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Chapter 1

Apoptosis and Clearance
of the Secretory Mammary Epithelium

Jamie C. Stanford and Rebecca S. Cook

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52160

1. Introduction

The development of the mammary gland occurs in four distinct phases: embryogenesis,
puberty, pregnancy, and a post-lactational phase involving profound levels of cell death and
tissue remodeling. This post-lactational phase is termed post-lactational involution. During
embryogenesis, a solid epithelial bud is generated in the embryonic ectoderm. As this bud
continues to grow in cell number, the epithelial bud invaginates into the underlying
mesenchyme forming the nascent mammary epithelium. The mammary epithelium grows
as solid epithelial cords, lengthening distally and branching to form the rudimentary
epithelial network. At puberty, ductal elongation continues in a proximal-to-distal direction,
and side branches appear along the ducts. The side branches also lengthen distally, and
continue to branch. This pattern of distal growth and branching fills the mouse mammary
fat pad with an extensively branched epithelium by the end of puberty [6]. Similar to what is
seen during embryonic mammary development and patterning, the mammary ducts
developing during puberty originally appear in solid epithelial cords. Apoptosis canalizes
the luminal space within the ducts, allowing a patent conduit for milk to traverse through
the breast epithelium [1, 7]. Ultimately, the rodent mammary epithelium is comprised of a
continuous, branching network leading from the nipple to primary ducts and smaller
ductules that terminate in terminal end buds (TEBs), blunt ends or alveoli. The inner
luminal cells are separated from the basement membrane by an outer myoepithelial layer.
Myoepithelial cells secrete basement membrane components to which the epithelium
attaches, and that physically separates the epithelium from the stromal compartment.

Many morphological similarities exist between the mouse mammary gland and the human
breast, although some distinctions exist. In the human breast, the cluster of epithelial acini
arising from a single terminal duct, referred to as the terminal duct lobular unit (TDLU), is
thought to be the milk-producing unit of the mammary gland. Therefore, the post-pubertal

I NT EC H © 2013 Stanford and Cook, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.



2 Apoptosis

human breast harbors cells capable of milk production even in the absence of pregnancy
whereas the rodent mammary gland does not. However, profound expansion and
differentiation of the TDLU population in the human breast is still required in order to
render lactation successful.

This expansion of the alveolar epithelium during pregnancy occurs in response to both local
and systemic factors that drive mammary alveolar proliferation. In rodents, the entire
secretory epithelium of the mammary gland develops during the gestation period of
approximately three weeks, signifying a rapid 10-fold increase in epithelial content of the
mammary gland. The mammary gland produces colostrum and then milk upon partuition.
However, once offspring are weaned, the milk-producing lobuloalveolar cells are no longer
necessary. Rather than being maintained, these secretory cells undergo programmed cell
death in an exquisitely controlled and rapid process, while leaving the ductal epithelium
intact. Dying cells are cleared from the post-lactational mammary gland rapidly and without
causing acute inflammation, removing up to 90% of the total mammary epithelial content
within the time span of just one week in rodent models. This returns the mammary gland to
an almost pre-pregnant state, so that the changes in the mammary gland that accompany
pregnancy, lactation and involution may again occur with each successive pregnancy.

The process of involution is complex requiring two distinct phases, the initiation of
extensive cell death to remove the milk-producing epithelial cells, followed by the
controlled influx of macrophages and other immune cell types to breakdown extracellular
matrix, remodel blood vessels, replenish the adipocyte population in the mammary fatpad,
and to phagocytically remove dead cells, residual milk, and debris. This review will focus
primarily on the events controlling cell death that occur within the first days of post-
lactational involution.

2. Body

2.1. Signaling mechanisms that control post-lactational apoptosis in the breast

In recent years, molecular regulation of post-lactational involution has been studied
primarily in the mouse mammary gland, due in large part to the relatively rapid gestation
and nursing period in mice, and to the extensive use of genetically engineered mouse
models. These models, coupled with advances in transcriptional profiling have provided a
detailed analysis of the dynamic cellular and molecular events occurring during the earliest
days of involution, when the majority of programmed cell death occurs.

2.2. Milk stasis

Using teat-sealing to block milk delivery in a single mouse mammary gland, investigators
demonstrated that a complex multi-step process initiating massive epithelial apoptosis is
triggered by local stimuli produced in the sealed mammary gland, but not by changing
levels of circulating hormones that are available to the remaining nine mouse mammary
glands [8, 9]. These studies revealed that milk stasis is a primary trigger of post-lactational
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cell death in the mammary gland [8]. Accumulation of milk within the secretory luminal
space might initiate cell death by causing a mechanical stretch of these cells, or of cell-cell
junctions [10]. It is clear that mechanical stress, including cell stretching, can initiate
biological responses in several epithelial and endothelial cell types, and may activate
signaling pathways known to trigger cell death in the post-lactational mammary gland. For
example, cell stretching induces STAT3 phosphorylation, inhibition of the survival factor
AKT, and expression of Leukemia Inhibitory Factor (LIF), each of which are critical during
early post-lactational involution for the induction of cell death, as discussed below. Another
potential explanation of milk stasis-induced cell death is that accumulation of milk
components, such as calcium, may trigger cell death [11]. In support of this hypothesis,
transcription of the plasma membrane protein calcium-ATPase 2 (PMCA2), which
transports 60-70% of milk calcium [12], is dramatically and rapidly reduced during
involution, perhaps due to self-limiting negative feedback in an effort to control potentially
toxic divalent cation levels [13]. Loss of the gene encoding PMCA2 (Afp2b2) in mice caused
precocious alveolar cell death at lactation. Interestingly, PMCA2 expression is also regulated
by enforced shape changes in mammary epithelial cells [13]. Stanniocalcin-1 (STC-1), a
newly discovered mammalian hormone that accumulates nearly 3-fold upon milk stasis
[14], has recently been implicated as an inducer of post-lactational involution [15].

2.3. STAT3

Transcriptional profiling studies of the mouse mammary gland at specific time points
during lactation and post-lactational involution demonstrated that a specific subset of genes
is dramatically induced within 12 hours of pup withdrawal, presumably in response to milk
accumulation [4, 16]. It was hypothesized that this gene subset may represent potential
‘master regulators’ of programmed cell death in the post-lactational mammary gland. This
idea has been largely confirmed using genetically engineered mouse models that disrupt
key expression events, resulting in a delay in post-lactational programmed cell death.

The transcription factor Signal Transducer and Activator of Transcription (STAT) 3 was
conditionally deleted in the mammary epithelium of genetically engineered mice, revealing
its critical role in initiating the earliest events in post-lactational apoptosis [17-19]. While it
has been known for some time that STAT3 regulates the expression of pro-inflammatory
genes involved in the acute phase response (the early inflammatory response to tissue
injury) [20, 21], and that many inflammation-related genes are expressed during post-
lactational involution [4, 22, 23], these studies were the first to demonstrate the molecular
similarities that exist between the involuting mammary gland and the traditional wound
healing scenario [23], despite the fact that involution-induced transcriptional responses are
directed primarily by epithelial cells, while wound healing-induced transcriptional
responses are directed by cells of the immune system.

