. 

In addition, multiple autocrine and paracrine factors have been implicated to transduce ERK 
activation by mechanical stresses. For example, ERK activation in osteoblasts by fluid shear 
stress has been reported to be dependent on nitric oxide (NO) synthesis (Rangaswami et al. 
2009; Kapur, Baylink, and Lau 2003). According to another report, however, synthesis of NO 
and prostacyclin is essential for ERK activation in osteoblasts induced by mechanical stretch, 
but not by fluid shear stress (Jessop et al. 2002). 
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(Bandow et al. 2007). These LIPUS-induced cellular events were abrogated by candesaltan, a 
specific inhibitor of angiotensin II type 1 receptor (AT1). AT1 is a known mechanoreceptor 
in cardiomyocytes (Zou et al. 2004). Osteoblasts express AT1 mRNA and protein and the 
level of expression increased significantly during osteoblast differentiation (Bandow et al. 
2007). These findings indicate that AT1 functions as a mechanoreceptor of in osteoblasts as 
well as in cardiomyocytes. Another example is P2X7, a two-transmembrane ionotropic 
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4.1.2 JNKs and p38 Kinase 

Transient activation of JNKs in osteoblasts has been reported to be induced by cyclic stretch 
(Danciu et al. 2003), compression (Maeda et al. 2007), and fluid shear stress (Lee et al. 2008; 
Wang et al. 2011). It has been reported that JNK activity is important for compression-
induced IL-8 expression (Maeda et al. 2007). On the other hand, transient activation of p38 
kinase in osteoblasts has been reported to be induced by cyclic stretch (Kusumi et al. 2005), 
compression (Maeda et al. 2007), fluid shear stress (Lee et al. 2008; Yeh et al. 2010), and 
magnetic force (Yuge et al. 2003). Recent reports indicated that p38 activation is essential for 
Opg expression induced by cyclic stretch (Kusumi et al. 2005), and compression-induce IL-8 
expression (Maeda et al. 2007). Intriguingly, acceleration of osteoblast differentiation 
induced by magnetic force is mainly attributed to p38 kinase activation, while the activity of 
ERKs or JNKs is dispensable (Yuge et al. 2003). Thus p38 kinase may be specifically 
involved in the mechanotransduction of magnetic force in osteoblasts. 

Activation of JNKs and p38 kinase by cyclic stretch in osteoblasts, however, is not as 
universally observed as that of ERKs and sometimes controversial. For example, a previous 
report showed that the application of cyclic stretch to human osteoblasts induced 
phosphorylation of ERKs, but not JNKs or p38 kinase (Zhu et al. 2009). Additionally, we 
found that cyclic stretch did not induce JNK or p38 kinase phosphorylation in mouse 
osteoblast cell lines or mouse primary osteoblasts, whereas it induced significant ERK 
phosphorylation (unpublished results). Thus, activation of JNKs and p38 kinase by cyclic 
stretch may be cell line-specific or dependent on stretch conditions.  

4.2 Integrin-associated kinases 

Cells are surrounded by ECM, which profoundly affects cellular functions. Most effects 
from ECM are mediated through integrins, cell surface receptors responsible for cell 
attachment to and reception of signals from ECM. As integrins lack intracellular enzymatic 
domains, signals from ECM are transduced by various intracellular signaling molecules, the 
most crucial of which is focal adhesion kinase (FAK) (Fig. 2). Integrin engagement induces 
activation and the subsequent autophosphorylation of FAK, which then interacts with 
another tyrosine kinase, Src. These molecular events eventually lead to the activation of 
ERKs (Bellido 2010). Integrins have been shown as important mechanotransducers in 
various cell types including osteoblasts. 

4.2.1 FAK 

As FAK-null mice are embryonic lethal (Furuta et al. 1995), mice with conditional knock-out 
of FAK in osteoblasts have been generated (Kim et al. 2007). Although these mice were 
normal in basal osteoblast differentiation, they were defective in bone healing due to 
decreased matrix deposition, which may be caused by defective mechanotransduction of 
osteoblasts. The role of FAK in osteoblasts has also been explored in vitro. Fluid shear stress-
induced osteoblast differentiation as well as activation of ERK and JNK was blocked by the 
expression of a dominant negative FAK mutant, indicating the essential role of FAK in 
mechanotransduction of fluid shear stress (Wang et al. 2011). It has also been reported that 
FAK-/- osteoblasts are unresponsive to fluid shear stress in ERK activation and Opn 
expression (Young et al. 2011).  
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4.2.2 Src 

A well-known tyrosine kinase, Src, is involved in integrin signals downstream of FAK. The 
role of Src in mechanotransduction of osteoblasts has recently been examined. Fluid shear 
stress induced increased phosphorylation at Tyr-416 of Src in osteoblasts (Morgan et al. 
2011). Inhibition of Src, however, had no effects on fluid shear stress-induced Opn 
expression or ERK activation. These findings indicate that Src is activated by fluid shear 
stress but not necessary for the proper mechanotransduction of osteoblasts. Another recent 
report indicated that protein kinase G (PKG), which is activated by NO-mediated 
production of cGMP, induced the activation of Src in mechanically stimulated osteoblasts 
(Rangaswami et al. 2010). Activation of Src by PKG is necessary for the interaction of Src 
with 3 integrin, indicating that Src functions as a converging point of integrin and NO-PKG 
signals in osteoblasts. 

4.3 PI3K-Akt activating pathway 

Sustained activation of PI3K in osteoblasts by fluid shear stress has been reported (Lee et al. 
2010) (Fig. 2). The resultant activation of Akt, mTOR, and p70S6 kinase leads to cell 
proliferation. The fluid shear stress-induced activation of PI3K appears to be induced by a 
complex formation of PI3K p85 subunit with V3/1 integrins, Shc, and FAK. It has also 
been reported that PI3K-Akt pathway activated by fluid shear stress in osteoblasts and 
osteocytes, induces increased nuclear translocation of -Catenin (Kitase et al. 2010; Xia et al. 
2010), as Akt phosphorylates and inactivates GSK3 (Wang, Brown, and Martin 2011). The 
increased -Catenin signal by fluid shear stress is essential for anti-apoptotic effects against 
glucocorticoid, indicating a possible mechanism how mechanical loading sustains healthy 
bone structure. 

4.4 LIM Kinase 2 (LIMK2) 

When osteoblasts are loaded with mechanical stress, the structure of actin cytoskeleton is 
reorganized, which results in changes of cell stiffness (Jaasma et al. 2007). LIM kinase 
(LIMK) is a unique protein kinase that has two LIM domain repeats at the N-terminus, 
followed by a PDZ domain and a catalytic kinase domain. LIMK protein family includes 
two members, LIMK1 and LIMK2. LIMK1 is highly expressed in neural tissues (Takahashi, 
Funakoshi, and Nakamura 2003), whereas LIMK2 is widely expressed in various tissues 
(Acevedo et al. 2006). LIMK2 phosphorylates and inactivates cofilin, an actin-
depolymerizing factor, thereby inducing actin cytoskeleton reorganization (Takahashi, 
Funakoshi, and Nakamura 2003). A recent report explored the functional role of LIMK2 in 
osteoblasts treated with fluid shear stress (Fu et al. 2008). Gene silencing of LIMK2 in 
osteoblasts by siRNA clearly decreased reorganization of actin cytoskeleton induced by 
fluid shear stress. This finding indicates an important role of LIMK2 in osteoblasts with 
mechanical loading. 

5. Conclusion  
Bone is a dynamic tissue where constant remodelling is going on. Osteoblasts are unique 
cells with multiple aspects. They (1) differentiate into osteocytes, the main cell type in bone 
tissue, (2) produce proteins for the formation of bone matrix, (3) recruit osteoclasts and 
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induced by magnetic force is mainly attributed to p38 kinase activation, while the activity of 
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involved in the mechanotransduction of magnetic force in osteoblasts. 
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most crucial of which is focal adhesion kinase (FAK) (Fig. 2). Integrin engagement induces 
activation and the subsequent autophosphorylation of FAK, which then interacts with 
another tyrosine kinase, Src. These molecular events eventually lead to the activation of 
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various cell types including osteoblasts. 

4.2.1 FAK 
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induced osteoblast differentiation as well as activation of ERK and JNK was blocked by the 
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control their function, thus playing a regulatory role in bone remodelling, (4) sensing the 
degree and nature of mechanical loading, which are necessary for the proper maintenance of 
bone structure suitable for the environment, (5) sense infection and recruit inflammatory 
cells for host defence. As I have discussed in this review, many of the multiple functions of 
osteoblasts are controlled by a list of kinases. It should be noted that the same kinases, such 
as MAPKs and PI3Ks, are involved in many functions of osteoblasts. Thus, in osteoblasts, a 
lot of crosstalk exists among signal transduction pathways through kinases. If this 
complicated network is broken due to kinase malfunction, it certainly leads to bone 
metabolic disorders. In concluding, this review may provide insights into a new list of 
therapeutic target molecules for diseases that have become threatening social problems, 
such as osteoporosis. 
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1. Introduction 
Fear-avoidance and reward-seeking are necessary motivations to guide survival; however, 
both can lead to maladaptive behavior when expressed inappropriately, manifesting as 
anxiety disorders and drug addiction. Both disorders are a major worldwide public health 
concern with a high co-morbidity (M. S. O'Brien et al., 2005; Wasserman et al., 1997). 
Specifically, the World Health Organization (WHO) pin-pointed generalized anxiety 
disorder and substance abuse as the most common mental disorders across the world, 
ranking them highly as a cause of disease burden (WHO, 2001). Furthermore, in the recent 
United States National Comorbidity Survey Replication study, it was reported that 18.1% 
and 8.9% of adults met the 12-month Diagnostic and Statistical Manual of Mental Disorders 
(DSM-IV; American Psychiatric Association, 2000) criteria for an anxiety or substance abuse 
disorder, respectively (Kessler et al., 2005). These staggering statistics also highlight the 
economic costs of anxiety disorders and substance abuse. For example, one estimate puts the 
yearly economic cost of alcohol abuse to be $148 billion, and the economic cost of harmful 
drug use and dependence has been estimated to be $98 billion in the United States alone 
(Harwood et al., 1998). Another study reported the economic cost of anxiety disorders to be 
$42 billion in the United States (Greenberg et al., 1999). 

Given the prevalence and the financial burden of anxiety disorders and substance abuse, a 
significant amount of research has been dedicated to finding effective treatments for those 
disorders. At present, the use of pharmacological agents has become a standard approach to 
attempt to ameliorate aspects of drug addiction and anxiety (Jupp & Lawrence, 2010; 
Reinblatt & Riddle, 2007). Unfortunately, the prevalence of these disorders still remain 
extremely high, although pharmacotherapy may be an effective approach to the treatment of 
drug addiction and anxiety disorders for some individuals. Furthermore, relapse is high in 
both substance abuse and anxiety disorders, even after pharmacotherapy (C. P. O'Brien, 
1997b; Rachman, 1989). Thus, it has been suggested that cognitive-behavioral therapies that 
rely on learning mechanisms may potentially lead to more effective treatments for both 
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both can lead to maladaptive behavior when expressed inappropriately, manifesting as 
anxiety disorders and drug addiction. Both disorders are a major worldwide public health 
concern with a high co-morbidity (M. S. O'Brien et al., 2005; Wasserman et al., 1997). 
Specifically, the World Health Organization (WHO) pin-pointed generalized anxiety 
disorder and substance abuse as the most common mental disorders across the world, 
ranking them highly as a cause of disease burden (WHO, 2001). Furthermore, in the recent 
United States National Comorbidity Survey Replication study, it was reported that 18.1% 
and 8.9% of adults met the 12-month Diagnostic and Statistical Manual of Mental Disorders 
(DSM-IV; American Psychiatric Association, 2000) criteria for an anxiety or substance abuse 
disorder, respectively (Kessler et al., 2005). These staggering statistics also highlight the 
economic costs of anxiety disorders and substance abuse. For example, one estimate puts the 
yearly economic cost of alcohol abuse to be $148 billion, and the economic cost of harmful 
drug use and dependence has been estimated to be $98 billion in the United States alone 
(Harwood et al., 1998). Another study reported the economic cost of anxiety disorders to be 
$42 billion in the United States (Greenberg et al., 1999). 

Given the prevalence and the financial burden of anxiety disorders and substance abuse, a 
significant amount of research has been dedicated to finding effective treatments for those 
disorders. At present, the use of pharmacological agents has become a standard approach to 
attempt to ameliorate aspects of drug addiction and anxiety (Jupp & Lawrence, 2010; 
Reinblatt & Riddle, 2007). Unfortunately, the prevalence of these disorders still remain 
extremely high, although pharmacotherapy may be an effective approach to the treatment of 
drug addiction and anxiety disorders for some individuals. Furthermore, relapse is high in 
both substance abuse and anxiety disorders, even after pharmacotherapy (C. P. O'Brien, 
1997b; Rachman, 1989). Thus, it has been suggested that cognitive-behavioral therapies that 
rely on learning mechanisms may potentially lead to more effective treatments for both 
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types of disorders (Myers et al., 2011; Sutton et al., 2003). Therefore, much effort has been 
placed in finding an effective pharmacotherapy to combine with cognitive-behavioral 
therapies to effectively treat these mental disorders and prevent their relapse (M. Davis et 
al., 2006; Hofmann, 2007). 

The importance of cognitive-behavioral therapies in treating anxiety disorders and 
substance abuse has been highlighted following observations that learning and memory 
processes play a significant role in acquisition and relapse in these disorders both in clinical 
settings and in the laboratory (Bouton et al., 2001; Mineka & Zinbarg, 1996; Rasmusson & 
Charney, 1997). For example, a common form of anxiety, posttraumatic stress disorder 
(PTSD), develops in vulnerable people following exposure to a traumatic event, and it is 
believed that these symptoms arise in part through a learning process in which cues present 
at the time of trauma acquire the ability to elicit fear (M. Davis & Whalen, 2001). Those cues 
can generalize over time to other settings and trigger pervasive fear and anxiety in 
inappropriate situations (Rothbaum & M. Davis, 2003). Drug addiction also involves 
learning - cues that are associated with the rewarding properties of a drug can trigger drug 
use in an individual (Rescorla, 1988; Robinson & Berridge, 2001). For example, drug 
paraphernalia such as a syringe, can trigger powerful drug craving that contributes to the 
maintenance of, and relapse to, drug use (A. R. Childress et al., 1986). Discovering that 
memory processes underlie anxiety disorders and drug addiction has not only led to a more 
successful modeling of anxiety and drug use using rodents in the laboratory, but also has 
guided pharmacological research. That is, considerable progress has already been made in 
delineating the neural bases of memory storage (Kandel, 2001, 2009), and research on 
anxiety disorders and drug addiction is now focused on characterizing the specific effects of 
proteins that have already been identified to be involved in general learning and memory. 
Mitogen-activated protein kinase (MAPK), in particular, refers to the entire superfamily of 
signaling cascades including the extracellular signal-regulated kinase (ERK) (Sweatt, 2001). 
The MAPK cascade is distinguished by a unique core series of three kinases: the first is MAP 
kinase kinase kinase (MAPKKK) that phosphorylates (i.e., activates) the second, a MAP 
kinase kinase (MEK). MEKs in turn activate a MAP kinase. The two main isoforms of MAPK 
are ERK1 and ERK2, which are 44 kDa and 42 kDa respectively (L. Lu et al., 2006). MAPK is 
well-known for its critical role in learning and memory as well as cellular growth, 
differentiation and survivability (Ahn & Krebs, 1990; Hoshi et al., 1988; Impey et al., 1999; 
Kornhauser & Greenberg, 1997; Sweatt, 2001). The present chapter will provide an in-depth 
review of the existing findings on the relationship between MAPK and fear and drug-
seeking behavior using animal models. The aim of our chapter is for the audience to gain a 
better understanding of the significance of MAPK in anxiety disorders and drug addiction 
in order to facilitate the development of pharmacological adjuncts to assist in treatment of 
these disorders. The next section will first briefly review the research that revealed the 
molecular cascade underlying memory storage and formation, and the importance of MAPK 
signaling in that cascade. 

2. The molecular biology of memory formation and storage 
Memory formation has long been though to be sub-served by a mechanism called 'synaptic 
plasticity', which refers to molecular and morphological changes that occur in dendrites and 
axons that either enhances or reduces the effectiveness of electrical and/or chemical 
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communication between neurons across synapses (Konorski, 1948). Due to the seminal work 
on Aplysia by the Nobel laureate Kandel and his colleagues, we now know that synaptic 
plasticity requires various molecular cascades that ultimately result in modifications of 
synaptic structure and efficacy (Kandel 2001, 2009). The best-studied mechanism that may 
potentiate these changes is N-methyl-D-aspartate receptor (NMDAR)-dependent long-term 
potentiation (LTP) (Sweatt, 1999). LTP refers to a lasting enhancement of the strength of 
synaptic connection as a result of brief repetitive activation of that synaptic pathway (Bliss & 
Collingridge, 1993). For example, experimentally-induced LTP involves a few trains of high-
frequency stimuli to the connection between two neurons (Huang & Kandel, 1994). We 
know that LTP is important for memory storage because LTP disruption has been shown to 
impair memory consolidation in a region-specific manner. In the hippocampus, for example, 
antagonism of NMDARs impairs both LTP induction as well as hippocampal-dependent 
spatial learning in rats (Morris et al., 1986).  

NMDA-dependent LTP is generally divided into three phases: short-term potentiation (or 
initial LTP), early LTP (E-LTP), and late LTP (L-LTP) (Sweatt, 1999). Short-term potentiation 
refers to the first stage of LTP that is independent of protein kinase activity for its induction 
or expression (Roberson et al., 1996). E-LTP starts at around 30 mins upon induction and 
typically lasts 60-90 mins. E-LTP requires protein kinase activation but is independent of 
gene transcription and protein synthesis (Frey et al., 1993). The last phase of LTP, L-LTP, 
lasts many hours and requires gene transcription and protein synthesis for its maintenance, 
and such processes are critical in the modification of synapses (Frey, et al., 1993). Although 
it appears that short-term potentiation is necessary for the subsequent phases of LTP, not 
much is known about the mechanisms underlying it (Roberson et al., 1996), therefore, the 
present review will focus on the molecular cascade related to E-LTP and L-LTP.  