STATS3 is widely expressed, and is activated by tyrosine phosphorylation in response to
numerous cytokines and growth factors [e.g. interleukin-6 (IL-6), IL-10, IL-17, IL-23, EGF]
and tyrosine kinases (c-Src, Met, ErbB-2) [24]. Tyrosine phosphorylation of STAT3 allows
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STAT3 dimers to translocate from the cytoplasm to the nucleus, where STAT3 binds to
sequence-specific DNA elements in the promoters of STAT3 target genes. STAT3 activates
gene transcription of many inflammation related genes, and can also repress the
transcription of others. Although STAT3 transcriptional activity is associated with cell
survival in several cell types including lymphomas and solid tumor epithelial cells [25-28],
STAT3 takes on a different role in the post-lactational mammary gland, where STATS3 is
required to initiate cell death. In the absence of STAT3, cell death was abrogated for at least
6 days after pup withdrawal, despite milk stasis [18, 19]. Conversely, loss of suppressor of
cytokine signaling (SOCS)-3, a negative regulator of STAT3, accelerated involution by
increasing the rate of cell death following pup withdrawal [29, 30].

A number of genes regulated by STAT3, such as CAAT/enhancer binding protein (C/ebp)d,
oncostatin M (OSM), OSM receptor (OSMR), and insulin-like growth factor (IGF) binding
protein (IGFBP)-5, are also required in the post-lactational mammary epithelium to initiate
cell death [31, 32]. OSM, a cytokine normally produced by macrophages but in this case
produced by the mammary epithelium, is required during post-lactational involution, since
OSMR knockout mice exhibited delayed involution [33]. Loss of C/ebpd, a transcription
factor involved in the acute phase response, also delayed mammary gland involution [31].
Because STAT3, and many target genes activated by STATS3, are critical triggers of cell death
during post-lactational involution, it is likely that STAT3 lies at the apex of a transcriptionally-
activated signaling cascade that is required to initiate cell death in the post-lactational
mammary epithelium. This role of STAT3 as an apoptosis inducer lies in contrast with
observations that STAT3 is frequently activated in several cancer entities [28], correlating
with heightened malignancy [34, 35]. Further, constitutive STAT3 activity promotes tumor
formation in skin [36] and lung [37, 38]. The apparent discrepancy may be related to tissue
specificity of STAT3 activity, or the activity of STAT3 in the tumor microenvironment (for
example, in inflammatory cells) versus its role in the epithelial compartment of the tumor.

2.4. NF-xB

Although the role of STAT3 in the induction of post-lactational apoptosis is clear, STAT3
alone is insufficient to induce involution in the absence of nuclear factor-xB (NF-kB)
signaling [39]. NF-kB comprises a family of five structurally and functionally related
transcription factors [40]. Based on their transactivation properties, NF-kB proteins are
divided into two classes: Class I consists of RelA/p65, RelB, and c-Rel, while Class II includes
NF-«kB1/p50 and NF-xB2/p52. Each can dimerize in almost any combination but only class I
proteins possess the C-terminal transactivation domains required for NF-kB-mediated
transcription of target genes. Under basal conditions, NF-kB dimers are sequestered in the
cytoplasm bound to the protein Inhibitor of kB (IkB). Several signaling pathways can activate
the IxB kinases (IKKs) that phosphorylate IkB, thus liberating NF-kB dimers and allowing
their nuclear translocation, where they bind to specific DNA sequences in target genes.

Among this family of transcription factors, two NF-kB subunits, RelA (p65) and p50 are
expressed at different levels in the mammary epithelium throughout mammary gland
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development. Furthermore, NF-«kB activity as measured in vivo using a transgenic NF-kB
reporter model demonstrated two major peaks of NF-kB-mediated trans-activation: one that
occurs during pregnancy, and another that occurs during involution [41]. These data are
consistent with reports showing that NF-kB induced transcription of pro-survival genes [42-
45], and other reports showing that NFkB activated transcription of pro-apoptotic genes [46-
48]. Therefore, it is possible that NF-kB might drive cell growth and survival in the breast
epithelium in some cases, but may regulate breast epithelial cell death in others. In support
of the idea that NF-kB might promote cell death, increased NF-«B activity is rapidly induced
after weaning, with strong increases seen within one hour of milk stasis in mouse mammary
glands. NF-«kB activity remains elevated through the first four days of murine post-
lactational involution. Furthermore, loss of NF-kB signaling in a genetically engineered
mouse model of conditional IKK-B disruption decreased post-lactational NF-«xB signaling,
resulting in decreased caspase-3 cleavage and delayed post-lactational apoptosis [39],
confirming the importance of NF«B signaling in post-lactational cell death of the secretory
epithelium. Conversely, constitutively active IKK-f increased NF-kB signaling, thus causing
accelerated induction and higher rates of apoptosis during post-lactational involution [49].
Even in the absence of milk stasis, constitutively active IKK-B was capable of inducing
apoptosis in the mouse secretory mammary epithelium, and therefore interfered with
successful lactation by nursing dams.

2.5. Akt/PI3K

Intense interest in survival signaling pathways has revealed that phosphatidyl inositol 3-
kinase (PI3K) is a potent regulator of cell survival [50, 51]. Cancer cells frequently utilize
PI3K signaling to promote cell survival under conditions of hypoxia, nutrient stress, or even
to escape the cytotoxic effects of therapeutic anti-cancer treatments. It is clear, however, that
non-transformed cells also use the PI3K signaling pathway to promote cell survival, and
that increased PI3K signaling can interfere with physiological cell death [52]. PI3K is a
heterodimer comprised of p110 (the catalytic domain) and p85 (the regulatory domain) [50,
53]. Under basal conditions, p85 represses the catalytic activity of p110. However, SH2
domains in p85 interact with phosphorylated tyrosines within YxxM motifs of receptor
tyrosine kinases (RTKs) such as the insulin-like growth factor (IGF)-1 receptor (IGFR) or
adaptor proteins, such as the insulin receptor substrate proteins. This relieves p85-mediated
inhibition of p110, allowing p110 to phosphorylate phosphatidyl inositol 2-phosphate
(PIP2), thus generating PIP3, a powerful membrane-associated second messenger that
recruits pleckstrin homology (PH)-domain containing proteins to the cell membrane. PDK1
and Akt are two PH-domain containing proteins recruited to the membrane in response to
RTK activation [52, 54, 55]. PDK1 is a serine-threonine kinase that phosphorylates Akt,
another serine-threonine kinase that stimulates cell survival by interacting with members of
the Bcl2 family of apoptosis regulators [56-58], which are also involved in the induction of
cell death during involution [59-61]. For example, mammary-specific loss of the Bcl2 family
member Bax, a known cell death inducer, decreased apoptosis during early involution [60,
62-64], while overexpression of Bax within the secretory mammary epithelium increased
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post-lactational apoptosis and promoted precocious STAT3 activity [7, 65]. Loss of the anti-
apoptotic protein Bcl-xL in the mammary gland during post-lactational involution
accelerated cell death [66, 67]. By inactivating Bax and activating Bcl-xL, Akt activity
increases cell survival in the secretory mammary epithelium.