Typically, excitatory synaptic transmission occurs chemically via presynaptic release of 
glutamate into the synapse. Glutamate then binds to 2-amino-3-(5-methyl-3-oxo-1,2- oxazol-
4-yl)propanoic acid receptors (AMPARs) on the postsynaptic membrane, triggering the 
influx of positively-charged of sodium ions into the postsynaptic neuron (Agranoff & Siegel, 
1999). Such influx of ions causes depolarization of the cell, called the excitatory postsynaptic 
potential (EPSP). Likewise, the induction of E-LTP begins with NMDA receptor activation 
that leads to an influx of positively-charged calcium ions through ligand- and voltage-gated 
calcium channels into the postsynaptic neuron, causing depolarization (Ascher & Nowak, 
1986). If calcium influx does not reach a threshold, E-LTP fails to occur (Lynch, 2004). The 
rapid rise in intracellular calcium concentration initiates the short- or long-lasting activation 
of several proteins that appear to be necessary for E-LTP. For example, blocking 
phosphorylation (i.e., activation) of calcium/calmodulin-dependent protein kinase II 
(CaMKII) and protein kinase C (PKC) impairs the induction and maintenance of E-LTP 
(Sweatt, 1999). Protein kinase A (PKA) and mitogen-activated protein kinase (MAPK) 
phosphorylation also contribute to the maintenance of E-LTP (Lynch, 2004; Sweatt, 1999). 
Additionally, protein kinase Mζ (PKMζ), which is calcium independent, becomes activated 
during the maintenance of E-LTP. Those protein kinases carry out phosphorylation of 
existing AMPARs to increase their activity, as well as mediating insertion of AMPARs into 
the postsynaptic membrane (Malenka & Bear, 2004).  

As mentioned previously, L-LTP is a natural extension of E-LTP. That is, long-lasting 
activation of some of the protein kinases mentioned above can induce L-LTP. L-LTP can last 
many hours, even days, and requires gene transcription and de novo protein synthesis in the 



 
Advances in Protein Kinases 

 

334 

types of disorders (Myers et al., 2011; Sutton et al., 2003). Therefore, much effort has been 
placed in finding an effective pharmacotherapy to combine with cognitive-behavioral 
therapies to effectively treat these mental disorders and prevent their relapse (M. Davis et 
al., 2006; Hofmann, 2007). 

The importance of cognitive-behavioral therapies in treating anxiety disorders and 
substance abuse has been highlighted following observations that learning and memory 
processes play a significant role in acquisition and relapse in these disorders both in clinical 
settings and in the laboratory (Bouton et al., 2001; Mineka & Zinbarg, 1996; Rasmusson & 
Charney, 1997). For example, a common form of anxiety, posttraumatic stress disorder 
(PTSD), develops in vulnerable people following exposure to a traumatic event, and it is 
believed that these symptoms arise in part through a learning process in which cues present 
at the time of trauma acquire the ability to elicit fear (M. Davis & Whalen, 2001). Those cues 
can generalize over time to other settings and trigger pervasive fear and anxiety in 
inappropriate situations (Rothbaum & M. Davis, 2003). Drug addiction also involves 
learning - cues that are associated with the rewarding properties of a drug can trigger drug 
use in an individual (Rescorla, 1988; Robinson & Berridge, 2001). For example, drug 
paraphernalia such as a syringe, can trigger powerful drug craving that contributes to the 
maintenance of, and relapse to, drug use (A. R. Childress et al., 1986). Discovering that 
memory processes underlie anxiety disorders and drug addiction has not only led to a more 
successful modeling of anxiety and drug use using rodents in the laboratory, but also has 
guided pharmacological research. That is, considerable progress has already been made in 
delineating the neural bases of memory storage (Kandel, 2001, 2009), and research on 
anxiety disorders and drug addiction is now focused on characterizing the specific effects of 
proteins that have already been identified to be involved in general learning and memory. 
Mitogen-activated protein kinase (MAPK), in particular, refers to the entire superfamily of 
signaling cascades including the extracellular signal-regulated kinase (ERK) (Sweatt, 2001). 
The MAPK cascade is distinguished by a unique core series of three kinases: the first is MAP 
kinase kinase kinase (MAPKKK) that phosphorylates (i.e., activates) the second, a MAP 
kinase kinase (MEK). MEKs in turn activate a MAP kinase. The two main isoforms of MAPK 
are ERK1 and ERK2, which are 44 kDa and 42 kDa respectively (L. Lu et al., 2006). MAPK is 
well-known for its critical role in learning and memory as well as cellular growth, 
differentiation and survivability (Ahn & Krebs, 1990; Hoshi et al., 1988; Impey et al., 1999; 
Kornhauser & Greenberg, 1997; Sweatt, 2001). The present chapter will provide an in-depth 
review of the existing findings on the relationship between MAPK and fear and drug-
seeking behavior using animal models. The aim of our chapter is for the audience to gain a 
better understanding of the significance of MAPK in anxiety disorders and drug addiction 
in order to facilitate the development of pharmacological adjuncts to assist in treatment of 
these disorders. The next section will first briefly review the research that revealed the 
molecular cascade underlying memory storage and formation, and the importance of MAPK 
signaling in that cascade. 

2. The molecular biology of memory formation and storage 
Memory formation has long been though to be sub-served by a mechanism called 'synaptic 
plasticity', which refers to molecular and morphological changes that occur in dendrites and 
axons that either enhances or reduces the effectiveness of electrical and/or chemical 
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communication between neurons across synapses (Konorski, 1948). Due to the seminal work 
on Aplysia by the Nobel laureate Kandel and his colleagues, we now know that synaptic 
plasticity requires various molecular cascades that ultimately result in modifications of 
synaptic structure and efficacy (Kandel 2001, 2009). The best-studied mechanism that may 
potentiate these changes is N-methyl-D-aspartate receptor (NMDAR)-dependent long-term 
potentiation (LTP) (Sweatt, 1999). LTP refers to a lasting enhancement of the strength of 
synaptic connection as a result of brief repetitive activation of that synaptic pathway (Bliss & 
Collingridge, 1993). For example, experimentally-induced LTP involves a few trains of high-
frequency stimuli to the connection between two neurons (Huang & Kandel, 1994). We 
know that LTP is important for memory storage because LTP disruption has been shown to 
impair memory consolidation in a region-specific manner. In the hippocampus, for example, 
antagonism of NMDARs impairs both LTP induction as well as hippocampal-dependent 
spatial learning in rats (Morris et al., 1986).  

NMDA-dependent LTP is generally divided into three phases: short-term potentiation (or 
initial LTP), early LTP (E-LTP), and late LTP (L-LTP) (Sweatt, 1999). Short-term potentiation 
refers to the first stage of LTP that is independent of protein kinase activity for its induction 
or expression (Roberson et al., 1996). E-LTP starts at around 30 mins upon induction and 
typically lasts 60-90 mins. E-LTP requires protein kinase activation but is independent of 
gene transcription and protein synthesis (Frey et al., 1993). The last phase of LTP, L-LTP, 
lasts many hours and requires gene transcription and protein synthesis for its maintenance, 
and such processes are critical in the modification of synapses (Frey, et al., 1993). Although 
it appears that short-term potentiation is necessary for the subsequent phases of LTP, not 
much is known about the mechanisms underlying it (Roberson et al., 1996), therefore, the 
present review will focus on the molecular cascade related to E-LTP and L-LTP.  

Typically, excitatory synaptic transmission occurs chemically via presynaptic release of 
glutamate into the synapse. Glutamate then binds to 2-amino-3-(5-methyl-3-oxo-1,2- oxazol-
4-yl)propanoic acid receptors (AMPARs) on the postsynaptic membrane, triggering the 
influx of positively-charged of sodium ions into the postsynaptic neuron (Agranoff & Siegel, 
1999). Such influx of ions causes depolarization of the cell, called the excitatory postsynaptic 
potential (EPSP). Likewise, the induction of E-LTP begins with NMDA receptor activation 
that leads to an influx of positively-charged calcium ions through ligand- and voltage-gated 
calcium channels into the postsynaptic neuron, causing depolarization (Ascher & Nowak, 
1986). If calcium influx does not reach a threshold, E-LTP fails to occur (Lynch, 2004). The 
rapid rise in intracellular calcium concentration initiates the short- or long-lasting activation 
of several proteins that appear to be necessary for E-LTP. For example, blocking 
phosphorylation (i.e., activation) of calcium/calmodulin-dependent protein kinase II 
(CaMKII) and protein kinase C (PKC) impairs the induction and maintenance of E-LTP 
(Sweatt, 1999). Protein kinase A (PKA) and mitogen-activated protein kinase (MAPK) 
phosphorylation also contribute to the maintenance of E-LTP (Lynch, 2004; Sweatt, 1999). 
Additionally, protein kinase Mζ (PKMζ), which is calcium independent, becomes activated 
during the maintenance of E-LTP. Those protein kinases carry out phosphorylation of 
existing AMPARs to increase their activity, as well as mediating insertion of AMPARs into 
the postsynaptic membrane (Malenka & Bear, 2004).  

As mentioned previously, L-LTP is a natural extension of E-LTP. That is, long-lasting 
activation of some of the protein kinases mentioned above can induce L-LTP. L-LTP can last 
many hours, even days, and requires gene transcription and de novo protein synthesis in the 
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postsynaptic neuron (Frey et al., 1988; Lynch, 2004; Stanton & Sarvey, 1984). Those 
characteristics distinguish L-LTP from E-LTP because E-LTP does not require either. For 
example, administration of the protein synthesis inhibitor anisomycin blocks L-LTP, but not E-
LTP, in the hippocampus (Frey et al., 1988). Gene transcription necessary for L-LTP is 
triggered by the persistent activation of MAPK. MAPK can translocate to the nucleus and 
activate nuclear molecules such as cyclic adenosine monophosphate (cAMP)-response element 
binding protein (CREB), which is a gene transcription factor (Lynch, 2004; Sweatt, 1999). ERK-
mediated changes in transcription factor activity can ultimately result in the protein synthesis 
and morphological changes in neurites observed in L-LTP (Figure 1). For example, activity-
regulated cytoskeletal element (Arc; also termed Arg3.1), is an immediate early gene that 
requires MAPK for its transcription (Chotiner et al., 2010). Arc has been widely implicated in 
experience-dependent synaptic plasticity because Arc is tightly coupled to the activation of 
signaling pathways implicated in learning, rather than being involved in normal cellular 
activity (Fletcher et al., 2006). Indeed, Arc expression in the hippocampus is critical for both 
LTP maintenance and the formation of hippocampus-dependent memory (Guzowski et al., 
2000) and MEK inhibition suppresses experience-induced Arc mRNA levels (Chortiner et al., 
2010). Further, Arc transcription can lead to protein synthesis via activation of receptors such 
as Notch (Alberi et al., 2011). Notch receptors and ligands are transmembrane proteins present 
at synapses that play a major role in changing neurite structure (Sestan et al., 1999). Blocking 
any one of the steps in the molecular cascade mentioned above impairs memory consolidation 
and or/learning and LTP (Kandel, 2001). Taken together, it appears that formation of long-
term memory is linked to a molecular cascade involving pre-synaptic glutamate release, 
NMDA-mediated calcium entry, activation of protein kinases, gene expression and 
transcription, and protein synthesis (Figure 1).  

 
Fig. 1. Schematic diagram illustrating intracellular signalling pathway involved in the 
neuronal plasticity implicated in the formation of memory. 
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It is important to note that MAPK is critical for both L-LTP and E-LTP; MEK inhibitors 
significantly attenuate E-LTP and block L-LTP (S. Davis, Salin et al., 2000; English & Sweatt, 
1997; Schafe et al., 2008; Sweatt, 1999; Wu et al., 1999). That is, MAPK signaling appears to 
be a molecular link between E-LTP and L-LTP. Indeed, many signaling cascades involved in 
E-LTP, including CaMKII and PKC, can converge on ERK (Kelleher et al., 2004). The strong 
possibility of MAPK being a link between E-LTP and L-LTP has significant implications for 
its role in memory. Historically, E-LTP and L-LTP are believed to be mechanisms sub-
serving short-term memory (STM) and long-term memory (LTM), respectively, because 
both E-LTP and STM endure for a few hours, whereas L-LTP persists for many hours and 
even days, similar to LTM (Kandel, 2009). Thus, blockade of MAPK may sever any possible 
link between STM and LTM, and critically affect memory consolidation and storage. 
Therefore, it is not surprising that much attention has been given to the role of MAPK in 
animal models of anxiety disorders and drug addiction in the past couple of decades, as it 
became increasingly apparent that memory processes underlie these disorders.  

3. MAPK in conditioned fear  
Among the early advocates of the idea that anxiety disorders emerge from traumatic 
memories were Watson and Rayner (1920) who proposed that humans are born with very 
few 'emotional reaction patterns', and the way in which stimuli come to evoke emotion 
throughout one’s life is through learning, or conditioning, processes. That is, animals learn 
to respond in distinct ways to different stimuli according to previous experiences with those 
stimuli. According to this notion, simple aversive learning and memory processes are 
critical for triggering anxiety disorders. To support this idea, in the famous ‘little Albert’ 
experiment, a baby boy was conditioned to fear a rat by sounding an aversive loud noise 
each time the baby touched the rat (Watson & Rayner, 1920). Before this experience, the 
baby was keen to touch and play with the rat. After the experience, however, the baby 
displayed signs of fear and anxiety (e.g., crying and reaching for mum) when in the 
presence of the rat. The simple pairing of the rat and the aversive noise induced fear 
learning in little Albert. This associative learning is referred to as classical or Pavlovian 
conditioning because Pavlov was the first to demonstrate such associative learning in 
animals (Konorski, 1948; I. P. Pavlov, 1927). Typically, Pavlovian fear conditioning involves 
pairings of a conditioned stimulus (CS), such as a tone, with an aversive unconditioned 
stimulus (US), such as a footshock. The CS can be discrete or diffuse, such as a localized 
light or a context, respectively. Initially, the CS is a neutral stimulus that has little effect on 
animals. On the other hand, the US is a stimulus that already elicits fear responses via 
physiological, autonomic and behavioral changes. These fear responses triggered by the US 
are referred to as unconditioned responses. When the CS and the US are repeatedly paired, 
the CS starts to elicit such autonomic and behavioral fear responses on its own without the 
US, and these responses are referred to as conditioned responses (CRs). 

Such fear conditioning is readily acquired in animals, and is not easily forgotten (Gale et al., 
2004). Because this form of learning can be acquired even in very immature animals (e.g., 12-
day-old rats; (Sullivan et al., 2000), Pavlovian conditioning provides a model for 
investigating the neurobiological bases of anxiety disorders, which often emerge during 
childhood/early adolescence in humans (Kessler, et al., 2005; Newman et al., 1996). Apart 
from Pavlovian conditioned fear, however, there are other laboratory models of anxiety 
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postsynaptic neuron (Frey et al., 1988; Lynch, 2004; Stanton & Sarvey, 1984). Those 
characteristics distinguish L-LTP from E-LTP because E-LTP does not require either. For 
example, administration of the protein synthesis inhibitor anisomycin blocks L-LTP, but not E-
LTP, in the hippocampus (Frey et al., 1988). Gene transcription necessary for L-LTP is 
triggered by the persistent activation of MAPK. MAPK can translocate to the nucleus and 
activate nuclear molecules such as cyclic adenosine monophosphate (cAMP)-response element 
binding protein (CREB), which is a gene transcription factor (Lynch, 2004; Sweatt, 1999). ERK-
mediated changes in transcription factor activity can ultimately result in the protein synthesis 
and morphological changes in neurites observed in L-LTP (Figure 1). For example, activity-
regulated cytoskeletal element (Arc; also termed Arg3.1), is an immediate early gene that 
requires MAPK for its transcription (Chotiner et al., 2010). Arc has been widely implicated in 
experience-dependent synaptic plasticity because Arc is tightly coupled to the activation of 
signaling pathways implicated in learning, rather than being involved in normal cellular 
activity (Fletcher et al., 2006). Indeed, Arc expression in the hippocampus is critical for both 
LTP maintenance and the formation of hippocampus-dependent memory (Guzowski et al., 
2000) and MEK inhibition suppresses experience-induced Arc mRNA levels (Chortiner et al., 
2010). Further, Arc transcription can lead to protein synthesis via activation of receptors such 
as Notch (Alberi et al., 2011). Notch receptors and ligands are transmembrane proteins present 
at synapses that play a major role in changing neurite structure (Sestan et al., 1999). Blocking 
any one of the steps in the molecular cascade mentioned above impairs memory consolidation 
and or/learning and LTP (Kandel, 2001). Taken together, it appears that formation of long-
term memory is linked to a molecular cascade involving pre-synaptic glutamate release, 
NMDA-mediated calcium entry, activation of protein kinases, gene expression and 
transcription, and protein synthesis (Figure 1).  

 
Fig. 1. Schematic diagram illustrating intracellular signalling pathway involved in the 
neuronal plasticity implicated in the formation of memory. 
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It is important to note that MAPK is critical for both L-LTP and E-LTP; MEK inhibitors 
significantly attenuate E-LTP and block L-LTP (S. Davis, Salin et al., 2000; English & Sweatt, 
1997; Schafe et al., 2008; Sweatt, 1999; Wu et al., 1999). That is, MAPK signaling appears to 
be a molecular link between E-LTP and L-LTP. Indeed, many signaling cascades involved in 
E-LTP, including CaMKII and PKC, can converge on ERK (Kelleher et al., 2004). The strong 
possibility of MAPK being a link between E-LTP and L-LTP has significant implications for 
its role in memory. Historically, E-LTP and L-LTP are believed to be mechanisms sub-
serving short-term memory (STM) and long-term memory (LTM), respectively, because 
both E-LTP and STM endure for a few hours, whereas L-LTP persists for many hours and 
even days, similar to LTM (Kandel, 2009). Thus, blockade of MAPK may sever any possible 
link between STM and LTM, and critically affect memory consolidation and storage. 
Therefore, it is not surprising that much attention has been given to the role of MAPK in 
animal models of anxiety disorders and drug addiction in the past couple of decades, as it 
became increasingly apparent that memory processes underlie these disorders.  

3. MAPK in conditioned fear  
Among the early advocates of the idea that anxiety disorders emerge from traumatic 
memories were Watson and Rayner (1920) who proposed that humans are born with very 
few 'emotional reaction patterns', and the way in which stimuli come to evoke emotion 
throughout one’s life is through learning, or conditioning, processes. That is, animals learn 
to respond in distinct ways to different stimuli according to previous experiences with those 
stimuli. According to this notion, simple aversive learning and memory processes are 
critical for triggering anxiety disorders. To support this idea, in the famous ‘little Albert’ 
experiment, a baby boy was conditioned to fear a rat by sounding an aversive loud noise 
each time the baby touched the rat (Watson & Rayner, 1920). Before this experience, the 
baby was keen to touch and play with the rat. After the experience, however, the baby 
displayed signs of fear and anxiety (e.g., crying and reaching for mum) when in the 
presence of the rat. The simple pairing of the rat and the aversive noise induced fear 
learning in little Albert. This associative learning is referred to as classical or Pavlovian 
conditioning because Pavlov was the first to demonstrate such associative learning in 
animals (Konorski, 1948; I. P. Pavlov, 1927). Typically, Pavlovian fear conditioning involves 
pairings of a conditioned stimulus (CS), such as a tone, with an aversive unconditioned 
stimulus (US), such as a footshock. The CS can be discrete or diffuse, such as a localized 
light or a context, respectively. Initially, the CS is a neutral stimulus that has little effect on 
animals. On the other hand, the US is a stimulus that already elicits fear responses via 
physiological, autonomic and behavioral changes. These fear responses triggered by the US 
are referred to as unconditioned responses. When the CS and the US are repeatedly paired, 
the CS starts to elicit such autonomic and behavioral fear responses on its own without the 
US, and these responses are referred to as conditioned responses (CRs). 

Such fear conditioning is readily acquired in animals, and is not easily forgotten (Gale et al., 
2004). Because this form of learning can be acquired even in very immature animals (e.g., 12-
day-old rats; (Sullivan et al., 2000), Pavlovian conditioning provides a model for 
investigating the neurobiological bases of anxiety disorders, which often emerge during 
childhood/early adolescence in humans (Kessler, et al., 2005; Newman et al., 1996). Apart 
from Pavlovian conditioned fear, however, there are other laboratory models of anxiety 
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disorders. For example, Grillon and colleagues proposed that anxiety disorders are caused 
by unpredictable aversive events that lead to hyperactive fear responses that are generalized 
across different situations and environments (Grillon et al., 2004). Specifically, if an aversive 
US is not signalled reliably by a discrete CS, subjects show more fear to the training context 
compared to subjects that received the US signalled reliably by a CS. The elevated fear to the 
context exhibited by the unsignalled group reflects generalized anxiety according to this 
theory. Another laboratory model for anxiety disorders relies on the concept of ‘unlearned’ 
fear, which refers to the innate fear that animals have to various stimuli without any 
previous learning experiences with these stimuli (Boulis & M. Davis, 1989). Unlearned fear 
is triggered by a diffuse cue rather than a specific cue; therefore, unlearned fear can serve as 
a good model for anxiety disorders that may not be triggered by a specific object or a 
situation. Additionally, unlearned fear may explain some specific phobias that may be an 
exaggerated, debilitating form of natural fear (e.g. acrophobia).  

Nevertheless, Pavlovian fear conditioning is the most utilized neurobiological model for 
anxiety, as it reflects the most common form of anxiety disorder, namely post-traumatic 
stress disorder (PTSD). This is partly because this preparation allows a variety of discrete 
stimuli to be used as the CS or the US, so that the role of each sensory modality and different 
neural structures in learning can be examined. Also, Pavlovian conditioning is easily 
acquired in many different animals across a range of different ages, unlike contextual 
conditioning in Grillon’s model for anxiety (Grillon et al., 2004). Further, considering that 
anxiety disorders may be normal fear gone astray (Rosen & Schulkin, 1998), using Pavlovian 
conditioning as a model for fear learning provides a tool for understanding how the fear 
system works. It is no surprise then since Pavlov (1927) researchers have investigated the 
neurobiology underlying conditioned fear. Although much work has been done with the 
rat, it should be noted that similar neural processes are involved in learned fear across a 
range of species (Davis, 2000; LeDoux, 2000; Price, 2003). These findings have pin-pointed 
the amygdala as a central structure that is essential for the acquisition, storage and 
expression of conditioned fear.  

The amygdala is made up of many sub-nuclei including the central (CeA) and basolateral 
(BLA) nuclei. The BLA is further divided into basal (BA) and lateral (LA) nuclei. During fear 
conditioning, perceptual (e.g., olfactory, visual) and somatosensory (e.g., noxious) 
information regarding the CS (discrete as well as contextual information) and US from 
hippocampal, cortical and thalamic structures is transmitted to the LA (LeDoux, 1993; 
LeDoux et al., 1990; McDonald et al., 1996; Price, 2003; C. Shi & Davis, 2001). As the result of 
CS-US convergence, neuronal activity in the LA is modified (Quirk et al., 1997; Quirk et al., 
1995; Repa et al., 2001). Interestingly, once the CS and the US have been associated, the fear 
memory is stored in the BLA via similar intracellular molecular changes involved in LTP 
discussed earlier (Bailey et al., 1999; Campeau et al., 1991; Farb et al., 1992; Lee & Kim, 1998; 
C. H. Lin et al., 2001; Maren et al., 2003). Further, in vitro electrophysiological recordings 
show that LTP in the BLA is blocked by inhibition of MAPK activity without affecting basal 
transmission (Huang et al., 2000; Schafe et al., 2000). Hence, fear conditioning results in an 
enhanced functional and structural connectivity between sensory pathways and the BLA, 
such that future presentation of the CS alone is sufficient to activate the BLA. Such enhanced 
functional and structural connectivity requires MAPK signaling, as evidenced by many 
empirical demonstrations of the relationship between MAPK and conditioned fear.  
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3.1 The role of MAPK in the acquisition of conditioned fear 

The involvement of MAPK in conditioned fear was initially illustrated by correlational 
studies that showed increases in phosphorylated MAPK (pMAPK) following fear 
conditioning via Western blotting and immunohistochemistry (Atkins et al., 1998; Gresack et 
al., 2009; Schafe & LeDoux, 2000; Sindreu et al., 2007). In one of the first studies examining 
the role of MAPK and conditioned fear, Sweatt and his colleagues first gave context-shock 
or cue-shock training to rats (Atkins et al., 1998). The memory of conditioned fear was 
assessed by CS-elicited freezing fear 24 hours later. Freezing is a species-specific defense 
response in rodents, and is characterized by an immobile, crouching position accompanied 
by hypervigilance, and is operationally defined as the absence of movement other than that 
required for respiration (Blanchard & Blanchard, 1972). At test, both context- and cue-shock 
trained rats exhibited robust freezing to the context or the cue, respectively. In a follow-up 
experiment, Western blotting revealed significant increases in pMAPK in the hippocampus 
(a known neural structure important for contextual and spatial learning) of rats that 
received either context-shock or cue-shock training compared to sham-trained rats that were 
merely placed in the context. This increase was significant 60 mins following conditioning, 
but not 1 min or 24 hours following conditioning. Interestingly, pre-conditioning systemic 
injection of the NMDA antagonist MK801 blocked this conditioning-related increase in 
pMAPK, as well as impairing both cue- and context-elicited freezing in a separate group of 
rats tested 24 hrs later. This finding suggests that the increase in MAPK phosphorylation in 
the hippocampus following fear conditioning is part of the NMDA-dependent molecular 
cascade that may be responsible for the formation of long-term memory. Additionally, 
Sindreau et al., (2007) also reported increased pERK in the CA1 area of the hippocampus 
following contextual fear conditioning in mice. Peak pERK was detected 30 mins following 
conditioning, which is different from Atkins et al. (1998) but can possibly be attributed to 
inter-species differences. Importantly, double immuno-labeling using the neuronal marker 
NeuN, interneuron marker GAD69, or astrocyte marker GFAP revealed that learning-
induced ERK activation was exclusively neuronal (CA1 pyramidal cells) and not glial or 
interneuronal (Sindreu, et al., 2007). Further, activation of MAPK, PKA and CREB kinase 
was observed in the same neurons, further supporting that the molecular cascade 
underlying memory is likely to be involved in contextual fear memory consolidation. 

The first study to examine phosphorylation of MAPK in the amygdala, a structure central to 
both contextual and cued fear conditioning, reported that tone-shock training significantly 
increased pMAPK-labelled neurons in the LA, compared to tone-only and shock-only 
control groups (Schafe & LeDoux, 2000). Additionally, Western blot revealed increases in 
phosphorylated ERK (pERK) in the conditioned group. Consistent with Atkins et al. (1998), 
both immunohistochemical and western blot data showed that pMAPK levels were the 
strongest 60 mins following conditioning. However, no rats were tested for their long-term 
memory following conditioning or tone-/shock-only training, making it difficult to attribute 
the increases in pMAPK/pERK in the LA to associative fear memory formation. Another 
study has provided such evidence for increases in pMAPK/pERK levels in the amygdala 
following Pavlovian fear conditioning as well as another type of fear learning. Specifically, 
Radwanska et al. (2002) trained rats on a two-way active avoidance procedure, in which 
footshocks were given in a compartment of a two-compartment shuttle box. During each 
training trial the auditory CS was presented and the rat could 'avoid' the shock by moving 
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disorders. For example, Grillon and colleagues proposed that anxiety disorders are caused 
by unpredictable aversive events that lead to hyperactive fear responses that are generalized 
across different situations and environments (Grillon et al., 2004). Specifically, if an aversive 
US is not signalled reliably by a discrete CS, subjects show more fear to the training context 
compared to subjects that received the US signalled reliably by a CS. The elevated fear to the 
context exhibited by the unsignalled group reflects generalized anxiety according to this 
theory. Another laboratory model for anxiety disorders relies on the concept of ‘unlearned’ 
fear, which refers to the innate fear that animals have to various stimuli without any 
previous learning experiences with these stimuli (Boulis & M. Davis, 1989). Unlearned fear 
is triggered by a diffuse cue rather than a specific cue; therefore, unlearned fear can serve as 
a good model for anxiety disorders that may not be triggered by a specific object or a 
situation. Additionally, unlearned fear may explain some specific phobias that may be an 
exaggerated, debilitating form of natural fear (e.g. acrophobia).  

Nevertheless, Pavlovian fear conditioning is the most utilized neurobiological model for 
anxiety, as it reflects the most common form of anxiety disorder, namely post-traumatic 
stress disorder (PTSD). This is partly because this preparation allows a variety of discrete 
stimuli to be used as the CS or the US, so that the role of each sensory modality and different 
neural structures in learning can be examined. Also, Pavlovian conditioning is easily 
acquired in many different animals across a range of different ages, unlike contextual 
conditioning in Grillon’s model for anxiety (Grillon et al., 2004). Further, considering that 
anxiety disorders may be normal fear gone astray (Rosen & Schulkin, 1998), using Pavlovian 
conditioning as a model for fear learning provides a tool for understanding how the fear 
system works. It is no surprise then since Pavlov (1927) researchers have investigated the 
neurobiology underlying conditioned fear. Although much work has been done with the 
rat, it should be noted that similar neural processes are involved in learned fear across a 
range of species (Davis, 2000; LeDoux, 2000; Price, 2003). These findings have pin-pointed 
the amygdala as a central structure that is essential for the acquisition, storage and 
expression of conditioned fear.  

The amygdala is made up of many sub-nuclei including the central (CeA) and basolateral 
(BLA) nuclei. The BLA is further divided into basal (BA) and lateral (LA) nuclei. During fear 
conditioning, perceptual (e.g., olfactory, visual) and somatosensory (e.g., noxious) 
information regarding the CS (discrete as well as contextual information) and US from 
hippocampal, cortical and thalamic structures is transmitted to the LA (LeDoux, 1993; 
LeDoux et al., 1990; McDonald et al., 1996; Price, 2003; C. Shi & Davis, 2001). As the result of 
CS-US convergence, neuronal activity in the LA is modified (Quirk et al., 1997; Quirk et al., 
1995; Repa et al., 2001). Interestingly, once the CS and the US have been associated, the fear 
memory is stored in the BLA via similar intracellular molecular changes involved in LTP 
discussed earlier (Bailey et al., 1999; Campeau et al., 1991; Farb et al., 1992; Lee & Kim, 1998; 
C. H. Lin et al., 2001; Maren et al., 2003). Further, in vitro electrophysiological recordings 
show that LTP in the BLA is blocked by inhibition of MAPK activity without affecting basal 
transmission (Huang et al., 2000; Schafe et al., 2000). Hence, fear conditioning results in an 
enhanced functional and structural connectivity between sensory pathways and the BLA, 
such that future presentation of the CS alone is sufficient to activate the BLA. Such enhanced 
functional and structural connectivity requires MAPK signaling, as evidenced by many 
empirical demonstrations of the relationship between MAPK and conditioned fear.  
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3.1 The role of MAPK in the acquisition of conditioned fear 

The involvement of MAPK in conditioned fear was initially illustrated by correlational 
studies that showed increases in phosphorylated MAPK (pMAPK) following fear 
conditioning via Western blotting and immunohistochemistry (Atkins et al., 1998; Gresack et 
al., 2009; Schafe & LeDoux, 2000; Sindreu et al., 2007). In one of the first studies examining 
the role of MAPK and conditioned fear, Sweatt and his colleagues first gave context-shock 
or cue-shock training to rats (Atkins et al., 1998). The memory of conditioned fear was 
assessed by CS-elicited freezing fear 24 hours later. Freezing is a species-specific defense 
response in rodents, and is characterized by an immobile, crouching position accompanied 
by hypervigilance, and is operationally defined as the absence of movement other than that 
required for respiration (Blanchard & Blanchard, 1972). At test, both context- and cue-shock 
trained rats exhibited robust freezing to the context or the cue, respectively. In a follow-up 
experiment, Western blotting revealed significant increases in pMAPK in the hippocampus 
(a known neural structure important for contextual and spatial learning) of rats that 
received either context-shock or cue-shock training compared to sham-trained rats that were 
merely placed in the context. This increase was significant 60 mins following conditioning, 
but not 1 min or 24 hours following conditioning. Interestingly, pre-conditioning systemic 
injection of the NMDA antagonist MK801 blocked this conditioning-related increase in 
pMAPK, as well as impairing both cue- and context-elicited freezing in a separate group of 
rats tested 24 hrs later. This finding suggests that the increase in MAPK phosphorylation in 
the hippocampus following fear conditioning is part of the NMDA-dependent molecular 
cascade that may be responsible for the formation of long-term memory. Additionally, 
Sindreau et al., (2007) also reported increased pERK in the CA1 area of the hippocampus 
following contextual fear conditioning in mice. Peak pERK was detected 30 mins following 
conditioning, which is different from Atkins et al. (1998) but can possibly be attributed to 
inter-species differences. Importantly, double immuno-labeling using the neuronal marker 
NeuN, interneuron marker GAD69, or astrocyte marker GFAP revealed that learning-
induced ERK activation was exclusively neuronal (CA1 pyramidal cells) and not glial or 
interneuronal (Sindreu, et al., 2007). Further, activation of MAPK, PKA and CREB kinase 
was observed in the same neurons, further supporting that the molecular cascade 
underlying memory is likely to be involved in contextual fear memory consolidation. 

The first study to examine phosphorylation of MAPK in the amygdala, a structure central to 
both contextual and cued fear conditioning, reported that tone-shock training significantly 
increased pMAPK-labelled neurons in the LA, compared to tone-only and shock-only 
control groups (Schafe & LeDoux, 2000). Additionally, Western blot revealed increases in 
phosphorylated ERK (pERK) in the conditioned group. Consistent with Atkins et al. (1998), 
both immunohistochemical and western blot data showed that pMAPK levels were the 
strongest 60 mins following conditioning. However, no rats were tested for their long-term 
memory following conditioning or tone-/shock-only training, making it difficult to attribute 
the increases in pMAPK/pERK in the LA to associative fear memory formation. Another 
study has provided such evidence for increases in pMAPK/pERK levels in the amygdala 
following Pavlovian fear conditioning as well as another type of fear learning. Specifically, 
Radwanska et al. (2002) trained rats on a two-way active avoidance procedure, in which 
footshocks were given in a compartment of a two-compartment shuttle box. During each 
training trial the auditory CS was presented and the rat could 'avoid' the shock by moving 
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into the other compartment within 5 seconds of CS onset. Failure to change the 
compartment within this time led to the onset of footshock US. Rats were then either 
sacrificed for immunohistochemistry, or were tested for avoidance memory 24 hours later. 
At test, rats showed good retention of two-way avoidance learning by showing increased 
avoidance behavior upon CS-onset at test compared to training. Increased pERK was also 
observed in the ventral portion of the dorsal LA compared to naive rats. In a separate, but 
identical experiment, increased activation of the immediate early-gene, Fos, was also 
observed in the same area. These results were replicated using Pavlovian fear conditioning 
(Di Benedetto et al., 2009; Radwanska et al., 2002). The authors suggested that the increases 
in pERK and c-Fos in the ventral-dorsal LA may be indicative of fear memory storage as a 
prior electrophysiology study observed that this specific area of the amygdala contained 
neurons that displayed extinction-resistant firing patterns (Repa et al., 2001).  

MAPK phosphorylation in the LA as a potential marker for storage of fear memory is 
supported by a very recent study that examined fear memory retrieval and forgetting in 
developing rats (Kim et al., 2012). In that study, a memory phenomenon called 'infantile 
amnesia' was examined, which refers to the more rapid forgetting displayed by young 
animals compared to older animals (Campbell & Spear, 1972). Typically, no age differences 
in retention are observed when testing occurs soon after training, indicating that animals of 
all ages are equally able to acquire and express memory. However, when testing occurs after 
a delay, retention increases dramatically with maturation. This general finding has since 
been replicated numerous times, and is of substantial biological significance because it is an 
ubiquitous phenomenon that occurs in all altricial species, including humans (for a review, 
see Campbell & Spear, 1972). Interestingly, infantile amnesia reflects a failure to retrieve the 
fear memory at test because various pretest ‘‘reminder’’ treatments are able to reinstate the 
memory. For example, a single pre-test shock unconditioned stimulus (US) can reverse 
infantile forgetting (Campbell & Jaynes, 1966; Kim & Richardson, 2007a, 2007b). Kim et al. 
(2012) first showed that when postnatal day (P) 16 and 23 rats receive tone CS-shock 
pairings, both ages exhibited similar levels of conditioned fear when tested immediately 
after conditioning; when tested after 2 days, however, P16 rats showed poor CS-elicited 
freezing relative to P23 rats. When rats were assessed for pMAPK after test, both P23 and 
P16 rats given paired presentations exhibited significant elevation of pMAPK-
immunoreactive (ir) neurons in the BLA compared to rats given unpaired presentations, 
despite P16 rats showing poor CS-elicited freezing (i.e., forgetting). In contrast, only the P23-
paired group showed an elevated number of pMAPK-ir neurons in the medial prefrontal 
cortex (mPFC), indicating that MAPK phosphorylation in the mPFC tracks memory 
expression. These findings provided initial evidence suggesting that while the mPFC is 
involved in memory retrieval, MAPK phosphorylation in the BLA may be a persisting 
neural signature of fear memory storage that is forgotten but can be retrieved with reminder 
treatments. 

The studies described above show whether learning or memory retrieval is followed by 
MAPK activation, providing correlational evidence for the involvement of MAPK in fear 
memory consolidation. In a different type of correlational study, Gresack et al. (2009) used 
sex differences to examine whether stronger memory is associated with greater MAPK 
activation following learning because it is well-established that there are sex differences in 
contextual fear conditioning due to differences in hippocampal dendritic and synaptic 
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morphology and cell excitability (Juraska, 1998; Madeira et al., 1991; M. D. Smith et al., 
2002). It was first shown that male rats exhibit more long-term retention of contextual fear 
conditioning than female rats, as tested by context-elicited freezing 24 hours following 
context-shock training (Gresack, et al., 2009). Western blot then showed that pERK levels in 
ventral, but not dorsal, hippocampus were higher in males than females, relative to same-
sex controls, 60 minutes following fear conditioning. Further, there were no sex differences 
in context conditioning-induced pERK increases in the amygdala, suggesting that the sex 
difference in pERK may be restricted to the ventral hippocampus. These findings imply 
different strengths of memory may be subserved by quantitative differences in MAPK 
activation. 