The role of PI3K/Akt signaling in suppressing post-lactational apoptosis is supported by
genetically engineered mouse models that result in increased PI3K/Akt signaling. For
example, a mouse model in which mammary-specific expression of myristoylated p110a
[68], a modified p110a that is restricted to the cell membrane, resulted in aberrantly elevated
PI3K activity in the mammary epithelium and delayed post-lactational involution. Similarly,
mammary-specific transgenic overexpression of Aktl or Akt2 promoted cell survival and
delayed post-lactational involution in mice [69, 70]. Conversely, ablation of Aktl, but not the
ablation of Akt2 or Akt3, promoted apoptosis and accelerates involution [71], demonstrating
isoform-specificity in the gene-dosage effects of Akt (overexpression versus ablation), and
highlights the importance of Aktl in the post-lactational mammary gland. Other studies
demonstrated that Akt signaling is sustained during lactation by prolactin signaling [72-74].
This observation was confirmed in an independent transgenic mouse model of mammary-
specific STATS activation, in which STAT5 activity, when aberrantly sustained through
post-lactational involution, upregulated Aktl transcription and impaired apoptosis. These
studies suggest that high levels of prolactin-induced STATS5 activity, as seen during
lactation, maintains Aktl expression and activity to promote cell survival, but when
lactation ceases STAT5-induced Akt expression must be depleted in order for cells to
undergo apoptosis [75].

Like prolactin signaling, other ligand-activated signaling cascades are capable of driving
PI3K/Akt signaling during lactation, and if not turned off, can delay post-lactational
apoptosis. For example, cell signaling initiated by IGF-1, which activates IGFR thus causing
tyrosine phosphorylation of insulin receptor substrate proteins [76], potently activates the
PI3K/Akt signal transduction cascade in the mammary epithelium during lactation.
Overexpression of IGF-1 in the mouse mammary gland delayed post-lactational involution,
suggesting that suppression of IGF-mediated cell survival is required for apoptosis to occur,
and supporting the idea that PI3K signaling must be interrupted to initiate post-lactational
apoptosis [77]. IGF-1 bio-availability is tightly controlled by IGF binding proteins (IGFBPs),
which can sequester IGFs in the extracellular microenvironment of the mammary
epithelium [78]. Consistent with the ability of IGF-1 to interfere with post-lactational cell
death, one of the earliest transcriptional events during post-lactational involution is the
upregulation of IGFBP-2 mRNA (4-fold), IGFBP-4 (6-fold) and IGFBP-5 mRNA (50-fold)
[79]. This profound increase in IGFBP-5 is also seen at the protein level, and is conserved
across several species. Increased expression of IGFBPs may limit IGF1-induced signaling,
thus limiting IGF1-induced PI3K/Akt signaling [77, 80, 81]. Transgenic overexpression of
IGFBP-5 in the mouse mammary gland increased caspase-3 cleavage (an indicator of
apoptosis) and decreased the expression of the pro-survival factors Bcl-2 and Bcl-xL [80-84],
suggesting that IGFBP-5 is pro-apoptotic. An IGF-1 analogue which binds weakly to IGFBP-
5 partially overcame IGFBP-5-induced cell death during post-lactational involution,
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suggesting that IGFBP-5 was acting, at least in part, by inhibiting IGF action. Conversely,
Igfbp5 null mammary glands exhibit delayed post-lactational apoptosis [78].

2.6. TGFB3

While prolactin, IGF-1, and several RTK-activating ligands can activate PI3K/Akt signaling
to promote cell survival, other ligands are capable of inducing cell death during post-
lactational involution, such as leukemia inhibitor factor (LIF) [85-87], serotonin [88], Fas
ligand (FasL) [89] TRAIL [90], and transforming growth factor (TGF)-3. Transcripts
encoding TGF-33, but not TGF-p1 or TGF-32, substantially increase in the milk-producing
cells during post-lactational involution [91, 92]. This rapid induction of TGF-{33 transcription
in the secretory mammary epithelium occurs as early as 3 hours after pup withdrawal in
response to milk stasis [93], and is among the most rapid gene expression changes occurring
in response to post-lactational involution, suggesting that TGF(3 might be an initiating
signal for cell death during involution. It would be interesting to determine the impact of
mechanical stress on expression from the TGF3 promoter. Consistent with the proposed
role for elevated TGF-B3 in inducing apoptosis during involution, transgenic over-
expression of TGF-$3 in the secretory cells of the mouse mammary gland accelerated
apoptosis during early post-lactational involution. Conversely, loss of TGF(33 reduced post-
lactational apoptosis by nearly 70% [93], suggesting that autocrine TGF-{33 signaling initiates
cell death following pup removal.

The importance of the TGF@33-induced signaling pathway for post-lactational apoptosis has
been further investigated in genetically engineered mouse models. For example, loss of the
TGFpB-regulated transcription factor Smad3 decreased post-lactational apoptosis by nearly
40% [94]. Similarly, loss of TGF-{ receptor type II (TPRII) in the mammary epithelium, or
transgenic expression of dominant negative (DN) TBRII decreased apoptosis during early
post-lactational involution [95-97], consistent with a critical role for TGF-3 signaling
through TPRII and Smad3 to induce apoptosis during early involution. However, there is
some discrepancy regarding the role of TGFp signaling during involution, as transgenic
expression of constitutively active TBRI decreased apoptotic cells in the mammary gland
[98]. Perhaps elevated TPBRI signaling activates signaling pathways not normally active
under physiological conditions.

2.7. Stromal-epithelial interactions

The signaling pathways described above focus on those events occurring within the
secretory epithelium that are responsible for initiating cell death during post-lactational
involution. However, it is becoming more apparent that stromal cells contribute substantially
to post-lactational apoptosis [99-103]. This was recently demonstrated in a transgenic mouse
model referred to as MAFIA (macrophage Fas-induced apoptosis) [104]. Macrophages from
MAFIA mice express a modified Fas receptor that, in response to a dimerization-inducing
small molecule (AP20187), triggers Fas-mediated apoptosis. Depletion of macrophages
immediately prior to weaning impaired apoptosis within the secretory mammary epithelium,
despite milk stasis and STAT3 activation [105]. These results demonstrate that macrophages
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are necessary to initiate apoptosis in the mammary epithelium. The underlying mechanism
remains unclear at this point. However, it is possible that macrophages respond to signals
emanating from mechanically stressed epithelia by producing factors that may activate the
signaling pathways necessary for induction of apoptosis, or repress signaling pathways that
may otherwise limit apoptosis. The transcriptional signatures generated from mouse
mammary glands during involution were derived from whole tissue RNA, which would
include not only epithelia but also the dynamic stromal components of the mammary gland.
Therefore, it is possible that many expression events detected during early post-lactational
involution are occurring within macrophage populations.