Taken together, the correlational studies show phosphorylation of MAPK following fear 
conditioning and expression. However, they do not indicate whether MAPK is necessary for 
long-term fear memory. The direct upstream activator of MAPK is MEK, and various fear 
studies using MEK inhibitors support the hypothesis that MAPK regulation is necessary for 
memory consolidation (Atkins et al., 1998; Izquierdo et al., 2000; Schafe et al., 1999; Selcher 
et al., 1999). First, it was shown that systemic injection of SL327, a MEK inhibitor that crosses 
the blood-brain barrier (Favata et al., 1998), dose-dependently decreased pMAPK in the 
hippocampus in rats (Atkins et al., 1998). More importantly, systemic injection of SL327 one-
hour before fear conditioning significantly impaired both cue- and context-elicited freezing 
when tested 24 hours later, compared vehicle injection. Open-field and shock sensitivity 
tests indicated that the effects of SL327 were not due to changes in anxiety levels or sensory 
perception. Importantly, memory impairment was not due to state-dependent mechanisms 
because injection of SL327 immediately after conditioning also blocked cue- and context-
freezing. These findings were replicated in mice (Selcher et al., 1999). Finally, an 
intracerebroventricular (ICV) infusion study using the selective MEK inhibitor PD098059 
(Seger & Krebs, 1995), definitively showed that memory impairments due to inhibition of 
MAPK activity was central rather than peripheral. Specifically, ICV infusion of PD098059 
prior to tone-conditioning significantly reduced both tone- and context-elicited freezing 
when tested 24 hours, but not 1 hr, after conditioning (Schafe et al., 1999). The failure to see 
any memory deficit at the 1 hr test strongly suggests that MAPK activation during 
conditioning is necessary for LTM but not for STM. This is consistent with the idea that 
MAPK is particularly important for L-LTP, a putative neural mechanism underlying long-
term memory. It should also be noted that in all three studies mentioned in this paragraph, 
there were no discernible effects of the drug during the conditioning session. 

Since Schafe et al. (1999), quite a few studies have examined the necessity of MAPK 
activation in various neural structures that form the neural circuitry underlying conditioned 
fear, including the BLA, hippocampus, cortical and thalamic structures.  Schafe et al., (2000) 
showed that bilateral intra-BLA infusion of the selective MEK inhibitor U0126 (Seger, et al., 
1995) 30 mins before tone-shock conditioning dose-dependently attenuated tone-elicited fear 
when rats were tested 24 hours later. There was no effect of drug during conditioning and 
STM was unaffected. Di Benedetto et al. (2009) replicated this finding in mice using fear-
potentiated startle (FPS) as the measure of conditioned fear. The startle response is evoked 
by an intense, unexpected stimulus (startle pulse; e.g., a brief but loud, sharp noise), and in 
studies with rodents, a whole body jump is usually taken as the magnitude of startle (M. 
Davis et al., 1993). FPS is the increase in startle response when the fear-associated stimulus 
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into the other compartment within 5 seconds of CS onset. Failure to change the 
compartment within this time led to the onset of footshock US. Rats were then either 
sacrificed for immunohistochemistry, or were tested for avoidance memory 24 hours later. 
At test, rats showed good retention of two-way avoidance learning by showing increased 
avoidance behavior upon CS-onset at test compared to training. Increased pERK was also 
observed in the ventral portion of the dorsal LA compared to naive rats. In a separate, but 
identical experiment, increased activation of the immediate early-gene, Fos, was also 
observed in the same area. These results were replicated using Pavlovian fear conditioning 
(Di Benedetto et al., 2009; Radwanska et al., 2002). The authors suggested that the increases 
in pERK and c-Fos in the ventral-dorsal LA may be indicative of fear memory storage as a 
prior electrophysiology study observed that this specific area of the amygdala contained 
neurons that displayed extinction-resistant firing patterns (Repa et al., 2001).  

MAPK phosphorylation in the LA as a potential marker for storage of fear memory is 
supported by a very recent study that examined fear memory retrieval and forgetting in 
developing rats (Kim et al., 2012). In that study, a memory phenomenon called 'infantile 
amnesia' was examined, which refers to the more rapid forgetting displayed by young 
animals compared to older animals (Campbell & Spear, 1972). Typically, no age differences 
in retention are observed when testing occurs soon after training, indicating that animals of 
all ages are equally able to acquire and express memory. However, when testing occurs after 
a delay, retention increases dramatically with maturation. This general finding has since 
been replicated numerous times, and is of substantial biological significance because it is an 
ubiquitous phenomenon that occurs in all altricial species, including humans (for a review, 
see Campbell & Spear, 1972). Interestingly, infantile amnesia reflects a failure to retrieve the 
fear memory at test because various pretest ‘‘reminder’’ treatments are able to reinstate the 
memory. For example, a single pre-test shock unconditioned stimulus (US) can reverse 
infantile forgetting (Campbell & Jaynes, 1966; Kim & Richardson, 2007a, 2007b). Kim et al. 
(2012) first showed that when postnatal day (P) 16 and 23 rats receive tone CS-shock 
pairings, both ages exhibited similar levels of conditioned fear when tested immediately 
after conditioning; when tested after 2 days, however, P16 rats showed poor CS-elicited 
freezing relative to P23 rats. When rats were assessed for pMAPK after test, both P23 and 
P16 rats given paired presentations exhibited significant elevation of pMAPK-
immunoreactive (ir) neurons in the BLA compared to rats given unpaired presentations, 
despite P16 rats showing poor CS-elicited freezing (i.e., forgetting). In contrast, only the P23-
paired group showed an elevated number of pMAPK-ir neurons in the medial prefrontal 
cortex (mPFC), indicating that MAPK phosphorylation in the mPFC tracks memory 
expression. These findings provided initial evidence suggesting that while the mPFC is 
involved in memory retrieval, MAPK phosphorylation in the BLA may be a persisting 
neural signature of fear memory storage that is forgotten but can be retrieved with reminder 
treatments. 

The studies described above show whether learning or memory retrieval is followed by 
MAPK activation, providing correlational evidence for the involvement of MAPK in fear 
memory consolidation. In a different type of correlational study, Gresack et al. (2009) used 
sex differences to examine whether stronger memory is associated with greater MAPK 
activation following learning because it is well-established that there are sex differences in 
contextual fear conditioning due to differences in hippocampal dendritic and synaptic 
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morphology and cell excitability (Juraska, 1998; Madeira et al., 1991; M. D. Smith et al., 
2002). It was first shown that male rats exhibit more long-term retention of contextual fear 
conditioning than female rats, as tested by context-elicited freezing 24 hours following 
context-shock training (Gresack, et al., 2009). Western blot then showed that pERK levels in 
ventral, but not dorsal, hippocampus were higher in males than females, relative to same-
sex controls, 60 minutes following fear conditioning. Further, there were no sex differences 
in context conditioning-induced pERK increases in the amygdala, suggesting that the sex 
difference in pERK may be restricted to the ventral hippocampus. These findings imply 
different strengths of memory may be subserved by quantitative differences in MAPK 
activation. 

Taken together, the correlational studies show phosphorylation of MAPK following fear 
conditioning and expression. However, they do not indicate whether MAPK is necessary for 
long-term fear memory. The direct upstream activator of MAPK is MEK, and various fear 
studies using MEK inhibitors support the hypothesis that MAPK regulation is necessary for 
memory consolidation (Atkins et al., 1998; Izquierdo et al., 2000; Schafe et al., 1999; Selcher 
et al., 1999). First, it was shown that systemic injection of SL327, a MEK inhibitor that crosses 
the blood-brain barrier (Favata et al., 1998), dose-dependently decreased pMAPK in the 
hippocampus in rats (Atkins et al., 1998). More importantly, systemic injection of SL327 one-
hour before fear conditioning significantly impaired both cue- and context-elicited freezing 
when tested 24 hours later, compared vehicle injection. Open-field and shock sensitivity 
tests indicated that the effects of SL327 were not due to changes in anxiety levels or sensory 
perception. Importantly, memory impairment was not due to state-dependent mechanisms 
because injection of SL327 immediately after conditioning also blocked cue- and context-
freezing. These findings were replicated in mice (Selcher et al., 1999). Finally, an 
intracerebroventricular (ICV) infusion study using the selective MEK inhibitor PD098059 
(Seger & Krebs, 1995), definitively showed that memory impairments due to inhibition of 
MAPK activity was central rather than peripheral. Specifically, ICV infusion of PD098059 
prior to tone-conditioning significantly reduced both tone- and context-elicited freezing 
when tested 24 hours, but not 1 hr, after conditioning (Schafe et al., 1999). The failure to see 
any memory deficit at the 1 hr test strongly suggests that MAPK activation during 
conditioning is necessary for LTM but not for STM. This is consistent with the idea that 
MAPK is particularly important for L-LTP, a putative neural mechanism underlying long-
term memory. It should also be noted that in all three studies mentioned in this paragraph, 
there were no discernible effects of the drug during the conditioning session. 

Since Schafe et al. (1999), quite a few studies have examined the necessity of MAPK 
activation in various neural structures that form the neural circuitry underlying conditioned 
fear, including the BLA, hippocampus, cortical and thalamic structures.  Schafe et al., (2000) 
showed that bilateral intra-BLA infusion of the selective MEK inhibitor U0126 (Seger, et al., 
1995) 30 mins before tone-shock conditioning dose-dependently attenuated tone-elicited fear 
when rats were tested 24 hours later. There was no effect of drug during conditioning and 
STM was unaffected. Di Benedetto et al. (2009) replicated this finding in mice using fear-
potentiated startle (FPS) as the measure of conditioned fear. The startle response is evoked 
by an intense, unexpected stimulus (startle pulse; e.g., a brief but loud, sharp noise), and in 
studies with rodents, a whole body jump is usually taken as the magnitude of startle (M. 
Davis et al., 1993). FPS is the increase in startle response when the fear-associated stimulus 



 
Advances in Protein Kinases 

 

342 

(e.g., CS previously associated with shock) is present compared to when it is absent. When 
U0126 was infused bilaterally into the LA 30 mins before conditioning, FPS was significantly 
impaired when tested 24 hrs later compared to vehicle infusion (Di Benedetto, et al., 2009). 
Immunohistochemical double-labeling showed that conditioning enhanced pMAPK was 
exclusively found in neuronal cells and not glial cells. In both of these studies, reacquisition 
of conditioned fear after test was not affected, indicating that the infusion of MEK inhibitors 
did not permanently damage the amygdala, and any drug effects were specific to the initial 
fear memory consolidation. Lastly, a study showed that for cued-fear conditioning, MAPK 
phosphorylation is critical not only in the BLA, but also in thalamic inputs into the BLA 
(Apergis-Schoute et al., 2005). In that study, rats were given intra-thalamic infusions of 
U0126 either 30 mins before or immediately after cued-fear conditioning. At both infusion 
intervals, findings revealed that long-term memory to the CS (assessed at 24 h) was 
impaired, whereas short-term memory (assessed at 1–3 h) was intact. In additional 
experiments, it was shown that intra-thalamic infusion of U0126 before LTP-inducing 
stimulation of thalamic inputs to the LA significantly disrupted LTP in the LA. Taken 
together, it appears that MAPK activation in the BLA and its thalamic inputs is critical for 
cued-fear memory consolidation. 

In contrast to the BLA, intra-hippocampal infusion studies provide mixed results. For 
example, bilateral infusion of the MEK inhibitors PD098059 and U0126 into the dorsal 
hippocampus 30 mins before contextual fear conditioning was shown to have no effects on 
STM (tested at 1 hr) and LTM (tested at 24 hrs) (Ahi et al., 2004). On the other hand, 
disruption of the biphasic increase in pERK following context conditioning (at 0-1 h and 9-12 
h post-conditioning) via bilateral infusion of U0126 into the dorsal hippocampus led to an 
impairment in freezing to the context when tested 24 hours following conditioning. STM, 
assessed 1 h after conditioning, was unaffected (Trifilieff et al., 2006). Both of these studies 
were performed in mice. It may be the case that the critical phase of MAPK activation in the 
hippocampus following contextual fear conditioning is rather late (i.e., hours after 
conditioning) compared to MAPK activation in the BLA.  

Despite the inconclusive literature on the necessity of hippocampal MAPK activation on 
contextual fear memory consolidation, findings using the inhibitory step-down avoidance 
task are much clearer. Inhibitory step-down avoidance is a hippocampus-dependent task (I. 
Izquierdo & Medina, 1993), and its training typically involves placing the rat onto a 
platform, and presenting a footshock when the rat steps down. The rat learns to avoid 
stepping down and exploring the box. The latency to step down is used as a measure for 
fear memory in subsequent tests. Izquierdo and his colleagues have shown that bilateral 
infusion of PD098059 into the dorsal hippocampus 180 mins following training significantly 
impaired avoidance performance when tested 24 hrs later (Walz, Roesler, Barros et al., 1999). 
This effect was replicated again in the hippocampus (Walz et al., 2000), as well as in other 
brain structures such as the amygdala, entorhinal and parietal cortices at different time 
intervals following conditioning (Walz, Roesler, Barros, et al., 1999; Walz, Roesler, Quevedo 
et al., 1999; Walz, et al., 2000), suggesting differences in time-specificity of critical MAPK 
activation in different cortical structures. The same researchers also examined hippocampal 
MAPK involvement in the expression of inhibitory learning shortly after training compared 
to long-term memory expression. Bilateral infusion of PD098059 into the dorsal 
hippocampus 10 mins prior to test significantly attenuated retrieval of avoidance memory 
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when the test occurred 31 days after training, whereas STM test 3 hrs following test was 
unaffected (L. A. Izquierdo et al., 2000). This finding complements Kim et al. (2012) that 
showed retrieval of conditioned fear involves phosphorylation of MAPK. It appears that this 
phosphorylation of MAPK is not an indication of memory reconsolidation; rather, it is 
implicated in retrieval processes. Further studies are necessary to disambiguate this issue.   

One study examined whether increasing ERK phosphorylation via an experimental 
manipulation affects fear memory consolidation. Giovannini et al. (2003) first showed that 
bath application of H2 and H3 histamine receptor agonists increased pERK in hippocampal 
brain slices. In a follow-up experiment, rats received bilateral hippocampal infusion of H2 or 
H3 receptor agonists amthamine/RAMH immediately after context-shock training. When 
the rats were tested 72 hours later, both H2 and H3 agonists improved rats' freezing to the 
trained context. Infusions of the MEK inhibitor U0126 blocked any affects of H2 and H3 
agonists, further supporting the idea that any memory enhancement caused by H2/H3 
agonists is due to ERK phosphorylation (Giovannini et al., 2003). Although these results do 
not show that MAPK phosphorylation in the hippocampus is necessary for hippocampal-
dependent learning, they provide some evidence that MAPK phosphorylation in the 
hippocampus plays a critical role in fear memory consolidation. 

Overall, the localized infusion studies described above provide a convincing case for the 
necessity of MAPK in fear conditioning, measured by various types of experimental 
paradigms. Those studies typically used MEK inhibitors that specifically inhibit MAP 
kinases p44MAPK (or ERK1) and p42MAPK (or ERK2) without distinguishing between the 
two. Therefore, research using genetic knockout (KO) or knockdown mouse models 
provided further clues as to which MAPK subtype is particularly important for fear 
learning. In the very first study using the genetic KO model, Sweatt and colleagues 
examined the p44 MAPK/ERK1 KO mice and observed no deficits in their hippocampal 
LTP or contextual- or cued-fear conditioning (Selcher et al., 2001). The authors concluded 
that the effects of MEK inhibition on fear learning must be due to the inhibition of ERK2 
isoform of MAPK rather than ERK1. The same group of researchers then used mutant mice 
that displayed decreased ERK 1/2 phosphorylation in the hippocampus (Shalin et al., 2004). 
The mutant mice showed the same open field, rotarod, shock sensitivity behavior as the 
wildtypes, indicating that their motor coordination, general anxiety, and sensory perception 
were not different from controls. Further, within-session conditioning freezing levels did not 
differ between the mutant and the wildtype. However, the mutant mice displayed 
significant impairment in context-, but not cue-, elicited freezing when tested 24 hours later. 
Recently, a separate group reported that full ERK2 KO mice show almost a 100% prenatal 
mortality rate, thus used a specific ERK2 mutant mouse with partially reduced (20-40%) 
ERK2 (Satoh et al., 2007). Those ERK2 mutant mice showed the same ERK1 level, anatomy 
and synaptic density as wildtypes. There were also no differences in open-field, elevated 
plus maze, Y-maze, wheel-running or circadian activity. Further, no differences were 
observed in within-session freezing during fear conditioning between the mutant and 
wildtype, indicating no differences in shock sensitivity. At test (48 h) however, the mutant 
mice were impaired in both cued- and context-elicited freezing compared to wildtype, 
although there were no differences when measured 2 h after training (STM test). These 
results suggest that ERK2, but not ERK1, plays an essential role in long-term memory 
formation.  
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(e.g., CS previously associated with shock) is present compared to when it is absent. When 
U0126 was infused bilaterally into the LA 30 mins before conditioning, FPS was significantly 
impaired when tested 24 hrs later compared to vehicle infusion (Di Benedetto, et al., 2009). 
Immunohistochemical double-labeling showed that conditioning enhanced pMAPK was 
exclusively found in neuronal cells and not glial cells. In both of these studies, reacquisition 
of conditioned fear after test was not affected, indicating that the infusion of MEK inhibitors 
did not permanently damage the amygdala, and any drug effects were specific to the initial 
fear memory consolidation. Lastly, a study showed that for cued-fear conditioning, MAPK 
phosphorylation is critical not only in the BLA, but also in thalamic inputs into the BLA 
(Apergis-Schoute et al., 2005). In that study, rats were given intra-thalamic infusions of 
U0126 either 30 mins before or immediately after cued-fear conditioning. At both infusion 
intervals, findings revealed that long-term memory to the CS (assessed at 24 h) was 
impaired, whereas short-term memory (assessed at 1–3 h) was intact. In additional 
experiments, it was shown that intra-thalamic infusion of U0126 before LTP-inducing 
stimulation of thalamic inputs to the LA significantly disrupted LTP in the LA. Taken 
together, it appears that MAPK activation in the BLA and its thalamic inputs is critical for 
cued-fear memory consolidation. 

In contrast to the BLA, intra-hippocampal infusion studies provide mixed results. For 
example, bilateral infusion of the MEK inhibitors PD098059 and U0126 into the dorsal 
hippocampus 30 mins before contextual fear conditioning was shown to have no effects on 
STM (tested at 1 hr) and LTM (tested at 24 hrs) (Ahi et al., 2004). On the other hand, 
disruption of the biphasic increase in pERK following context conditioning (at 0-1 h and 9-12 
h post-conditioning) via bilateral infusion of U0126 into the dorsal hippocampus led to an 
impairment in freezing to the context when tested 24 hours following conditioning. STM, 
assessed 1 h after conditioning, was unaffected (Trifilieff et al., 2006). Both of these studies 
were performed in mice. It may be the case that the critical phase of MAPK activation in the 
hippocampus following contextual fear conditioning is rather late (i.e., hours after 
conditioning) compared to MAPK activation in the BLA.  