Mast cells are also heavily recruited to the mammary gland during post-lactational
involution [106], and like macrophages, are critical for epithelial apoptosis during mammary
gland involution [107]. Specifically, mast cells produce plasma kallikrien (PKal), the primary
activator of plasminogen in the mammary gland. Expression of PKal rapidly increases
during involution, and while PKal, plasminogen, and other serine proteases undoubtedly
have a major role in tissue remodeling during later stages of involution, evidence suggests
that PKal also drives epithelial apoptosis. Inhibition of mast cell-derived PKal during post-
lactational involution impaired epithelial cell death, suggesting that mast cells are vital for
triggering apoptosis in the post-lactational mammary gland. Interestingly, in the absence of
STAT3 within the mammary epithelium, mast cells and macrophages are not recruited to
the mammary gland during post-lactational involution [108], suggesting that recruitment of
stromal cells to the involuting mammary gland is initiated by early apoptotic signaling
events occurring within the epithelial compartment (Fig. 1).

2.8. Lysosomal membrane polarization

Although most studies suggest that mammary gland involution occurs by apoptosis, it has
been proposed recently that several morphological features of the involuting mammary
gland may resemble necrosis rather than apoptosis [109]. These include cytoplasmic
swelling, lack of membrane blebbing, and lack of nuclear fragmentation. Using mice
deficient for both caspase 3 and 6, it was shown that mammary gland involution could
proceed in the absence of these two classical activators of apoptosis, suggesting that perhaps
alternative mechanisms of programmed cell death may exist in the post-lactational
mammary gland. The authors proposed that STAT3 activity could upregulate expression of
lysosomal cathepsins, which may leak from lysosomes to activate cell death pathways [110,
111]. In support of this idea, cathepsin L is upregulated strongly with the onset of mammary
involution [112]. Mice treated with a specific cathepsin L inhibitor during the first three days
of involution demonstrated reduced cell death as compared to untreated mice [112].
Cathepsin-induced cell death can be simulated by ectopic addition of reactive oxygen
species (ROS) to cultures of mammary epithelial cells. Interestingly, the ROS nitric oxide
(NO) can trigger mammary gland involution after weaning [113] in mice. While the role of
apoptotic cell death in the mammary gland is widely accepted, investigators should be
aware of alternative cell death pathways that contribute to programmed cell death during
involution.
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Figure 1. Apoptosis in the post-lactational mammary epithelial cell (MEC) is initiated by three
molecular signals that are each required: TGF@3, NF«B, and STAT3. Their loss impairs post-lactational
apoptosis, despite continued milk stasis. Apoptotic MECs are cleared from the mammary gland by
efferocytosis, or the phagocytic engulfment of dying cells. In the post-lactational mammary gland,
MECs and macrophages engulf neighboring apoptotic cells. The phagocyte uses cell surface receptors to
recognize, bind, and engulf apoptotic cells. These receptors include MerTK, Axl, avf3 integrin and
others. Intracellular signaling pathways that regulate cytoskeletal rearrangements (such as Rac
signaling) are necessary for efferocytosis. Once engulfed into vesicles, apoptotic cells are degraded by
the lysosomal pathway. Efferocytosis activates NF-kB and STAT3, upregulating cytokines that are
critical for post-lactational mammary remodeling.

2.9. Pathologies of the breast due to aberrant regulation of apoptosis

In the clinical setting, post-lactational involution of the secretory epithelium begins with
milk stasis, at which point the secretory cells undergo apoptosis. Clearance of dying cells
and residual milk is accomplished by phagocytes within the breast [114]. Regrowth of
stromal adipose tissue and continued tissue remodeling returns the breast to a relatively
quiescent state comprised of morphological structures similar to those found in nulliparous
women. Rarely, the process of involution may be delayed. Failure to remove unnecessary
lactational cells may result in symptomatic inflammatory tissue damage. Delayed involution
in the human breast is characterized by the maintenance of secretory structures, loss of post-
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lactational apoptosis, and infiltration of the breast by inflammatory cells. Focal calcification
may also be present [5]. Ductal distention of accumulated milk can be painful. Stagnant milk
can be a source for infection and mastitis, to which the gland would respond with secretion
of acute inflammatory cytokines and recruitment of leukocytes [115]. Similar to this clinical
scenario, mouse models of delayed post-lactational cell death commonly develop mastitis
[49, 108, 116].

EMS Bridging EMS Mammary Tissue and Cell Line
receptor Molecule Expression
(BM)
PSR = PS [117] Primary mouse mammary epithelia
[117]
TIMs - PS [118-124] unknown
BAI1 - PS [125] unknown
Stabilin-2 - PS [126, 127]. unknown
ABCA1 unknown PS [128, 129] Bovine [130], mouse, human
mammary [129]
av3s Vitronectin [131] PS [131, 132] Human MCF10A, MCF-7, and
integrin Thrombospondin MDA-MB-231 cells [134]
[132] bovine [135], mouse mammary gland
MEFG-ES8 [133] [136, 137]
Tyro3 Gas6 [138] PS [138] unknown
Protein S [139,
140]
Axl Gasb6 [138, 141] PS [138, 141] Human breast [142]
MerTK Gas6 [138] PS [138, 140] Mouse mammary [116]
Protein S[140]
CR3/CR4 unknown C3bi [143] unknown
CD14 unknown ICAM [144] Bovine [145], canine [146], mouse [4],
and human mammary [144, 147]
CDé68 unknown unknown Human, mouse mammary
macrophages [148]
CD163 unknown unknown Human breast [148]
CD36 Thrombospondin unknown MDA-MB-435, MDA-MB-231 human
[132] cells in mouse mammary [149]
LRP B2GP1 [150] PS [150] Rat mammary gland [152]
Clq [151] Calreticulin Normal, transformed mammary
[151] epithelia [153]
Marco unknown unknown unknown
[154]

Table 1. Key Factors Involved in Efferocytosis
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Recent data garnered from mouse models of delayed post-lactational involution suggest that
deregulation of post-lactational apoptosis may facilitate mammary tumor formation [34, 70,
73, 155-157]. Observations made in human populations also suggest that altered post-
lactational involution may associate with tumor formation in the breast [100-102, 158]. This
may reflect micro-environmental influences, or may be a function cell death-dependent
removal of unnecessary breast epithelial cells in a regulated fashion. In many cancers,
intrinsic cell deaths mechanisms become suppressed, contributing to the net growth of the
transformed cell population. For example, activation of STAT5 in post-lactational mouse
mammary glands delays apoptosis, and results in formation of mammary tumors that
express estrogen and progesterone receptors (ER+PR+), as well as activated STAT3 and
STAT5 [159]. Moreover, post-lactational transcriptional programs initiated by NF-kB and
STAT3 not only support cell death, but also enhance tumor formation and progression by
inducing expression of pro-tumorigenic cytokines [23, 24, 28, 34, 160-162]. Indeed, the
transiently increased risk of developing breast cancer in the five years following a
pregnancy may be greatly influenced by a deregulated tumor microenvironment developed
in the post-lactational breast [101].

While post-lactational involution and age-related lobular involution are distinct processes,
recent studies indicate that both are related to breast cancer development. Clinical studies
show that completion of lobular involution may reduce future breast cancer incidence [163-
166]. With aging, there is a gradual loss of breast epithelial tissue that typically begins in
peri-menopause, which then accelerates during menopause. Lobular involution is
characterized by the apoptosis-mediated decrease in the size and complexity of the ductal
tree and of the TDLU. This is distinct from post-lactational involution, which occurs very
rapidly by comparison. However, similar mechanisms controlling apoptosis of the breast
epithelium may occur in these two distinct models of involution.

Lobular involution, like post-lactational involution, may inversely correlate with breast
cancer risk, since premenopausal women who underwent partial or complete lobular
involution had a substantially decreased incidence of breast cancer, while postmenopausal
women who showed delayed lobular involution were found to have a correspondingly
elevated breast cancer incidence [164]. While much remains to be learned about how lobular
involution is regulated, some clinical studies and animal models suggest that IGF-1 may
inhibit involution of lobules in the breast [163]. Clinically, a cross-sectional study among 472
women demonstrated that higher IGF-1 levels associated with incomplete lobular
involution, supporting the idea that IGF-1/PI3K/Akt-induced survival pathways prevent
physiologic cell death, leading to pathological consequences.

2.10. Introduction to efferocytosis in the breast

Following apoptosis, one final event is needed to truly complete the life of the cell. This final
step is phagocytic engulfment of apoptotic cells or ‘efferocytosis’. The term ‘efferocytosis’
was recently coined by Hensen et al. to distinguish phagocytic apoptotic cell removal from
phagocytic pathogen removal [167]. While both processes are executed by phagocytes, they
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result in distinctly different biological responses, one characterized by a dampened acute
inflammatory response and upregulation of tolerogenic and wound healing effectors
(efferocytosis), while the other is characterized by a pro-inflammatory response (pathogen
removal).

Efferocytosis is a carefully regulated process involving recruitment of phagocytes to the
apoptotic cell, recognition of the apoptotic cell by the phagocytes, engulfment of the
apoptotic cell by the phagocyte, and final breakdown of apoptotic cell components. If
disrupted, apoptotic cells will undergo necrotic lysis, leading to acute inflammation, tissue
damage and autoimmunity. Therefore, efferocytosis is critical for tissue homeostasis.
However, recent discoveries indicate that the normal process of efferocytosis may be
undesirable under certain pathological conditions, such as in the tumor microenvironment.
We will discuss apoptotic cell clearance in the normal post-lactational breast and in the
breast tumor microenvironment.

2.11. The process of efferocytosis

In general, clearance of apoptotic cells is often executed by macrophages and dendritic cells
(DCs), but can also be performed by fibroblasts, endothelial and epithelial cells. A cell that
engulfs an apoptotic cell through phagocytic mechanisms is called an efferocyte, regardless
of its origin. Studies performed in cell culture and in vivo demonstrate that MECs and
macrophages are both capable of engulfing apoptotic MECs during post-lactational
involution of the secretory mammary epithelium [114, 116, 168].

Macrophages, the ‘professional phagocytes’ of the immune system, must infiltrate the
mammary gland in response to the physiological presence of apoptotic cells during
involution. Large quantities of bone marrow-derived and spleen-derived macrophages
infiltrate the post-lactational mouse mammary gland in response to STAT3 activation and
apoptosis of the mammary secretory epithelium. It is thought that apoptotic cells may
release soluble chemo-attractants, or ‘find me’ signals, which recruit macrophages to the
post-lactational mammary gland. For example, Monocyte Chemo-attractant Protein-1
(MCP-1/CCL2) is released from apoptotic cells in an NF-kB-dependent manner [169].
Interestingly, MCP-1 expression is strongly induced in the mammary gland at day 2 of
involution, a time point that follows NF-«kB-induced cell death, and that precedes
macrophage influx in the post-lactational mammary gland. These observations are
consistent with NF-kB-induced apoptosis followed by NEF-«xB-induced expression of an
efferocyte chemo-attractant, although this has not yet been demonstrated. Additional
chemokines including CX3CL1, CCL6, CCL7, CCL8, and CXCL14, are induced during post-
lactational involution and may be signals that recruit macrophages to the involuting
mammary gland to clear the accumulating apoptotic cell burden [170, 171] [4, 16].

Histological evidence of apoptotic cells within cytoplasmic vacuoles of mammary
macrophages confirms that mammary macrophages engulf apoptotic cells during
involution. Once present within the mammary gland, the macrophage identifies apoptotic
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cells, scanning for signals that are present on the apoptotic cell but not a healthy cell, often
referred to as an ‘eat me’ signal (EMS, Table 1). The earliest and most recognized EMS is
surface exposure of phosphatidylserine (PS). Healthy cells actively maintain PS on the inner
plasma membrane leaflet. At the onset of apoptosis, PS is presented to the outer leaflet thus
acting as a marker for a dying cell that requires engulfment [172-174]. EMSs are recognized
by macrophages that express EMS receptors on their cell surface. EMS receptors may bind
directly to the EMS on the dying cell. For example, the PS receptor (PSR), a transmembrane
protein expressed by macrophages [128] and MECs [129], directly binds PS. Brain
angiogenesis inhibitor 1 (BAIl) also binds PS directly, and is important for macrophage-
mediated efferocytosis [125], but has not yet been studied in the mammary gland. Stabilin-2
and members of the T cell immunoglobin and mucin (TIM) family of receptors also directly
bind PS [118-124, 126, 127], demonstrating mechanistic redundancy in the efferocytic
pathways. It should be noted, however, that PS is an insufficient EMS, as macrophages fail
to recognize live cells in which PS is forced to the outer leaflet [173, 175].

While some EMS receptors bind apoptotic cell EMSs directly, other EMS receptors bind an
extracellular bridging molecule that simultaneously binds the EMS and the EMS receptor
(Table 1). For example, the bridging ligand milkfat globule epidermal growth factor-like 8
(MFG-E8) binds to PS on apoptotic cells [133, 176, 177], while binding ovfs and avBs
integrins expressed by macrophages. Growth arrest specific gene 6 (Gas6) and Protein S
[178, 179] are bridging molecules that bind to the EMS receptors MerTK, Axl, and Tyro3
[180] expressed by macrophages, while simultaneously binding PS on the apoptotic cell.

Once the apoptotic cell is bound to the macrophage, intracellular signaling pathways must
remodel the actin cytoskeleton to drive phagocytic ingestion of the apoptotic cell. Most of
these events have been mapped out in Caenorhabditis elegans (C. elegans), which are discussed
in detail within comprehensive reviews by Reddien et al. and Ravichandran et al. [181, 182].
In mammalian macrophages, intracellular signaling networks that regulate actin
cytoskeletal dynamics are required for apoptotic cell engulfment. For example, a protein
complex comprised of CrkIl, DOCK180, and ELMO causes activation of the Rac GTPase, a
master regulator of actin cytoskeletal dynamics. Actin-dependent membrane extensions
physically engulf the apoptotic cell [183-187]. Rac-mediated actin rearrangements are
countered by RhoA [188], which prevents the formation of cell extensions needed for
efferocytosis [189]. The engulfed apoptotic cell is then consumed by the efferocyte,
primarily through lysosomal degradation. Many signaling factors that drive apoptotic cell
engulfment also enhance lysosomal degradation of apoptotic cells. For example, Rac is
essential for maturation of phago-lysosomes in macrophages [190-193].