Despite the inconclusive literature on the necessity of hippocampal MAPK activation on 
contextual fear memory consolidation, findings using the inhibitory step-down avoidance 
task are much clearer. Inhibitory step-down avoidance is a hippocampus-dependent task (I. 
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when the test occurred 31 days after training, whereas STM test 3 hrs following test was 
unaffected (L. A. Izquierdo et al., 2000). This finding complements Kim et al. (2012) that 
showed retrieval of conditioned fear involves phosphorylation of MAPK. It appears that this 
phosphorylation of MAPK is not an indication of memory reconsolidation; rather, it is 
implicated in retrieval processes. Further studies are necessary to disambiguate this issue.   
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bath application of H2 and H3 histamine receptor agonists increased pERK in hippocampal 
brain slices. In a follow-up experiment, rats received bilateral hippocampal infusion of H2 or 
H3 receptor agonists amthamine/RAMH immediately after context-shock training. When 
the rats were tested 72 hours later, both H2 and H3 agonists improved rats' freezing to the 
trained context. Infusions of the MEK inhibitor U0126 blocked any affects of H2 and H3 
agonists, further supporting the idea that any memory enhancement caused by H2/H3 
agonists is due to ERK phosphorylation (Giovannini et al., 2003). Although these results do 
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dependent learning, they provide some evidence that MAPK phosphorylation in the 
hippocampus plays a critical role in fear memory consolidation. 
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kinases p44MAPK (or ERK1) and p42MAPK (or ERK2) without distinguishing between the 
two. Therefore, research using genetic knockout (KO) or knockdown mouse models 
provided further clues as to which MAPK subtype is particularly important for fear 
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examined the p44 MAPK/ERK1 KO mice and observed no deficits in their hippocampal 
LTP or contextual- or cued-fear conditioning (Selcher et al., 2001). The authors concluded 
that the effects of MEK inhibition on fear learning must be due to the inhibition of ERK2 
isoform of MAPK rather than ERK1. The same group of researchers then used mutant mice 
that displayed decreased ERK 1/2 phosphorylation in the hippocampus (Shalin et al., 2004). 
The mutant mice showed the same open field, rotarod, shock sensitivity behavior as the 
wildtypes, indicating that their motor coordination, general anxiety, and sensory perception 
were not different from controls. Further, within-session conditioning freezing levels did not 
differ between the mutant and the wildtype. However, the mutant mice displayed 
significant impairment in context-, but not cue-, elicited freezing when tested 24 hours later. 
Recently, a separate group reported that full ERK2 KO mice show almost a 100% prenatal 
mortality rate, thus used a specific ERK2 mutant mouse with partially reduced (20-40%) 
ERK2 (Satoh et al., 2007). Those ERK2 mutant mice showed the same ERK1 level, anatomy 
and synaptic density as wildtypes. There were also no differences in open-field, elevated 
plus maze, Y-maze, wheel-running or circadian activity. Further, no differences were 
observed in within-session freezing during fear conditioning between the mutant and 
wildtype, indicating no differences in shock sensitivity. At test (48 h) however, the mutant 
mice were impaired in both cued- and context-elicited freezing compared to wildtype, 
although there were no differences when measured 2 h after training (STM test). These 
results suggest that ERK2, but not ERK1, plays an essential role in long-term memory 
formation.  
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Taken together, MAPK cascade, especially the one involving the ERK2 isoform, appears 
essential in fear conditioning. There is also overwhelming evidence that MAPK activation 
following learning is critical for memory consolidation and LTM, as STM is not affected by 
MEK inhibition. The next section will review in detail the role of MAPK in an animal model 
of treating anxiety disorders, namely fear extinction.  

3.2 The role of MAPK in extinction of conditioned fear 

At present, the most effective treatment for anxiety disorders is exposure therapies, which 
are based on the process of extinction (Hofmann, 2007). Extinction refers to the decrease or 
suppression in responses expressed to a stimulus due to repeated exposure to that stimulus 
without any reinforcement. As with conditioning, Pavlov was the first person to document 
extinction in the laboratory (see Pavlov, 1927, for review). He observed that animals show a 
robust CR after CS-US pairings; however, the CR dramatically decreased if the CS was 
presented repeatedly without the US. Fear extinction hence refers to the decrease in fear 
conditioned responding due to repeated presentation of the CS without any aversive 
outcome.  

In a typical extinction session, a CS is first paired with a shock, and repeated presentation of 
the CS in the absence of the shock leads to a reduction of conditioned fear both in 
magnitude and frequency. Early theoretical models of Pavlovian conditioning suggested 
that this decreased response to the CS after extinction was due to the ‘unlearning’ or 
‘erasure’ of the original CS-US association (Rescorla & Wagner, 1972). That is, the 
association between the CS and US is severed so that the CS becomes neutral again. 
However, it is now widely believed that the CS-US association remains intact after 
extinction, and that extinction reflects a new learning (CS-no US) process that inhibits the 
original CS-elicited behavior. The primary evidence for this view comes from behavioral 
studies that show performance to an extinguished CS recovers without subsequent re-
training of the CS-US association, namely in the cases of reinstatement, renewal and 
spontaneous recovery (Bouton, 2002). Reinstatement refers to the recovery of extinguished fear 
responses via a pre-test reminder US, usually a footshock. Renewal refers to the recovery of 
extinguished fear responses when the subject is tested outside the extinction context. 
Spontaneous recovery refers to the recovery of extinguished fear responses due to the 
passage of time following extinction training. These findings suggest that extinction is a new 
learning that is mediated by internal, physical and temporal contexts. Strong evidence for 
new learning also comes from pharmacological and molecular studies demonstrating that 
extinction shares similar neural mechanisms with acquisition of learning. Specifically, 
formation of a new long-term memory and extinction are both linked to a molecular cascade 
involving pre-synaptic glutamate release, NMDA-mediated calcium entry, activation of 
protein kinases, gene expression and transcription, and protein synthesis (Baker & Azorlosa, 
1996; Lattal et al., 2006; C. H. Lin, et al., 2001). This molecular cascade has been found to be 
necessary for the consolidation of fear extinction memory in neural structures important for 
extinction. In recent years, local infusion studies, lesion studies, in vivo electrophysiology 
studies and immunohistochemical studies in specific neural structures strongly suggest that 
extinction of conditioned fear involves a circuit including the amygdala and mPFC (Herry & 
Garcia, 2002; Milad & Quirk, 2002; Morgan et al., 1993; Sotres-Bayon et al., 2009). The 
hippocampus has been also incorporated into this neural circuitry, to account for the context 
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effects on extinction (Bouton et al., 2006; Corcoran & Maren, 2001; Myers & Davis, 2007; 
Sotres-Bayon et al., 2006). 

Because extinction is an active learning process that involves many of the neurobiological 
substrates that subserve normal learning and memory, there is now accumulating evidence 
for the involvement of MAPK in extinction of conditioned fear. Indeed, mice exhibit 
significant increases in pMAPK-labelled neurons in the BLA 15, 60 and 360 mins following 
extinction of conditioned freezing responses compared to control groups that were not 
trained or did not receive any extinction (Herry et al., 2006). Additionally, increases in 
phosphorylation of ERK1 and ERK2 are also observed in the hippocampus 15 – 60 mins 
following extinction training compared to untrained mice (Fischer et al., 2007). These 
findings show that extinction triggers MAPK phosphorylation not unlike fear conditioning.  

Interestingly, detecting the activation of MAPK has recently been used to dissociate the 
neural structures involved in extinction of conditioned fear in developing rats. Kim and 
colleagues have provided substantial evidence that fear extinction processes are dissociated 
across development, and have suggested that this is because some neural structures mature 
later than others (Kim & Richardson, 2010). To summarize, P24 rats display adult-like 
extinction in that they show renewal, reinstatement and spontaneous recovery of 
extinguished stimuli. However, pre-weanling aged rats (e.g., P17) do not show any of those 
behavioral phenomena. Pharmacological studies also show that reducing NMDA, -
aminobutyric acid (GABA), and opioid neurotransmission impairs extinction in P24 rats, but 
extinction in P17 rats is only affected by the blocking of opioid neurotransmission. When 
phosphorylation of MAPK was detected using immunohistochemistry, P24 rats showed 
significantly increased pMAPK levels in the amygdala and mPFC compared to untrained, 
reactivated and context-exposure controls 1 hr following extinction (Kim et al., 2009). In 
contrast, extinction in P17 rats led to increases in pMAPK only in the amygdala, but not in 
the mPFC. The authors concluded that the differential involvement of the mPFC as shown 
by MAPK phosphorylation was at least partly responsible for the developmental 
dissociation of extinction-related phenomena. Kim and colleagues also showed that 
adolescent (P35) rats show impairments in long-term extinction of conditioned fear 
compared to pre-adolescent (P24) and adult (P70) rats, a finding that was accompanied by 
significantly lower levels of pMAPK in the infralimbic cortex (IL) of the mPFC in P35 rats 
compared to the other ages 1 hr following extinction training (Kim et al., 2011). Importantly, 
the long-term extinction deficit displayed by adolescent rats was overcome if adolescent rats 
were given double the amount of extinction training, and as a consequence pMAPK levels 
were also increased, supporting the notion that MAPK is directly involved in the 
consolidation of extinction memory. 

The first study that provided evidence for the necessity of MAPK in fear extinction used the 
MEK inhibitor PD98059 for localized infusions (K. T. Lu et al., 2001). In that study, PD98059 
was infused bilaterally into the BLA or the hippocampus 10 mins before extinction training. 
When rats were tested 24 hours later, results showed that BLA, but not hippocampal, 
infusion significantly impaired maintaining the extinction memory. This finding was 
replicated using the MEK inhibitor U0126 (C. H. Lin, Yeh, Lu et al., 2003). In those studies 
FPS was used as a measure for conditioned fear response, which typically does not allow the 
assessment of within-session extinction fear levels due to the obnoxious level of the startle 
pulse. Therefore, it is hard to conclude whether the infusion of MEK inhibitors disrupted 
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Taken together, MAPK cascade, especially the one involving the ERK2 isoform, appears 
essential in fear conditioning. There is also overwhelming evidence that MAPK activation 
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are based on the process of extinction (Hofmann, 2007). Extinction refers to the decrease or 
suppression in responses expressed to a stimulus due to repeated exposure to that stimulus 
without any reinforcement. As with conditioning, Pavlov was the first person to document 
extinction in the laboratory (see Pavlov, 1927, for review). He observed that animals show a 
robust CR after CS-US pairings; however, the CR dramatically decreased if the CS was 
presented repeatedly without the US. Fear extinction hence refers to the decrease in fear 
conditioned responding due to repeated presentation of the CS without any aversive 
outcome.  

In a typical extinction session, a CS is first paired with a shock, and repeated presentation of 
the CS in the absence of the shock leads to a reduction of conditioned fear both in 
magnitude and frequency. Early theoretical models of Pavlovian conditioning suggested 
that this decreased response to the CS after extinction was due to the ‘unlearning’ or 
‘erasure’ of the original CS-US association (Rescorla & Wagner, 1972). That is, the 
association between the CS and US is severed so that the CS becomes neutral again. 
However, it is now widely believed that the CS-US association remains intact after 
extinction, and that extinction reflects a new learning (CS-no US) process that inhibits the 
original CS-elicited behavior. The primary evidence for this view comes from behavioral 
studies that show performance to an extinguished CS recovers without subsequent re-
training of the CS-US association, namely in the cases of reinstatement, renewal and 
spontaneous recovery (Bouton, 2002). Reinstatement refers to the recovery of extinguished fear 
responses via a pre-test reminder US, usually a footshock. Renewal refers to the recovery of 
extinguished fear responses when the subject is tested outside the extinction context. 
Spontaneous recovery refers to the recovery of extinguished fear responses due to the 
passage of time following extinction training. These findings suggest that extinction is a new 
learning that is mediated by internal, physical and temporal contexts. Strong evidence for 
new learning also comes from pharmacological and molecular studies demonstrating that 
extinction shares similar neural mechanisms with acquisition of learning. Specifically, 
formation of a new long-term memory and extinction are both linked to a molecular cascade 
involving pre-synaptic glutamate release, NMDA-mediated calcium entry, activation of 
protein kinases, gene expression and transcription, and protein synthesis (Baker & Azorlosa, 
1996; Lattal et al., 2006; C. H. Lin, et al., 2001). This molecular cascade has been found to be 
necessary for the consolidation of fear extinction memory in neural structures important for 
extinction. In recent years, local infusion studies, lesion studies, in vivo electrophysiology 
studies and immunohistochemical studies in specific neural structures strongly suggest that 
extinction of conditioned fear involves a circuit including the amygdala and mPFC (Herry & 
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Because extinction is an active learning process that involves many of the neurobiological 
substrates that subserve normal learning and memory, there is now accumulating evidence 
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significant increases in pMAPK-labelled neurons in the BLA 15, 60 and 360 mins following 
extinction of conditioned freezing responses compared to control groups that were not 
trained or did not receive any extinction (Herry et al., 2006). Additionally, increases in 
phosphorylation of ERK1 and ERK2 are also observed in the hippocampus 15 – 60 mins 
following extinction training compared to untrained mice (Fischer et al., 2007). These 
findings show that extinction triggers MAPK phosphorylation not unlike fear conditioning.  

Interestingly, detecting the activation of MAPK has recently been used to dissociate the 
neural structures involved in extinction of conditioned fear in developing rats. Kim and 
colleagues have provided substantial evidence that fear extinction processes are dissociated 
across development, and have suggested that this is because some neural structures mature 
later than others (Kim & Richardson, 2010). To summarize, P24 rats display adult-like 
extinction in that they show renewal, reinstatement and spontaneous recovery of 
extinguished stimuli. However, pre-weanling aged rats (e.g., P17) do not show any of those 
behavioral phenomena. Pharmacological studies also show that reducing NMDA, -
aminobutyric acid (GABA), and opioid neurotransmission impairs extinction in P24 rats, but 
extinction in P17 rats is only affected by the blocking of opioid neurotransmission. When 
phosphorylation of MAPK was detected using immunohistochemistry, P24 rats showed 
significantly increased pMAPK levels in the amygdala and mPFC compared to untrained, 
reactivated and context-exposure controls 1 hr following extinction (Kim et al., 2009). In 
contrast, extinction in P17 rats led to increases in pMAPK only in the amygdala, but not in 
the mPFC. The authors concluded that the differential involvement of the mPFC as shown 
by MAPK phosphorylation was at least partly responsible for the developmental 
dissociation of extinction-related phenomena. Kim and colleagues also showed that 
adolescent (P35) rats show impairments in long-term extinction of conditioned fear 
compared to pre-adolescent (P24) and adult (P70) rats, a finding that was accompanied by 
significantly lower levels of pMAPK in the infralimbic cortex (IL) of the mPFC in P35 rats 
compared to the other ages 1 hr following extinction training (Kim et al., 2011). Importantly, 
the long-term extinction deficit displayed by adolescent rats was overcome if adolescent rats 
were given double the amount of extinction training, and as a consequence pMAPK levels 
were also increased, supporting the notion that MAPK is directly involved in the 
consolidation of extinction memory. 

The first study that provided evidence for the necessity of MAPK in fear extinction used the 
MEK inhibitor PD98059 for localized infusions (K. T. Lu et al., 2001). In that study, PD98059 
was infused bilaterally into the BLA or the hippocampus 10 mins before extinction training. 
When rats were tested 24 hours later, results showed that BLA, but not hippocampal, 
infusion significantly impaired maintaining the extinction memory. This finding was 
replicated using the MEK inhibitor U0126 (C. H. Lin, Yeh, Lu et al., 2003). In those studies 
FPS was used as a measure for conditioned fear response, which typically does not allow the 
assessment of within-session extinction fear levels due to the obnoxious level of the startle 
pulse. Therefore, it is hard to conclude whether the infusion of MEK inhibitors disrupted 
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fear retrieval and/or extinction acquisition. Using freezing as an index for fear, Herry et al. 
(2006) demonstrated in mice that pre-extinction bilateral infusions of U0126 into the BLA 
completely blocked within-session extinction acquisition compared to vehicle infusion. 
Further, a high level of CS-elicited freezing was maintained at test the next day in the drug 
infusion group. This finding suggests that MAPK is important for the acquisition of 
extinction, rather than its consolidation, which is contrary to the role of MAPK in 
conditioned fear. It may be the case that the role of MAPK phosphorylation in the BLA is 
dissociated across conditioning and extinction.  

In fact, studies indicate that the mPFC, rather than the BLA, is critical for the consolidation 
of fear extinction. For example, immediate, but not late (2 or 4 h), post-extinction infusion of 
PD098059 bilaterally in the mPFC resulted in a full return of conditioned freezing compared 
to vehicle infusions when rats were tested for their long-term extinction (Hugues et al., 
2004). In a follow-up study, Hugues et al. (2006) first showed that hippocampal inputs to the 
mPFC display LTP-like changes following fear extinction compared to before extinction 
training. Further, LTP-like changes were blocked by PD098059 infusion into the mPFC. 
Additionally, Western blot revealed decreases in pERK in the mPFC following PD098059 
infusions. These findings imply that MAPK activation in the mPFC is important for LTP-like 
changes in the mPFC following extinction, which may be the underlying mechanism for 
extinction memory consolidation (Hugues et al., 2006). 

Hippocampal MAPK involvement in fear extinction is still equivocal. For example, Fischer 
et al. (2007) reported that immediate, post-extinction infusion of PD098059 or U0126 both 
impaired long-term extinction of contextual conditioned fear. On the other hand, Izquierdo 
and colleagues found that bilateral infusions of PD098959 prior to extinction only affected 
inhibitory avoidance expression during extinction, without impairing any long-term 
extinction (Szapiro et al., 2003). However, when they infused the p38MAPK inhibitor, 
SB203580, immediately after extinction training of inhibitory avoidance behavior, rats failed 
to show any extinction memory the next day (Rossato et al., 2006). This effect was 
temporally-specific, so that infusion 3 hours following extinction had no effects. The authors 
concluded that unlike inhibitory avoidance conditioning, extinction of inhibitory avoidance 
behavior is not dependent on p44MAPK and p42MAPK activation in the hippocampus. 

Overall, the studies described above provide further support for the idea that fear extinction 
involves a new learning that relies on similar molecular cascades as fear learning. This 
premise led to the discovery that increasing the neurotransmission involved in memory 
consolidation can enhance and facilitate the consolidation of extinguished fear memory. 
Specifically, systemic, as well as intra-BLA, injection of the NMDA partial agonist D-
cycloserine (DCS) facilitates extinction (Walker et al., 2002). It appears that increasing 
NMDA neurotransmission during extinction leads to a stronger extinction memory when 
tested the next day. Follow-up studies clarified that drugs acting on NMDA receptors are 
most likely to be affecting the consolidation of extinction (Ledgerwood et al., 2003; Santini et 
al., 2001). Using freezing as an index of fear, Ledgerwood et al. (2003) demonstrated that 
intra-BLA infusions of DCS had no effect on within-session extinction of conditioned 
freezing compared to vehicle, whilst facilitating extinction at test. Interestingly, this 
facilitation effect of DCS on fear extinction appears to be due, at least partly, to increases in 
MAPK phosphorylation (Matsuda et al., 2010; Yang & Lu, 2005). In Yang and Lu (2005), 
systemic DCS injection 15 mins prior to extinction training significantly facilitated extinction 
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the next day compared to rats injected with saline. Intra-BLA infusion of MEK inhibitors, 
PD098059 or U0126, however, abolished any DCS effects, when infused 5 mins following the 
DCS injection. Western blot revealed that compared to the context-exposure control group, 
extinction training significantly elevated pMAPK in the BLA. Further, administration of 
DCS enhanced the effect of extinction training on MAPK phosphorylation, which in turn 
was blocked by MEK inhibitors. These results strongly suggest that the DCS effect on 
extinction of conditioned fear is mediated by the MAPK-dependent signalling cascades in 
the amygdala. This general finding has been replicated in mice (Matsuda, et al., 2010). 