In addition to efferocytosis in the mammary gland, macrophages are also critical for
cytokine modulation and extracellular matrix remodeling during the second phase of
involution, underscoring the important role of macrophages in the post-lactational breast.
Given their known role as professional phagocytes and their massive influx to the post-
lactational mammary gland, it is perhaps not surprising that efferocytosis by macrophages
occurs in the post-lactational breast. What is more surprising is that apoptotic cell clearance
occurs on a profound scale prior to the influx of macrophages to the involuting mammary

13



14 Apoptosis

gland. Recent evidence demonstrated that MECs are the primary efferocytes of the breast
during the earliest stages of post-lactational involution, the first three days prior to the
influx of macrophages. The ability of MECs to act as efferocytes ensures a rapid response to
the massive level of apoptosis that occurs during post-lactational involution. Loss of MEC-
mediated efferocytosis impairs post-lactational homeostasis, resulting in chronic mammary
inflammation, scarring and inhibition of future lactation.

Interestingly, MECs utilize many of the same EMS receptors used by macrophages to
recognize apoptotic MECs. For example, MerTK is critical for MEC-mediated efferocytosis
during post-lactational involution. MerTK loss from the mouse mammary epithelium causes
apoptotic cell accumulation and milk stasis [116], despite the presence of wild-type
macrophages. Interestingly, mRNA and protein expression of MerTK is dramatically
upregulated by post-lactational day 1 within the luminal mammary epithelium. Similarly,
the integrins avfs and awvfs are expressed in the early post-lactational mammary epithelium.
The avfs bridging ligand, MFG-ES, is simultaneously induced [194], increasing the physical
interaction between MFG-E8 and PS [136] and driving the clearance of membrane-coated
milk components from the involuting mammary gland [195].

2.12. Physiological and pathological consequences of efferocytosis

After the efferocyte removes the apoptotic cell, transcriptional events in the efferocyte result
in cytokine, chemokine and growth factor production. The combined profile of the factors
produced by the efferocyte promotes wound healing through enhanced tissue remodeling,
angiogenesis, proliferation and resolution of acute inflammation. The efferocytosis-induced
wound healing cytokine profile contrasts sharply to the cytokine profile produced in
response to phagocytosis of pathogens, which is characterized by acute inflammatory
cytokines [196]. In fact, efferocytosis is thought to be a key step in resolving or dampening
acute inflammatory cytokine expression following tissue injury or pathogen exposure,
resulting in repair and homeostasis [197]. Microarray analyses of mammary glands
harvested at early post-lactational involution time points displayed a pronounced wound
healing expression signature [3, 4, 158, 168, 198, 199], consistent with transcriptional changes
that result from efferocytosis. The prominent role of efferocytosis in re-establishing
mammary homeostasis following widespread apoptosis of the secretory epithelium was
shown by experiments in which loss of efferocytosis resulted in apoptotic cell accumulation,
sustained milk stasis within ductal lumens, inflammation and scarring [116]. These
pathological changes impaired lactation in future pregnancies.

Although key to re-establishing homeostasis in the post-lactational mammary gland [116],
recent evidence indicates that efferocytosis may support a more malignant tumor
microenvironment [101, 102, 105, 106, 158, 198, 200-202]. Researchers are beginning to
address the overlapping roles of efferocytic and metastasis-promoting cytokines. In
agreement with this idea, mouse studies show that breast tumors grew more rapidly,
invaded more readily, and formed distant metastases more efficiently when implanted in
the post-lactational mammary gland as compared to implantation into a nulliparous
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mammary gland [101]. One explanation for this observation is that post-lactational
efferocytosis promotes breast tumor malignancy through production of wound healing
cytokines, which are known to drive breast cancer growth and invasion. In support of this
idea, MFG-E8 [203] and its receptor avfss, as well as Gas6 and its ligand MerTK [116, 204]
are frequently overexpressed in breast cancers. One recent study demonstrated that the pro-
tumorigenic cytokine IL-6 induces expression of MerTK, enhancing the ability of
macrophages to engulf apoptotic cells and increasing production of wound healing
cytokines such as IL-4 and IL-10 [205]. Recently published data implicates MerTK in breast
cancer metastasis [206].

This observation has clinical relevance to pregnancy associated breast cancers (PABCs),
defined as breast cancers that arise during the 5 years following a pregnancy. PABCs are
among the most malignantly aggressive breast cancers, and are thus associated with poor
prognosis. A better understanding of the processes outline above will undoubtedly expand
the therapeutic options for these patients.

3. Conclusion

Altogether, these data support the hypothesis that targeting mediators of efferocytosis may
limit pro-tumorigenic cytokine production. Moreover, it is becoming increasingly apparent
that many factors within the mammary gland cooperate to ensure apoptosis and apoptotic
cell clearance, highlighting the complexity of these processes and the need for more detailed
investigations. Due to the dominant role of apoptosis and efferocytosis in maintaining tissue
homeostasis, especially during post-lactational involution, the mammary gland provides an
ideal platform for future study.
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1. Introduction

The human immunodeficiency virus type 1 (HIV-1) pandemic has claimed over 20 million
lives, with 38.6 million people worldwide currently infected (2009 AIDS Epidemic Update
by UNAIDS/WHO, www.unaids.org), and will continue to contribute to human morbidity
and mortality. The number of people living with HIV-1 continues to rise worldwide because
of high rates of new infections and the success of antiretroviral therapy (ART, also known as
the highly active antiretroviral therapy or HAART). HIV-1 infection results in a variety of
syndromes involving both the central and peripheral nervous systems. HIV-1 invades the
central nervous system (CNS) early during the course of infection and persists thereafter in
the absence of treatment. HIV-1 infection of the CNS is often associated with neurological
complications including HIV-1-associated severe and mild neurologic disorders. Prior to
HAART, neurologic disorders were the first manifestation of symptomatic HIV-1 infection,
affecting roughly 10% — 20% of patients and up to 60% of patients in the advanced stages of
acquired immunodeficiency syndrome (AIDS)!. HIV-1 infection is also associated with
neuropathic pain, which is caused by peripheral nervous system injury. The vast majority
(up to 90%) of individuals infected with HIV-1 have pain syndromes that significantly
impact their well-being?'3. A variety of pain syndromes including peripheral neuropathies,
headache, oral and pharyngeal pain, abdominal and chest pain, arthralgias and myalgias as
well as pain related to HIV-1/AIDS-associated malignancies such as Kaposi’s sarcoma'#".
Pain occurs at all stages of HIV-1 infection, although its severity and frequency are
correlated with disease progression?'. In the era of HAART, patients infected with HIV-1
live longer, and management of their symptoms including pain has emerged as a top
priority for HIV-1 clinical and translational research.

Uniquely, neuronal injury, cell loss and dysfunction during HIV-1 infection appear to occur
through soluble neurotoxins rather than productive virus infection, because there is no
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evidence that HIV-1 directly infects neurons. Apoptosis, an active process of cell death
characterized by cell shrinkage, chromatin aggregation with genomic fragmentation and
nuclear pyknosis, appears to be an important feature of HIV-1-associated central neurological
dysfunction and peripheral neuropathy. Apoptotic neurons have been observed in the CNS of
HIV-l-infected individuals, and are more abundant in HIV-1 patients with peripheral
neuropathy. Herein, we review the role of neuronal apoptosis in HIV-1-associated
neurological disorders, focusing on HIV-1-associated CNS manifestations and sensory
neuropathic pain. This review also summarizes the current data supporting both the direct
and indirect mechanisms by which neuronal apoptosis may occur during HIV-1 infection.
Finally, we discuss recent and past approaches for the prevention and treatment of HIV-1-
associated neurological disorders by targeting specific neurotoxic signaling pathways.

2. Overview of HIV-1-associated neurological disorders

Neurologic disorders are among the most frequent and devastating complications of HIV-1
infection. Prior to HAART, neurologic disorders were the first manifestation of symptomatic
HIV-1 infection, affecting roughly 10% — 20% of patients and up to 60% of patients in the
advanced stages of HIV-1/AIDS. The incidence of subclinical neurologic disease is much
higher. Autopsy studies of AIDS patients have demonstrated pathologic abnormalities of
the nervous system in 75 - 90% of cases!”!8. Neurologic disorders continue to be prevalent in
the era of HAART. HAART has reduced the incidence of severe forms of AIDS-associated
neurologic disorders such as HIV-1-associated dementia (HAD), but with longer life span,
the prevalence of milder forms of neurologic manifestations such as HIV-1-associated
neurocognitive disorder (HAND) appears to be increasing!®?. In resource-rich settings such
as the United States and the European Union, where antiretroviral therapy is relatively
available, peripheral neuropathy and HIV-1-associated cognitive dysfunction (including
HAD) account for the greatest proportion of neurologic disease burden?"?2. In resource-poor
settings such as developing countries, opportunistic infections of CNS account for most of
the reported neurologic morbidity and mortality in AIDS patients?. Fulminant bacterial
meningitis, cryptococcal meningitis, neurotuberculosis, neurosyphilis, and toxoplasmosis
are common among HIV-1-infected individuals in Asia and Africa®.

The neuropathic syndromes associated with HIV-1 infection are diverse and include both
the somatic and autonomic nervous systems. The primary pathological abnormality may be
demyelination, both acute and chronic, or axonal degeneration. Either single or multiple
nerves may be involved leading to mono- or polyneuropathy. HIV-1 invades the CNS early
in the infectious course, and eventually causes mild or severe forms of HIV-1-associated
neurologic manifestations®*. Severe manifestations include HIV-1-assocated dementia
complex (HAD, HIV-1-encephalopathy, and subacute encephalitis) and HIV-1-associated
myelopathy, whereas mild manifestations include HIV-1-associated neurocognitive/motor
disorders and HIV-1-associated neurobehavioral abnormalities (Table 1)%. HIV-1 also affects
the peripheral nervous system (PNS) and PNS damage can be assessed by
electroneurographic examinations quantifying nerve conduction velocity (NCV) and action
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potential amplitudes. Defined disorders of the PNS comprise the HIV-1-associated Guillain-
Barré syndrome and sensory polyneuropathy (Table 1).

CNS disorders PNS disorders
Severe manifestations HIV-1-associated Guillain-Barré syndrome
HIV-1-assocated dementia complex HIV-1-associated sensory polyneuropathy

HIV-1-associated dementia (HAD)

Subacute encephalitis

HIV-1-encephalopathy
HIV-1-associated encephalopathy (HIVE)
HIV-1-associated myelopathy (HIVM)

Mild manifestations
HIV-1-associated neurocognitive/motor disorder
HIV-1-associated neurcbehavioral abnormalities

Table 1. HIV-1-associated CNS and PNS disorders
HAD: HIV-1-associated dementia; HIVE: HIV-1-associated encephalopathy; HIVM: HIV-1-associated
myelopathy.

3. Neuronal apoptosis in the central nervous system in HIV-1 infection

Apoptosis of neurons and non-neuronal cells has been demonstrated in the brain of HAD
patients?. Petito and Roberts reported that neuronal and astrocytic death in HIV-1 infection
occurred by apoptosis?. They identified apoptotic neurons, astocytes, and multinucleated
giant cells in the brain of adults with HIV-1-associated encephalopathy (HIVE) using a
combined approach of in situ end labeling (ISEL) and immunohistochemistry?”. Neuronal
apoptosis occurs not only in HIV-1-infected adults but also in infected children. Using an in
situ technique, Gelbard et al found that newly cleaved 3'-OH ends of DNA, a marker for
apoptosis, in the brain of children with HIVE?. They demonstrated the presence of
apoptotic neurons in cerebral cortex and basal ganglia of children that had HIVE with
progressive encephalopathy?. In addition, association of the localization of apoptotic
neurons with perivascular inflammatory cell infiltrates containing HIV-1 infected
macrophages and multinucleated giant cells was observed?. Adle-Biassette et al found
apoptotic perivascular cells in the brain of adults with HIVE?. Neuronal apoptosis was
more severe in atrophic brains, and did not directly correlate with productive HIV-1
infection, suggesting that an indirect mechanism of neuronal damage exists. Shi et al
demonstrated neuronal apoptosis in brain tissue from AIDS patients and in HIV-1-infected
primary human fetal brain cultures®. HIV-1 infection of primary brain cultures induced
apoptosis in neurons and astrocytes in vitro as determined by terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL) and propidium iodide (PI) staining
and by electron microscopy®. Apoptosis was not significantly induced until 1 - 2 weeks after
the time of peak virus production, suggesting that apoptosis of neurons and non-neuronal
cells in HIV-1 infection is triggered by soluble factors rather than by direct viral infection®.
An et al used ISEL technique to examine neuronal apoptosis in the brains of AIDS and pre-
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AIDS patients®32. The presence of apoptotic cells in the brains of HIV-1-positive pre-AIDS
individuals was observed, although the frequency was lower than that in the brain of AIDS

patients. These data suggest that brain damage already occurs during the early stages of
HIV-1 infection®32,

Apoptotic neurons are found in several regions of the brain of adults with HIVE including
the frontal and temporal cortex, basal ganglia and brain stem?-%2. The basal ganglia
apoptotic neurons were found to be more abundant in the vicinity of activated microglia
that had higher HIV-1 copies as determined by measuring HIV-1 core proteins®*2. Within
the cerebral cortex, the extent of neuronal apoptosis correlated with cerebral atrophy
patients®®2. In addition, apoptotic neurons in the basal ganglia and cerebral cortex of
children with HIVE were detected in the vicinity of perivascular inflammatory cell
infiltrates containing HIV-1- infected multinucleated giant cells and macrophages?.