Taken together, these studies provide compelling evidence for the critical role of MAPK in 
conditioned fear, especially cued-conditioning. There is accumulating evidence indicating 
that fear extinction involves activation and  or plasticity of inhibitory circuits in the 
amygdala (Chhatwal et al., 2005; Marsicano et al., 2002; Rosenkranz et al., 2003; Royer & 
Pare, 2002). It may be the case that MAPK activation acts directly on the molecular processes 
underlying synaptic plasticity and dendritic integration of neurons in the inhibitory circuit. 
For example, acquisition of extinction and its consolidation are protein synthesis-dependent 
(Berman & Dudai, 2001; C. H. Lin, Lee et al., 2003; Suzuki et al., 2004). Further, recent 
studies implicate the MAPK pathway in controlling rapid local translation during the 
stabilization of newly formed hippocampal memories, which is consistent with a role for 
MAPK  ERK-mediated control of local protein synthesis during the acquisition of fear 
extinction (Kelleher et al., 2004; Thomas & Huganir, 2004). Importantly, extinction induces 
up-regulation of the protein phosphatase calcineurin in the BLA, which depends on de novo 
protein synthesis (C. H. Lin, Yeh, Lu, et al., 2003). In fact, inhibition of calcineurin interferes 
with extinction (C. H. Lin, Yeh, Leu et al., 2003). Those observations indicate that acquisition 
of extinction may involve, at least in part, a MAPK-dependent control of mRNA translation 
in the BLA. Additionally, MAPK has been implicated in other forms of synaptic plasticity 
including long-term depression (LTD) (G. M. Thomas & Huganir, 2004). Therefore, it may 
be the case that MAPK is necessary not only for the maintenance of CS-no US memory in the 
extinction neural circuitry, but also for the reversal (that is, depotentiation) of fear 
conditioning-induced LTP (H. C. Lin et al., 2010; S. C. Mao et al., 2006; Rosenkranz & Grace, 
2002; Rumpel et al., 2005). In either case, pharmacological modulation of MAPK activation 
could potentially provide novel therapeutic strategies for the treatment for anxiety 
disorders, assuming a lack of off-target effects following long-term systemic treatment.  

4. MAPK and drug addiction 
Drug addiction is more than mere drug use, rather it is a chronic, relapsing disorder that 
consists of a compulsive pattern of drug-seeking and drug-taking behavior that takes place 
at the expense of other activities. A key question in addiction research is identifying what 
changes in the brain underpin the transition from casual to compulsive drug use. Over the 
last 20 years much research has accumulated describing the various long-lasting cellular, 
molecular and neurochemical adaptations which occur with repeated drug administration 
(Kalivas, 2009; Kalivas & O'Brien, 2008; Robinson & Berridge, 1993; M. J. Thomas et al., 
2008). Furthermore, there is a compelling body of evidence linking various models of 
addiction with synaptic plasticity in brain areas involved in reward and reinforcement 
(Kauer & Malenka, 2007; Kelley, 2004).  Drug-induced neuroadaptations are thought to be 
critical in the transition to addiction, though it remains to be fully elucidated how, and to 
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premise led to the discovery that increasing the neurotransmission involved in memory 
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freezing compared to vehicle, whilst facilitating extinction at test. Interestingly, this 
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the next day compared to rats injected with saline. Intra-BLA infusion of MEK inhibitors, 
PD098059 or U0126, however, abolished any DCS effects, when infused 5 mins following the 
DCS injection. Western blot revealed that compared to the context-exposure control group, 
extinction training significantly elevated pMAPK in the BLA. Further, administration of 
DCS enhanced the effect of extinction training on MAPK phosphorylation, which in turn 
was blocked by MEK inhibitors. These results strongly suggest that the DCS effect on 
extinction of conditioned fear is mediated by the MAPK-dependent signalling cascades in 
the amygdala. This general finding has been replicated in mice (Matsuda, et al., 2010). 

Taken together, these studies provide compelling evidence for the critical role of MAPK in 
conditioned fear, especially cued-conditioning. There is accumulating evidence indicating 
that fear extinction involves activation and  or plasticity of inhibitory circuits in the 
amygdala (Chhatwal et al., 2005; Marsicano et al., 2002; Rosenkranz et al., 2003; Royer & 
Pare, 2002). It may be the case that MAPK activation acts directly on the molecular processes 
underlying synaptic plasticity and dendritic integration of neurons in the inhibitory circuit. 
For example, acquisition of extinction and its consolidation are protein synthesis-dependent 
(Berman & Dudai, 2001; C. H. Lin, Lee et al., 2003; Suzuki et al., 2004). Further, recent 
studies implicate the MAPK pathway in controlling rapid local translation during the 
stabilization of newly formed hippocampal memories, which is consistent with a role for 
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conditioning-induced LTP (H. C. Lin et al., 2010; S. C. Mao et al., 2006; Rosenkranz & Grace, 
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2008). Furthermore, there is a compelling body of evidence linking various models of 
addiction with synaptic plasticity in brain areas involved in reward and reinforcement 
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what extent, these changes contribute to prolonged relapse vulnerability after cessation of 
drug use (Shaham & Hope, 2005).  

A central problem facing the treatment of drug addiction is the enduring vulnerability to 
relapse displayed by users despite months or even years of abstinence (Dackis & O'Brien, 
2001; Wagner & Anthony, 2002). Even with successful detoxification, abstinence remains an 
unobtainable goal for many addicted individuals with up to 90% relapsing within 12 
months (DeJong, 1994; Deroche-Gamonet et al., 2004; Gossop et al., 1989). Drug craving, a 
subjective affective state experienced by humans, which motivates them to seek out drugs, is 
associated with relapse propensity (Markou et al., 1993; C. P. O'Brien, 1997a). Craving can be 
induced in addicted individuals by exposure to drug-related paraphernalia, images or 
environmental contexts (A. Childress et al., 1988; Grant et al., 1996). Repeated exposure to 
such cues and contexts during the initiation and maintenance of drug use is therefore 
thought to result in these cues acquiring incentive motivational and conditioned reinforcing 
value (C. O'Brien et al., 1992). Once formed, these pathological associations may ultimately 
contribute to the precipitation of craving and relapse upon re-exposure to drug-associated 
stimuli. In addition to drug-associated cues, relapse can be triggered by other factors such as 
stress and exposure to the drug itself (S. A. Brown et al., 1995; C. O'Brien, et al., 1992).  

Research into potential treatment strategies for addiction, therefore, primarily focuses on 
relapse prevention. Animal models of relapse have yielded invaluable information 
regarding the neurobiology of drug-seeking and the persistent neuroadaptations which 
likely underpin this behavior, revealing a number of key molecules that appear to play a 
critical role. ERK is one of these molecules and the following sections in this chapter will 
cover the evidence which supports a role for ERK in mediating relapse to drug-seeking and 
the drug-induced changes which potentially underlie this behavior.  

4.1 Addiction neurocircuitry  

Despite their varying pharmacological profiles and properties, drugs of abuse all share the 
common feature of acutely enhancing neurotransmission in the mesocorticolimbic 
dopamine system. This interaction can be direct, as in the case of psychostimulants, or 
indirect, as in the case of opioids, but each ultimately result in increased levels of 
extracellular dopamine in the terminal fields of these neurons and this increase in synaptic 
dopamine is thought to be responsible for their reinforcing properties (Di Chiara & 
Imperato, 1988; Wise, 1996). The mesocorticolimbic system is comprised of dopaminergic 
neurons, the cell bodies of which originate in the ventral tegmental area (VTA) and project 
to the nucleus accumbens (NAc) and other limbic regions such as the hippocampus and 
amygdaloid nuclei. A further subdivision of these dopaminergic neurons innervates cortical 
areas including the mPFC, anterior cingulate and orbitofrontal cortices (OFC) (Le Moal, 
1991). Different terminal regions are thought to be involved in the different aspects of 
addictive behavior. The NAc is thought to be involved in the mediation of the acute 
reinforcing effects of drugs (Di Chiara, 2002; Volkow et al., 2003), whereas changes in the 
PFC, OFC and anterior cingulate are related to the decreases in inhibitory control and 
hyper-responsiveness to drug-related cues (Kalivas & Volkow, 2005). The amygdaloid 
nuclei and hippocampus play an important role in conditioning and learning associations 
between drugs and drug-related stimuli (Fuchs et al., 2007; Fuchs et al., 2005; Rogers & See, 
2007; See, 2005).  
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In addition to dopaminergic input, the striatum receives excitatory glutamatergic input from 
the BLA, the hippocampus, the mPFC, the OFC, cingulate cortex and midline thalamic 
nuclei (Alexander et al., 1986). Dopaminergic and glutamatergic inputs converge on the 
dendritic spines of GABAergic striatal efferent neurons (Sesack & Pickel, 1992; Totterdell & 
Smith, 1989). This allows dopamine to play a modulatory role in regulating the excitatory 
input from glutamate to the dendritic spines (A. D. Smith & Bolam, 1990). While dopamine 
is thought to be responsible for the acute effects of addictive drugs, persistent vulnerability 
to relapse is believed to be a result of enduring neuroadaptations in corticostriatal circuitry 
(Kalivas, 2009). The VTA also receives glutamatergic input from structures such as the PFC 
(Omelchenko & Sesack, 2007). Excitatory inputs from the PFC play an important role in 
regulating the activity of VTA neurons and therefore the extracellular levels of dopamine 
within forebrain regions (Carr & Sesack, 2000).  

4.2 The role of MAPK in responses to drug-associated cues and contexts  

A process of classical conditioning occurs with repeated drug use: the multiple cues and 
contexts associated with drug use (previously neutral stimuli) become conditioned stimuli 
(CS) through repeated pairings with the drug (the unconditioned stimulus, US). As this 
learning about drug-associated stimuli develops, the cues gain increasingly greater control 
over behavior and drug-associated cues can acquire the capacity to evoke salient and 
powerful memories of the drug-taking experience that induce craving and ultimately 
relapse (Jentsch & Taylor, 1999). In animals these cues have been shown to increase operant 
drug self-administration and precipitate relapse-like behavior (Aguilar et al., 2009; Crombag 
et al., 2008; Shaham et al., 2003). In the conditioned place preference (CPP) paradigm, a 
variety of species (even crayfish) will preferentially choose to spend more time in an 
environment where they have received a non-contingent injection of drug over an 
environment where they have received vehicle (Nathaniel et al., 2009; Tzschentke, 1998). 
Animal models of relapse have also demonstrated that the motivational properties of drug-
associated stimuli cues can augment or “incubate” over time (Grimm et al., 2001), thereby 
highlighting the need to acknowledge the role of drug-associated cues when developing 
therapeutic interventions.  

CPP is based on classical conditioning principles whereby animals are conditioned to 
associate a distinct environment (i.e., CS) with a drug experience (i.e., US) (Tzschentke, 
1998). A place preference describes a situation where the subject spends more time in a 
drug-paired environment when given the choice after a conditioning period. As researchers, 
we make an inference regarding the rewarding or hedonic properties of a drug based on its 
ability to induce approach (Bardo & Bevins, 2000). Though conditioned approach towards 
specific stimuli, especially drugs of abuse, obviously occurs in humans, this phenomenon 
has never been clinically validated (Bardo, et al., 2000). As with operant self-administration, 
in the reinstatement version of this paradigm the association between the CS and US can be 
extinguished and then reinstated either by non-contingent ‘priming’ injections of the drug 
(Parker & McDonald, 2000) or stress (L. Lu et al., 2002).  In the case of CPP however, there is 
no reinstatement of an instrumental task, rather the reinstatement of conditioned approach 
to the CS (the environment in which the appetitive stimulus was experienced).  

Activation of ERK has been shown to play a role in the associative learning processes that 
occur upon exposure to an environment previously paired with a drug experience.  Thus, ERK 
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what extent, these changes contribute to prolonged relapse vulnerability after cessation of 
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likely underpin this behavior, revealing a number of key molecules that appear to play a 
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the drug-induced changes which potentially underlie this behavior.  
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dopamine system. This interaction can be direct, as in the case of psychostimulants, or 
indirect, as in the case of opioids, but each ultimately result in increased levels of 
extracellular dopamine in the terminal fields of these neurons and this increase in synaptic 
dopamine is thought to be responsible for their reinforcing properties (Di Chiara & 
Imperato, 1988; Wise, 1996). The mesocorticolimbic system is comprised of dopaminergic 
neurons, the cell bodies of which originate in the ventral tegmental area (VTA) and project 
to the nucleus accumbens (NAc) and other limbic regions such as the hippocampus and 
amygdaloid nuclei. A further subdivision of these dopaminergic neurons innervates cortical 
areas including the mPFC, anterior cingulate and orbitofrontal cortices (OFC) (Le Moal, 
1991). Different terminal regions are thought to be involved in the different aspects of 
addictive behavior. The NAc is thought to be involved in the mediation of the acute 
reinforcing effects of drugs (Di Chiara, 2002; Volkow et al., 2003), whereas changes in the 
PFC, OFC and anterior cingulate are related to the decreases in inhibitory control and 
hyper-responsiveness to drug-related cues (Kalivas & Volkow, 2005). The amygdaloid 
nuclei and hippocampus play an important role in conditioning and learning associations 
between drugs and drug-related stimuli (Fuchs et al., 2007; Fuchs et al., 2005; Rogers & See, 
2007; See, 2005).  
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In addition to dopaminergic input, the striatum receives excitatory glutamatergic input from 
the BLA, the hippocampus, the mPFC, the OFC, cingulate cortex and midline thalamic 
nuclei (Alexander et al., 1986). Dopaminergic and glutamatergic inputs converge on the 
dendritic spines of GABAergic striatal efferent neurons (Sesack & Pickel, 1992; Totterdell & 
Smith, 1989). This allows dopamine to play a modulatory role in regulating the excitatory 
input from glutamate to the dendritic spines (A. D. Smith & Bolam, 1990). While dopamine 
is thought to be responsible for the acute effects of addictive drugs, persistent vulnerability 
to relapse is believed to be a result of enduring neuroadaptations in corticostriatal circuitry 
(Kalivas, 2009). The VTA also receives glutamatergic input from structures such as the PFC 
(Omelchenko & Sesack, 2007). Excitatory inputs from the PFC play an important role in 
regulating the activity of VTA neurons and therefore the extracellular levels of dopamine 
within forebrain regions (Carr & Sesack, 2000).  

4.2 The role of MAPK in responses to drug-associated cues and contexts  

A process of classical conditioning occurs with repeated drug use: the multiple cues and 
contexts associated with drug use (previously neutral stimuli) become conditioned stimuli 
(CS) through repeated pairings with the drug (the unconditioned stimulus, US). As this 
learning about drug-associated stimuli develops, the cues gain increasingly greater control 
over behavior and drug-associated cues can acquire the capacity to evoke salient and 
powerful memories of the drug-taking experience that induce craving and ultimately 
relapse (Jentsch & Taylor, 1999). In animals these cues have been shown to increase operant 
drug self-administration and precipitate relapse-like behavior (Aguilar et al., 2009; Crombag 
et al., 2008; Shaham et al., 2003). In the conditioned place preference (CPP) paradigm, a 
variety of species (even crayfish) will preferentially choose to spend more time in an 
environment where they have received a non-contingent injection of drug over an 
environment where they have received vehicle (Nathaniel et al., 2009; Tzschentke, 1998). 
Animal models of relapse have also demonstrated that the motivational properties of drug-
associated stimuli cues can augment or “incubate” over time (Grimm et al., 2001), thereby 
highlighting the need to acknowledge the role of drug-associated cues when developing 
therapeutic interventions.  

CPP is based on classical conditioning principles whereby animals are conditioned to 
associate a distinct environment (i.e., CS) with a drug experience (i.e., US) (Tzschentke, 
1998). A place preference describes a situation where the subject spends more time in a 
drug-paired environment when given the choice after a conditioning period. As researchers, 
we make an inference regarding the rewarding or hedonic properties of a drug based on its 
ability to induce approach (Bardo & Bevins, 2000). Though conditioned approach towards 
specific stimuli, especially drugs of abuse, obviously occurs in humans, this phenomenon 
has never been clinically validated (Bardo, et al., 2000). As with operant self-administration, 
in the reinstatement version of this paradigm the association between the CS and US can be 
extinguished and then reinstated either by non-contingent ‘priming’ injections of the drug 
(Parker & McDonald, 2000) or stress (L. Lu et al., 2002).  In the case of CPP however, there is 
no reinstatement of an instrumental task, rather the reinstatement of conditioned approach 
to the CS (the environment in which the appetitive stimulus was experienced).  

Activation of ERK has been shown to play a role in the associative learning processes that 
occur upon exposure to an environment previously paired with a drug experience.  Thus, ERK 
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activation has been shown to be required for the acquisition of CPP induced by cocaine 
(Valjent et al., 2000), MDMA (Salzmann et al., 2003), THC (Valjent et al., 2001), amphetamines 
(Gerdjikov et al., 2004; Mizoguchi et al., 2004) and morphine (Ozaki et al., 2004), but not 
ethanol (Groblewski, Ryabinin et al., 2011). It is most likely that the NAc is a site of action, at 
least for amphetamines, as intra-NAc injections of the MEK inhibitor PD98059 impair both 
methamphetamine and amphetamine-induced CPP (Gerdjikov, et al., 2004; Mizoguchi, et al., 
2004). This is supported by the observation of increased activation of ERK in the NAc and 
dorsal striatum of mice that have been conditioned to methamphetamine (Mizoguchi, et al., 
2004) and the NAc, dorsal striatum and prefrontal cortex of mice that have been conditioned to 
cocaine (Valjent, Corbille et al., 2006). Another study found that exposing mice to a previously 
cocaine-paired context increased phosphorylation of ERK in the dorsal hippocampus, but not 
the NAc. Enhanced CREB and DARPP-32 phosphorylation in the NAc, however, was 
observed (Tropea et al., 2008). Pre-treatment with the MEK inhibitor SL327 has also been 
shown to abolish the conditioned locomotor response of mice placed in a context previously 
paired with cocaine or D-amphetamine (Valjent, Corvol et al., 2006), indicating the role of ERK 
can be generalised to other contextually-driven behaviors. 

It also appears that the NAc mediates consolidation of learned associations between a drug's 
rewarding effects (US) and the drug-paired context (CS). If rats are injected with a MEK 
inhibitor either systemically or into the NAc core after the test for the expression of cocaine 
or morphine CPP, subsequent CPP is abolished (Miller & Marshall, 2005; Valjent, Corbille, et 
al., 2006). Erasure of CPP expression is accompanied with blockade of ERK phosphorylation 
in the NAc and dorsal striatum (Valjent, Corbille, et al., 2006).  This effect can be mirrored 
with a protein synthesis inhibitor thus providing evidence that ERK exerts this effect on 
memory reconsolidation through regulation of protein synthesis, presumably by controlling 
transcription.  

4.3 The involvement of MAPK in the actions of drugs of abuse & drug-induced 
plasticity   

The MAPK signalling cascade has been implicated in responses to most drugs of abuse, 
supporting the notion that drug-induced plasticity might share common mechanisms with 
learning and memory processes (Berke & Hyman, 2000; Girault et al., 2007; Hyman, 2005). 
ERK is expressed abundantly throughout the brain, including mesocorticolimbic regions 
(Ortiz et al., 1995). Acute and chronic administration of most drugs of abuse such as cocaine, 
morphine, nicotine and Δ9-tetrahydrocannabinol (THC) has been shown to increase 
activation of ERK in reward-related areas such as the VTA, NAc, PFC, central and extended 
amygdala and hippocampus (reviewed in Girault et al., 2007; Zhai et al., 2008). The 
exception is alcohol, where data are equivocal. Acute administration has actually been 
shown to decrease phosphorylation of ERK in the cortex and hippocampus (Chandler & 
Sutton, 2005) but increase phosphorylation in other areas (Bachtell et al., 2002). Chronic 
ethanol intake has been shown to attenuate ERK phosphorylation in the striatum, whereas 
withdrawal for one day potentiates ERK phosphorylation in the same region (Cui et al., 
2011).  

The activation of ERK in response to repeated administration of drugs of abuse suggests 
that ERK plays a role in drug-induced plasticity. One measure of drug-induced plasticity is 
the development and expression of behavioral sensitization (an enhancement of the 
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psychomotor-activating properties of a drug). Indeed, activation of ERK in the brain 
mesocorticolimbic area has been shown to be involved in sensitization and hence drug-
induced plasticity (Pierce et al., 1999; X. Shi & McGinty, 2006; Valjent, et al., 2000; Valjent, 
Corvol, et al., 2006). Thus, pre-treatment with the MEK inhibitor SL327 prior to the repeated 
administration of cocaine or amphetamine prevents the subsequent expression of sensitization 
to their locomotor-activating effects upon receiving a challenge dose of the drug (Valjent, 
Corvol, et al., 2006). In contrast, the expression of sensitization was not affected when SL327 
was administered before the challenge (Valjent, Corvol, et al., 2006). Therefore it appears ERK 
is more critical for the development of sensitization to psychostimulants. ERK activation in the 
VTA is implicated in this process as intra-VTA infusions of PD98059 attenuate the 
development of sensitization to cocaine (Pierce, et al., 1999).  

ERK in the NAc also appears to be involved in drug-induced plasticity as cocaine sensitized 
rats display increased phospho-ERK2 during withdrawal from cocaine which is normalized 
upon cocaine challenge (Boudreau et al., 2007). ERK2 phosphorylation corresponded with 
accumbens AMPA receptor surface expression (Boudreau, et al., 2007). The authors suggest 
the possibility that ERK contributes to both rapid (LTP) and slowly induced (cocaine 
withdrawal) increases in AMPA receptor surface expression, thus contributing to addiction-
related plasticity (Boudreau, et al., 2007).  Similarly, withdrawal following development of 
sensitization to cocaine has been shown to be associated with time-dependent increases in 
ERK activity which correlate with the increased expression of NMDAR subunits (Schumann 
& Yaka, 2009).  Furthermore, the increase in both GluR1 expression and ERK activity is 
blocked with intra-NAc infusions of a MEK inhibitor 21 d after withdrawal from cocaine. 
These data suggest that the development of cocaine psychomotor sensitization triggers a 
delayed increase in the expression of NMDAR subunits in the NAc, which in turn enhances 
the activity of ERK (Schumann, et al., 2009).  

4.4 Drugs of abuse and mechanisms of ERK signalling  

The activation of ERK by drugs of abuse in mesocorticolimbic regions has been shown to 
require both glutamate and dopamine signalling as it is prevented by both dopamine D1 
and NMDA receptor antagonists (Berhow et al., 1996; Jenab et al., 2005; Valjent, et al., 2000; 
Valjent, et al., 2001; Valjent et al., 2005), and in the case of amphetamine, by group I 
metabotropic glutamate (mGlu) receptor antagonists (Choe et al., 2002).  This is not 
surprising as ERK is found downstream of all these receptors. Thus, the activation of 
dopamine D1 receptors by dopamine increases cyclic adenosine monophosphate (cAMP) 
and thus cAMP-dependent protein kinase A (Bilbao et al. 2008). Activated cAMP-dependent 
protein kinase (Bilbao, et al. 2008) then activates ERK through the the dopamine- and cAMP-
regulated phosphoprotein 32 kDa (DARPP-32) signaling cascade (Greengard et al., 1999; 
Svenningsson et al., 2004). In striatal neurons, the mGlu5 receptor activates ERK through 
Ca2+-dependent and -independent mechanisms, the latter involving the scaffolding protein 
Homer (L. Mao et al., 2005).  Activation of NMDA receptors and the resulting Ca2+ influx 
activate Ca2+/calmodulin-dependent protein kinase II (CaMKII). CaMKII then activates Ras-
GTP, which initiates a number of kinase cascades, including Raf-1, MAPK/ERK kinases and 
ERK (G. M. Thomas, et al., 2004; Xia et al., 1996). ERK is also activated by opioid receptors 
most likely via a mechanism involving Ras and beta-gamma subunits of Gi/o proteins 
(Belcheva et al., 1998). Once activated, ERK translocates to the cell nucleus where it regulates 
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psychomotor-activating properties of a drug). Indeed, activation of ERK in the brain 
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is more critical for the development of sensitization to psychostimulants. ERK activation in the 
VTA is implicated in this process as intra-VTA infusions of PD98059 attenuate the 
development of sensitization to cocaine (Pierce, et al., 1999).  

ERK in the NAc also appears to be involved in drug-induced plasticity as cocaine sensitized 
rats display increased phospho-ERK2 during withdrawal from cocaine which is normalized 
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accumbens AMPA receptor surface expression (Boudreau, et al., 2007). The authors suggest 
the possibility that ERK contributes to both rapid (LTP) and slowly induced (cocaine 
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activate Ca2+/calmodulin-dependent protein kinase II (CaMKII). CaMKII then activates Ras-
GTP, which initiates a number of kinase cascades, including Raf-1, MAPK/ERK kinases and 
ERK (G. M. Thomas, et al., 2004; Xia et al., 1996). ERK is also activated by opioid receptors 
most likely via a mechanism involving Ras and beta-gamma subunits of Gi/o proteins 
(Belcheva et al., 1998). Once activated, ERK translocates to the cell nucleus where it regulates 
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the activity of the transcription factors CREB and Elk-1 which control the transcription of 
many genes implicated in addiction, such as c-fos, ΔFosB, zif268, Homer and 
preprodynorphin (Benavides & Bibb, 2004; Choe & McGinty, 2001; S. Davis, Vanhoutte et 
al., 2000; Girault, et al., 2007; Hurd & Herkenham, 1993; L. Lu, et al., 2006; McClung & 
Nestler, 2003; Nestler, 2001; Radwanska et al., 2005). Downstream effects of many drugs of 
abuse on these genes have been shown to be mediated via ERK (Bachtell, et al., 2002; 
Salzmann, et al., 2003; Valjent, et al., 2000).  

Evidence has accumulated which supports a coincident interaction between D1 and NMDA 
receptors with respect to cocaine-driven ERK signaling in the striatum. Thus, cocaine-
induced ERK activation has been shown to require the coincident stimulation of D1 and 
NMDA receptors (Valjent, et al., 2000; Valjent, et al., 2005) and this appears to be controlled 
by Ras-guanine nucleotide-releasing factor 1 (Ras-GRF1), a neuronal specific activator of 
Ras-ERK signaling (Fasano et al., 2009). The relevance of this Ras-GRF1-mediated ERK 
signaling to reward and drug-induced plasticity is demonstrated by the observation that 
CPP and locomotor sensitization are significantly attenuated in Ras-GRF1–deficient mice, 
and conversely heightened in over-expressing transgenic animals (Fasano, et al., 2009).  

More recently, the D1 or cocaine-mediated activation of ERK in striatal neurons was shown 
to depend on a potentiation of NMDA receptor function independent of cAMP (Pascoli et 
al., 2011). Furthermore, NMDA receptor potentiation involves tyrosine phosphorylation of 
the NR2B subunit via Src-family kinase (SFKs). This mechanism, demonstrated in cultured 
striatal neurons, was also observed in vivo, as ERK phosphorylation in response to D1 
receptor agonism in mice was blocked by pretreatment with an NMDA receptor antagonist 
(Pascoli, et al., 2011). The observed potentiation by the D1 receptor potentially explains why 
NMDA receptor stimulation is required for ERK activation by cocaine and other drugs of 
abuse. As the authors suggest this mechanism has potentially significant functional 
consequences, providing a possible mechanism for facilitation of long-term potentiation of 
glutamatergic synapses in D1 receptor-expressing striatal neurons (Andre et al., 2010; Shen 
et al., 2008). This was evidenced by the attenuation of cocaine-induced sensitization and 
CPP upon inhibition of this D1R/Src family kinases/NR2B pathway (Pascoli, et al., 2011).  

4.5 MAPK in reward learning and synaptic plasticity  

As discussed earlier in this chapter, MAPK has been shown to be intimately involved in 
synaptic plasticity and hence learning and memory processes (for detailed review see G. M. 
Thomas, et al., 2004). As with fear-related disorders, drug addiction has been proposed by 
some to be a form of pathological learning (Berke, et al., 2000).  Reinforcement as a concept 
is ultimately defined by learning processes – it is the strengthening of associations through 
experience. Reinforcement can also be viewed as a process that enhances memory 
consolidation for the association (Landauer, 1969). Either way, it is the “stamping in” (and 
hence learning) of associations that ultimately leads to reinforcement. The associations may 
manifest in a variety of ways: associations between a stimulus and a response (Thorndike, 
1898), associations between a US and CS (I.P. Pavlov, 1927), or associations between a 
response and an outcome (Skinner, 1938). With repeated exposure drugs cause aberrant 
“stamping in” of associations between drug-taking, the resultant drug high and associated 
cues and contexts. 
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The striatum is a key structure which mediates instrumental (action-outcome) learning and 
it is glutamate-dopamine signaling which appears particularly important (Horvitz, 2002). 
Dopamine release in the dorsal striatum is thought to enable coding of action-outcome 
associations facilitating potentiation of corticostriatal synapses during learning (Di Filippo et 
al., 2009; Reynolds et al., 2001). The induction of corticostriatal LTP is dependent on the 
coincident activation of D1 and NMDA receptors (Calabresi et al., 1992; Kerr & Wickens, 
2001; Reynolds, et al., 2001). Thus, corticostriatal LTP has been shown to require activation 
of ERK (Ferguson et al., 2006; Mazzucchelli et al., 2002; Sgambato et al., 1998) and indeed, 
the requirement for coincident activation of NMDA and D1 receptors for ERK activation has 
led some to propose that ERK functions to selectively induce plasticity at corticostriatal 
synapses during highly salient learning situations like reward learning, when coordinated 
dopamine and NMDA receptor activation is likely to occur (Girault, et al., 2007; Shiflett & 
Balleine, 2011).  

The involvement of ERK in instrumental learning and corticostriatal LTP (Shiflett et al., 
2010; G. M. Thomas, et al., 2004) suggests that ERK may play a role in the action-outcome 
learning which occurs with initial drug use. Indeed, a recent study showed that clinically 
relevant concentrations of ethanol dose-dependently attenuated the high frequency 
stimulation-induced LTP and ERK activation in the dorsomedial striatum (Xie et al., 2009). 
Relatively little is understood regarding synaptic plasticity in habit formation, but it may 
involve corticostriatal LTD (Shiflett, et al., 2011). The induction of LTD in the striatum was 
recently shown to require ERK activation (Cui, et al., 2011) which matches with findings 
regarding LTD in other brain regions such as hippocampus (Thiels et al., 2002). This recent 
study also showed that chronic ethanol intake by rats attenuated both ERK phosphorylation 
and LTD induction, whereas withdrawal for one day potentiated ERK phosphorylation and 
LTD induction (Cui, et al., 2011). By showing that chronic ethanol intake and withdrawal 
differentially altered synaptic plasticity in the dorsolateral striatum through the ERK 
signaling pathway, these findings suggest that chronic alcohol use may impact on the habit-
formation process, and this neural maladaptation may consequently lead to habitual drug-
seeking behavior (Cui, et al., 2011).   

Persistent vulnerability to relapse in addiction is thought to be a result of a specific 
impairment in LTD at cortico-accumbal synapses (Kasanetz et al. 2010; Martin et al., 2006; 
Moussawi et al., 2009). In addition to LTD, cortico-accumbal LTP is abolished in vivo after 
withdrawal from cocaine self-administration (Knackstedt et al., 2010; Moussawi, et al., 2009) 
The loss of both LTP and LTD in vivo after cocaine self-administration has led to the 
hypothesis that the inability of the medium spiny neurons in the NAc core to undergo 
bidirectional prefrontal-induced neuroplasticity may reduce the capacity of drug addicts to 
adaptively organize a behavioral response that incorporates environmental contingencies 
that mediate against relapse (Kalivas, 2009; M. J. Thomas, et al., 2008). The following section 
will describe the literature supporting a role for ERK in relapse to drug-seeking behavior. 

4.6 The involvement of MAPK in drug-seeking behavior  

The operant self-administration procedure is a widely accepted model to study drug 
reinforcement and drug-seeking because it has both face and construct validity (Feltenstein 
& See, 2008). In the operant paradigm the animal is trained to perform an instrumental task 
to self-administer a drug (generally by pressing a lever or via a nose-poke) for a period of 
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the activity of the transcription factors CREB and Elk-1 which control the transcription of 
many genes implicated in addiction, such as c-fos, ΔFosB, zif268, Homer and 
preprodynorphin (Benavides & Bibb, 2004; Choe & McGinty, 2001; S. Davis, Vanhoutte et 
al., 2000; Girault, et al., 2007; Hurd & Herkenham, 1993; L. Lu, et al., 2006; McClung & 
Nestler, 2003; Nestler, 2001; Radwanska et al., 2005). Downstream effects of many drugs of 
abuse on these genes have been shown to be mediated via ERK (Bachtell, et al., 2002; 
Salzmann, et al., 2003; Valjent, et al., 2000).  

Evidence has accumulated which supports a coincident interaction between D1 and NMDA 
receptors with respect to cocaine-driven ERK signaling in the striatum. Thus, cocaine-
induced ERK activation has been shown to require the coincident stimulation of D1 and 
NMDA receptors (Valjent, et al., 2000; Valjent, et al., 2005) and this appears to be controlled 
by Ras-guanine nucleotide-releasing factor 1 (Ras-GRF1), a neuronal specific activator of 
Ras-ERK signaling (Fasano et al., 2009). The relevance of this Ras-GRF1-mediated ERK 
signaling to reward and drug-induced plasticity is demonstrated by the observation that 
CPP and locomotor sensitization are significantly attenuated in Ras-GRF1–deficient mice, 
and conversely heightened in over-expressing transgenic animals (Fasano, et al., 2009).  

More recently, the D1 or cocaine-mediated activation of ERK in striatal neurons was shown 
to depend on a potentiation of NMDA receptor function independent of cAMP (Pascoli et 
al., 2011). Furthermore, NMDA receptor potentiation involves tyrosine phosphorylation of 
the NR2B subunit via Src-family kinase (SFKs). This mechanism, demonstrated in cultured 
striatal neurons, was also observed in vivo, as ERK phosphorylation in response to D1 
receptor agonism in mice was blocked by pretreatment with an NMDA receptor antagonist 
(Pascoli, et al., 2011). The observed potentiation by the D1 receptor potentially explains why 
NMDA receptor stimulation is required for ERK activation by cocaine and other drugs of 
abuse. As the authors suggest this mechanism has potentially significant functional 
consequences, providing a possible mechanism for facilitation of long-term potentiation of 
glutamatergic synapses in D1 receptor-expressing striatal neurons (Andre et al., 2010; Shen 
et al., 2008). This was evidenced by the attenuation of cocaine-induced sensitization and 
CPP upon inhibition of this D1R/Src family kinases/NR2B pathway (Pascoli, et al., 2011).  

4.5 MAPK in reward learning and synaptic plasticity  

As discussed earlier in this chapter, MAPK has been shown to be intimately involved in 
synaptic plasticity and hence learning and memory processes (for detailed review see G. M. 
Thomas, et al., 2004). As with fear-related disorders, drug addiction has been proposed by 
some to be a form of pathological learning (Berke, et al., 2000).  Reinforcement as a concept 
is ultimately defined by learning processes – it is the strengthening of associations through 
experience. Reinforcement can also be viewed as a process that enhances memory 
consolidation for the association (Landauer, 1969). Either way, it is the “stamping in” (and 
hence learning) of associations that ultimately leads to reinforcement. The associations may 
manifest in a variety of ways: associations between a stimulus and a response (Thorndike, 
1898), associations between a US and CS (I.P. Pavlov, 1927), or associations between a 
response and an outcome (Skinner, 1938). With repeated exposure drugs cause aberrant 
“stamping in” of associations between drug-taking, the resultant drug high and associated 
cues and contexts. 
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The striatum is a key structure which mediates instrumental (action-outcome) learning and 
it is glutamate-dopamine signaling which appears particularly important (Horvitz, 2002). 
Dopamine release in the dorsal striatum is thought to enable coding of action-outcome 
associations facilitating potentiation of corticostriatal synapses during learning (Di Filippo et 
al., 2009; Reynolds et al., 2001). The induction of corticostriatal LTP is dependent on the 
coincident activation of D1 and NMDA receptors (Calabresi et al., 1992; Kerr & Wickens, 
2001; Reynolds, et al., 2001). Thus, corticostriatal LTP has been shown to require activation 
of ERK (Ferguson et al., 2006; Mazzucchelli et al., 2002; Sgambato et al., 1998) and indeed, 
the requirement for coincident activation of NMDA and D1 receptors for ERK activation has 
led some to propose that ERK functions to selectively induce plasticity at corticostriatal 
synapses during highly salient learning situations like reward learning, when coordinated 
dopamine and NMDA receptor activation is likely to occur (Girault, et al., 2007; Shiflett & 
Balleine, 2011).  

The involvement of ERK in instrumental learning and corticostriatal LTP (Shiflett et al., 
2010; G. M. Thomas, et al., 2004) suggests that ERK may play a role in the action-outcome 
learning which occurs with initial drug use. Indeed, a recent study showed that clinically 
relevant concentrations of ethanol dose-dependently attenuated the high frequency 
stimulation-induced LTP and ERK activation in the dorsomedial striatum (Xie et al., 2009). 
Relatively little is understood regarding synaptic plasticity in habit formation, but it may 
involve corticostriatal LTD (Shiflett, et al., 2011). The induction of LTD in the striatum was 
recently shown to require ERK activation (Cui, et al., 2011) which matches with findings 
regarding LTD in other brain regions such as hippocampus (Thiels et al., 2002). This recent 
study also showed that chronic ethanol intake by rats attenuated both ERK phosphorylation 
and LTD induction, whereas withdrawal for one day potentiated ERK phosphorylation and 
LTD induction (Cui, et al., 2011). By showing that chronic ethanol intake and withdrawal 
differentially altered synaptic plasticity in the dorsolateral striatum through the ERK 
signaling pathway, these findings suggest that chronic alcohol use may impact on the habit-
formation process, and this neural maladaptation may consequently lead to habitual drug-
seeking behavior (Cui, et al., 2011).   

Persistent vulnerability to relapse in addiction is thought to be a result of a specific 
impairment in LTD at cortico-accumbal synapses (Kasanetz et al. 2010; Martin et al., 2006; 
Moussawi et al., 2009). In addition to LTD, cortico-accumbal LTP is abolished in vivo after 
withdrawal from cocaine self-administration (Knackstedt et al., 2010; Moussawi, et al., 2009) 
The loss of both LTP and LTD in vivo after cocaine self-administration has led to the 
hypothesis that the inability of the medium spiny neurons in the NAc core to undergo 
bidirectional prefrontal-induced neuroplasticity may reduce the capacity of drug addicts to 
adaptively organize a behavioral response that incorporates environmental contingencies 
that mediate against relapse (Kalivas, 2009; M. J. Thomas, et al., 2008). The following section 
will describe the literature supporting a role for ERK in relapse to drug-seeking behavior. 

4.6 The involvement of MAPK in drug-seeking behavior  

The operant self-administration procedure is a widely accepted model to study drug 
reinforcement and drug-seeking because it has both face and construct validity (Feltenstein 
& See, 2008). In the operant paradigm the animal is trained to perform an instrumental task 
to self-administer a drug (generally by pressing a lever or via a nose-poke) for a period of 
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time, thereby developing an action-outcome association between the operant task and the 
ensuing reward (conditioned response). Rodents will readily self-administer most drugs of 
abuse, including cocaine (R. M. Brown & Lawrence, 2009; McPherson et al., 2010). 
Accordingly, the abuse potential of a substance in humans can be predicted from self-
administration in rodents (Collins et al., 1984). Moreover, similar to the laboratory model of 
anxiety disorders, the self-administration paradigm can incorporate a Pavlovian 
conditioning component by introducing CSs that signal drug delivery to represent 
cues/contexts that are critically related to relapse of drug-seeking (Adams et al., 2010; Jupp 
et al., 2011).  

4.6.1 The role of MAPK in the reinstatement model of drug-seeking  

As with extinction of fear, the reinforced response (e.g. lever press) can be subsequently 
extinguished whereby no drug is administered despite the animal responding on the drug-
paired manipulandum. Responding will typically spike in what has been termed an 
‘extinction burst’ and then gradually decline to a level whereby the behavior is deemed 
extinguished. Extinction learning is an active process that reduces the value or salience of 
these conditioned cues and contexts. Longer and repeated cue/contextual re-exposure 
without the associated fear or drug experience reduces conditioned responding. Extinction 
learning can be effective for reducing cue- and context-induced symptoms in addiction and 
anxiety and can improve outcomes in these disorders. Reinstatement of drug-seeking 
behavior as measured by responding on the drug-paired manipulandum can be precipitated 
in a number of ways: with non-contingent ‘priming’ injections of the drug (Stretch et al., 
1971), stressors (Carroll, 1985; Shaham & Stewart, 1996), and drug-associated cues (W. M. 
Davis & Smith, 1976).  In humans, drug craving and relapse have shown to be triggered by 
similar factors (S. A. Brown, et al., 1995; C. O'Brien, et al., 1992), giving this model an 
element of construct validity. This model also exhibits predictive validity, as drugs such as 
naltrexone that decrease relapse in abstinent drug users also decrease reinstatement of drug 
seeking behavior in rats (Comer et al., 2006) 

As mentioned previously, drug-associated cues induce ERK phosphorylation in components 
of the mesocorticolimbic system (L. Lu et al., 2005; Miller, et al., 2005) and ERK has been 
shown to play a role in drug-induced and synaptic plasticity (G. M. Thomas, et al., 2004; 
Valjent, Corvol, et al., 2006) thus it is not surprising that evidence exist that support a role 
for ERK in cue-elicited reinstatement of drug-seeking. Cue-induced reinstatement of 
alcohol-seeking is associated with enhanced activation of ERK in the BLA and NAc shell 
(Schroeder et al., 2008). The mGlu5 receptor antagonist 2-Methyl-6-(phenylethynyl)pyridine 
(MPEP) was shown to block both the cue-induced drug-seeking and the associated increase 
in phospho-ERK (Schroeder, et al., 2008), indicating that ERK activation is dependent on  
mGlu5 receptor signalling and plays a key role in the effect of MPEP on drug-seeking.  

A recent study demonstrated a critical role for ERK in the ability of BNDF infusions in the 
dmPFC to attenuate reinstatement of both cue-induced and primed cocaine-seeking, as well 
as cocaine-seeking following abstinence (Whitfield et al., 2011). Vehicle-infused rats showed 
significant decreases in phospho-ERK and CREB at the end of the cocaine self-
administration period that were reversed by intra-dmPFC BDNF. This ability of BDNF to 
reverse cocaine-mediated decreases in ERK and CREB phosphorylation was blocked by both 
the MEK inhibitor U0126 and the tyrosine kinase inhibitor K252a, thus demonstrating the 
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behavioral effects of BDNF were most likely mediated via a TrkB receptor-ERK pathway. 
This study elucidates a mechanism whereby BDNF/TrkB activates ERK-regulated CREB 
phosphorylation in the dmPFC to counteract the neuroadaptations induced by cocaine self-
administration and subsequent relapse to cocaine-seeking (Whitfield, et al., 2011). 

There are no studies as yet which have specifically examined the role of ERK in extinction 
learning related to operant responding. There is one CPP study that showed heightened 
ERK activation in the amygdala following extinction of cocaine-induced CPP (Chen & Xu, 
2010), which is consistent with fear extinction literature showing a key role for the amygdala 
(Myers, et al., 2007). In addition, dopamine D3 receptor mutant mice showed delayed CPP 
extinction compared with wild-type mice and this was associated with sustained ERK 
activation in the NAc and PFC (Chen, et al., 2010). This suggests that extinction of cocaine 
conditioning involves dopamine D3 receptor/ERK signaling though this finding is not 
necessarily readily generalized to other drugs of abuse as the MEK inhibitor SL327 has been 
shown to have no effect on extinction of an ethanol-induced CPP in mice (Groblewski, 
Franken et al., 2011). 

4.6.2 The role of MAPK in the abstinence model of relapse and incubation of craving  

Of the millions of people suffering from addiction, only a small proportion actually seek 
treatment in a formal setting. For example, in 2009 out of 23.5 million Americans who were 
considered to have an illicit drug or alcohol use problem, only 2.6 million (11.2%) received 
treatment at a specialty facility (SAMHSA, 2010). In this sense then, the reinstatement model 
of relapse is only relevant to those addicts who engage in new learning to overcome their 
addiction. The bulk of drug dependent individuals will attempt to overcome their addiction 
by simply attempting to abstain from drug use (also known as going ‘cold turkey’). 
Therefore another relevant model of relapse is one that measures drug-seeking following a 
period of abstinence.  

In 1986 it was suggested that in humans, craving induced by drug cues actually increases 
over the first several weeks of the withdrawal period and remains elevated over extended 
periods of abstinence (Gawin & Kleber, 1986). Scientists have since discovered an analogous 
phenomenon in laboratory animals which has been termed ‘incubation of craving’. It has 
been demonstrated with opiates (Shalev et al., 2001), psychostimulants (Grimm, et al., 2001; 
Shepard et al., 2004) and ethanol (Bienkowski et al., 2004), that cue-induced drug-seeking 
increases over time over the first months of withdrawal. This phenomenon has also been 
observed with the natural reinforcer sucrose (Grimm et al., 2002), though in this case the 
effect peaks after 1–4 weeks, but decays after 2 months, while for cocaine, the responding 
peaks after 1 month and persists for up to 3 months in rats (L. Lu et al., 2004). In humans, 
this incubation of drug craving ultimately results in an increased propensity to relapse as a 
function of time spent in withdrawal. A more appropriate paradigm for this sort of relapse 
behavior is a modification of the reinstatement model known as the abstinence model (e.g. 
Brown et al., 2009; Lu et al., 2009; reviewed in Reichel and Bevins, 2009). After a period of 
self-administration the animal undergoes withdrawal for a period of time (typically a 
number of weeks) in the home cage. At the end of this period drug-seeking behavior is 
measured by re-introducing the subject to the operant chamber and measuring responding 
under extinction conditions (i.e. in the absence of drug).  
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time, thereby developing an action-outcome association between the operant task and the 
ensuing reward (conditioned response). Rodents will readily self-administer most drugs of 
abuse, including cocaine (R. M. Brown & Lawrence, 2009; McPherson et al., 2010). 
Accordingly, the abuse potential of a substance in humans can be predicted from self-
administration in rodents (Collins et al., 1984). Moreover, similar to the laboratory model of 
anxiety disorders, the self-administration paradigm can incorporate a Pavlovian 
conditioning component by introducing CSs that signal drug delivery to represent 
cues/contexts that are critically related to relapse of drug-seeking (Adams et al., 2010; Jupp 
et al., 2011).  

4.6.1 The role of MAPK in the reinstatement model of drug-seeking  

As with extinction of fear, the reinforced response (e.g. lever press) can be subsequently 
extinguished whereby no drug is administered despite the animal responding on the drug-
paired manipulandum. Responding will typically spike in what has been termed an 
‘extinction burst’ and then gradually decline to a level whereby the behavior is deemed 
extinguished. Extinction learning is an active process that reduces the value or salience of 
these conditioned cues and contexts. Longer and repeated cue/contextual re-exposure 
without the associated fear or drug experience reduces conditioned responding. Extinction 
learning can be effective for reducing cue- and context-induced symptoms in addiction and 
anxiety and can improve outcomes in these disorders. Reinstatement of drug-seeking 
behavior as measured by responding on the drug-paired manipulandum can be precipitated 
in a number of ways: with non-contingent ‘priming’ injections of the drug (Stretch et al., 
1971), stressors (Carroll, 1985; Shaham & Stewart, 1996), and drug-associated cues (W. M. 
Davis & Smith, 1976).  In humans, drug craving and relapse have shown to be triggered by 
similar factors (S. A. Brown, et al., 1995; C. O'Brien, et al., 1992), giving this model an 
element of construct validity. This model also exhibits predictive validity, as drugs such as 
naltrexone that decrease relapse in abstinent drug users also decrease reinstatement of drug 
seeking behavior in rats (Comer et al., 2006) 

As mentioned previously, drug-associated cues induce ERK phosphorylation in components 
of the mesocorticolimbic system (L. Lu et al., 2005; Miller, et al., 2005) and ERK has been 
shown to play a role in drug-induced and synaptic plasticity (G. M. Thomas, et al., 2004; 
Valjent, Corvol, et al., 2006) thus it is not surprising that evidence exist that support a role 
for ERK in cue-elicited reinstatement of drug-seeking. Cue-induced reinstatement of 
alcohol-seeking is associated with enhanced activation of ERK in the BLA and NAc shell 
(Schroeder et al., 2008). The mGlu5 receptor antagonist 2-Methyl-6-(phenylethynyl)pyridine 
(MPEP) was shown to block both the cue-induced drug-seeking and the associated increase 
in phospho-ERK (Schroeder, et al., 2008), indicating that ERK activation is dependent on  
mGlu5 receptor signalling and plays a key role in the effect of MPEP on drug-seeking.  

A recent study demonstrated a critical role for ERK in the ability of BNDF infusions in the 
dmPFC to attenuate reinstatement of both cue-induced and primed cocaine-seeking, as well 
as cocaine-seeking following abstinence (Whitfield et al., 2011). Vehicle-infused rats showed 
significant decreases in phospho-ERK and CREB at the end of the cocaine self-
administration period that were reversed by intra-dmPFC BDNF. This ability of BDNF to 
reverse cocaine-mediated decreases in ERK and CREB phosphorylation was blocked by both 
the MEK inhibitor U0126 and the tyrosine kinase inhibitor K252a, thus demonstrating the 
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behavioral effects of BDNF were most likely mediated via a TrkB receptor-ERK pathway. 
This study elucidates a mechanism whereby BDNF/TrkB activates ERK-regulated CREB 
phosphorylation in the dmPFC to counteract the neuroadaptations induced by cocaine self-
administration and subsequent relapse to cocaine-seeking (Whitfield, et al., 2011). 

There are no studies as yet which have specifically examined the role of ERK in extinction 
learning related to operant responding. There is one CPP study that showed heightened 
ERK activation in the amygdala following extinction of cocaine-induced CPP (Chen & Xu, 
2010), which is consistent with fear extinction literature showing a key role for the amygdala 
(Myers, et al., 2007). In addition, dopamine D3 receptor mutant mice showed delayed CPP 
extinction compared with wild-type mice and this was associated with sustained ERK 
activation in the NAc and PFC (Chen, et al., 2010). This suggests that extinction of cocaine 
conditioning involves dopamine D3 receptor/ERK signaling though this finding is not 
necessarily readily generalized to other drugs of abuse as the MEK inhibitor SL327 has been 
shown to have no effect on extinction of an ethanol-induced CPP in mice (Groblewski, 
Franken et al., 2011). 

4.6.2 The role of MAPK in the abstinence model of relapse and incubation of craving  

Of the millions of people suffering from addiction, only a small proportion actually seek 
treatment in a formal setting. For example, in 2009 out of 23.5 million Americans who were 
considered to have an illicit drug or alcohol use problem, only 2.6 million (11.2%) received 
treatment at a specialty facility (SAMHSA, 2010). In this sense then, the reinstatement model 
of relapse is only relevant to those addicts who engage in new learning to overcome their 
addiction. The bulk of drug dependent individuals will attempt to overcome their addiction 
by simply attempting to abstain from drug use (also known as going ‘cold turkey’). 
Therefore another relevant model of relapse is one that measures drug-seeking following a 
period of abstinence.  

In 1986 it was suggested that in humans, craving induced by drug cues actually increases 
over the first several weeks of the withdrawal period and remains elevated over extended 
periods of abstinence (Gawin & Kleber, 1986). Scientists have since discovered an analogous 
phenomenon in laboratory animals which has been termed ‘incubation of craving’. It has 
been demonstrated with opiates (Shalev et al., 2001), psychostimulants (Grimm, et al., 2001; 
Shepard et al., 2004) and ethanol (Bienkowski et al., 2004), that cue-induced drug-seeking 
increases over time over the first months of withdrawal. This phenomenon has also been 
observed with the natural reinforcer sucrose (Grimm et al., 2002), though in this case the 
effect peaks after 1–4 weeks, but decays after 2 months, while for cocaine, the responding 
peaks after 1 month and persists for up to 3 months in rats (L. Lu et al., 2004). In humans, 
this incubation of drug craving ultimately results in an increased propensity to relapse as a 
function of time spent in withdrawal. A more appropriate paradigm for this sort of relapse 
behavior is a modification of the reinstatement model known as the abstinence model (e.g. 
Brown et al., 2009; Lu et al., 2009; reviewed in Reichel and Bevins, 2009). After a period of 
self-administration the animal undergoes withdrawal for a period of time (typically a 
number of weeks) in the home cage. At the end of this period drug-seeking behavior is 
measured by re-introducing the subject to the operant chamber and measuring responding 
under extinction conditions (i.e. in the absence of drug).  



 
Advances in Protein Kinases 

 

356 

Numerous cellular and molecular changes are produced by chronic drug use, which are 
thought to regulate drug-seeking behavior, yet only a small number thus far have been 
shown to be associated with time-dependent increases in drug-seeking behavior. One of 
these neuroadaptations is activation of ERK. Studies by Lu and colleagues have revealed 
that it is ERK phosphorylation in the CeA, but not BLA, that underpins incubation of 
cocaine and opiate craving as inhibition of CeA, but not BLA, ERK phosphorylation 
decreases drug-seeking after 30 days of drug withdrawal but not after 1 day of withdrawal 
(Li et al., 2008; L. Lu, et al., 2005). After 30 withdrawal days, inhibition of CeA ERK 
phosphorylation by U0126 or the NMDA receptor antagonist AP-5 decreased cue-induced 
cocaine seeking.  

Subsequently, other studies have shown a similar enhancement of ERK phosphorylation in 
the NAc core (Edwards et al., 2011) and mPFC (Koya et al., 2008) as a result of exposure to a 
cocaine-paired context after extended abstinence in animals that had previously self-
administered cocaine. In the former study, the activation of ERK was found only in rats that 
had self-administered cocaine and not their yoked controls, demonstrating the effect was 
not merely the result of cocaine exposure (Edwards, et al., 2011). Though the precise role of 
increased ERK activity in the NAc and mPFC in incubation of craving remains to be 
investigated, a key role for ERK in the amygdala has been found in Pavlovian fear 
conditioning and memory reconsolidation (Nader et al., 2000). ERK in the amygdala also 
appears to be critically involved in the long-term neuroadaptations which result in 
heightened reactivity to drug-associated cues. This is supported by the observation that re-
exposure to an ethanol-associated context and discrete cues following abstinence increases 
activation of ERK in the BLA and ventral lateral amygdala (Radwanska et al., 2008). 
Collectively, these findings indicate that activation of ERK, particularly in the amygdala 
appears to be a key substrate for incubation of drug craving.  

5. Concluding remarks 
The studies highlighted in the present chapter clearly demonstrate the learning and memory 
principles underlying fear and drug-seeking behavior. Additionally, drug addiction has 
been emphasized as a brain disorder that involves enduring neuroadaptations that alter 
signal transduction within neurons as well as electrical and chemical communications 
between neurons and neural structures. Considering the significance of the MAPK cascade 
in cellular growth, differentiation and neuronal survivability (Ahn & Krebs, 1990; Hoshi et 
al., 1988; Impey et al., 1999; Kornhauser & Greenberg, 1997), perhaps it is not surprising that 
MAPK signalling also plays a seemingly important role in both the acquisition and 
treatment of anxiety and drug-seeking behavior as pointed out in the present chapter. Given 
the prevalence and financial burden of anxiety disorders and drug addiction, we propose 
that further research into the MAPK signalling cascade could be a fruitful strategy in finding 
effective treatments for anxiety disorders and drug addiction. 
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