Blood Brain
|— Microglia/Macrophages
. I . Macrophages Neurotoxic factors
< ‘ phag E‘?:zrs‘;namng'lgg facters Inflammation
Mz * - ‘ Fnl-ee Radlicals — 5 Up-regulation of Bax and
. E . * e MMPs Down-regulation of Bcl-2/Bcl-x
=
% _é-’ 5 Virions & Viral proteins
— =
z 9 ¢ &
e N
‘g.b Direct neurotoxic effect
L o & e ,
. dq_D'-‘:‘c
. . %ed ﬁf‘c\‘

g
{ ?;W Glutamate Neuron
_/‘w
& “;edeﬁﬂ“

Neuronal apoptosis
Astrocytes

1189 |e1jayjopu3

- | -
- | -

- - Increased BBB permeability

Note: This figure was modified from Jones G. & Power C. Neurobiology of Disease, 2006; 1 - 17
M/M®: monocytesimacrophages

Figure 1. Neuronal apoptosis in the central nervous system in HIV-1 infection.
Monocytes/macrophages (M/M®) play a crucial role in HIV-1-associated neurologic disorders. They are
among the first cells infected by HIV-1, which then forms a reservoir of HIV-1 in infected individuals.
HIV-1-infected monocytes/macrophages serve as a means (Trojan horse) of spreading the virus to other
tissues such as the brain. HIV-1 gains entry into the brain within macrophages that efficiently produce
new virions. These virions infect microglia, astrocytes, endothelial cells, and multinucleated giant cells
in the brain. Virions and viral proteins, and the neurotoxic factors released from HIV-1-infected cells
induce apoptosis of neurons. The disruption of glutamate homeostasis induces neuronal excitotoxicity,
resulting in neuronal cell death.

In addition to apoptotic neurons, apoptosis of other CNS cell types in the brain of HAD
patients has also been reported. Apoptotic astrocytes were detected and found to be more
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common in the brain of HAD patients compared to non-demented HIV-1/AIDS patients?-®2. In
addition, greater numbers of apoptotic astrocytes were detected in the brains of AIDS patients
with rapidly progressing dementia compared to slow progressors®%. Astrocytes are the most
abundant cells of the human brain, and perform many functions including biophysical
support of endothelial cells that form the blood-brain barrier (BBB), provision of nutrients to
the nervous tissue, maintenance of extracellular ion balance, and a role in the repair and
scarring process of the brain and spinal cord following traumatic injuries. HIV-1-mediated loss
of astrocytes impairs maintenance of the BBB and alters the composition of the extracellular
environment, resulting in increased BBB permeability. These findings suggest that astrocyte
cell loss plays a critical role in the neuropathogenesis of HAD (Figure 1). Table 2 summarizes
the studies in vivo and in vitro on neuronal apoptosis in HIV-1 infection.

In vivo studies

Petito et al., 1995 Apoptotic neurons, astrocytes, and multinucleated giant cells in the brain of adults with HIVE

Gelbard ef al., 1985, Apoptotic neurons, macrophages, and microglia in the brain of children with HIVE

Adie-Biassette ef al., 1895 Apoptotic neurons and perivascular cells in the brain of adults with HIVE

Shi ef al., 1996 Apoptotic neurons, astrocytes, and endothelial cells in the brain of adults with HIVE

An ef al., 1896 Apoptotic neurons and glial cells in the brain of AIDS patients and pre-AIDS patients

Krajewski et al., 1997 Elevated numbers of Bax-positive microglia and macrophages in the brain of children with HIVE

Vallat ef al., 1998 Apoptotic neurons, astrocytes, endothelial cells, pericytes, and macrophages in the brain of AIDS patients

In vitro studies

Shi ef &l., 1996 Apoptosis of neurons and astrocytes in primary human brain cultures infected with HIV-1gq ¢
New et al., 1997 Apoptosis of primary human neurons induced by soluble HIV-1 Tat protein

Talley et al., 1995 Apoptosis of differentiated SK-N-MC human neuroblastora cells induced by TNF-a

Muller et al., 1992 Apoptosis of neurons in rat cortical cultures induced by soluble HIV-1 gp120 protein

Chi et al., 2011 Apoptosis of rat primary dorsal root ganglion neurons directly induced by HIV-1 Tat protein

This table was modified from Shi et al., the Journal of NeuroVirology, 1998: 4, 281 - 290

Table 2. Summary of in vitro and in vivo studies on neuronal apaoptsois in HIV-1 infection

4. Neuronal apoptosis is associated with pain in HIV-1-infected patients.

The vast majority (up to 90%) of individuals living with HIV-1 have pain syndromes that
significantly impact their well-being??3. Pain occurs at all stages of HIV-1 infection, although
its severity and frequency are correlated with disease progression?®. In the era of HAART,
patients infected with HIV-1 live longer, and management of their symptoms including pain
is emerging as a top priority for HIV-1 clinical and translational research. However, pain is
often under-assessed and undertreated in people with HIV-1/AIDS, and little progress has
been made in understanding the underlying mechanisms that are key for pain management
and improvement of quality of life.

The pain in HIV-1-infected patients is believed to result from (1) direct neurotoxic effects of
viral components on neurons in both central and peripheral nervous systems, (2) immune
dysregulation leading to inflammatory changes, opportunistic infections and/or tumors, and
(3) the adverse effects related to antiviral drugs?*®. Viral proteins are directly involved in
neuronal damage and death. HIV-1 encodes a total of nine viral proteins including three
structural proteins (Env, Pol, and Gag), two essential regulatory proteins (Tat and Rev), and
four accessory proteins (Vif, Vpr, Vpu, and Nef). These viral proteins have been extensively
studied for their role in HIV-1-associated CNS neuropathy. To date, five of these proteins
including Env, Tat, Vpr, Nef, and Rev have been identified as potent neurotoxic viral
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proteins in that they directly induce neuronal cell death (Figure 2). These proteins are
implicated in HIV-1-associated CNS pathologies such as mild to severe cognitive
impairments and encephalitis’*. Recent studies have shown that Env and Vpr exert
neurotoxic activities on peripheral sensory neurons (pain-sensing neurons). Injection of Env
into the spinal intrathecal space of rats causes marked pain-like effects*“, and Vpr
enhances excitability of dorsal root ganglion (DRG) neurons®. These results suggest that
HIV-1 neurotoxic proteins have direct effects on peripheral nerves, and may be causative
factors in the generation of neuropathic pain in HIV-1-infected individuals.
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Figure 2. HIV-1 genome and viral proteins. HIV-1 is composed of two copies of single-stranded RNA
genome with approximately 9700 bp in length. HIV-1 genome encodes a total of nine viral proteins
including three structural proteins (Env, Pol, and Gag in open boxes), two essential regulatory proteins
(Tat and Rev in black boxes), and four accessory proteins (Vif, Vpr, Vpu, and Nef in gray boxes). Genes
encoding HIV-1 proteins with know neurotoxicity are given in bold.

HIV-1 Env gene encodes a 160-kDa envelope glycoprotein (gp160) precursor, which is
proteolytically cleaved into the exterior (gp120) and transmembrane (gp41) glycoproteins.
The gp120 remains associated with the mature envelope glycoprotein complex through a
non-covalent interaction with the gp41 ectodomain. Three exterior gp120 glycoproteins
and three transmembrane gp4l proteins are assembled as a trimer by non-covalent
interactions. The gp120 has been shown to directly interact with neurons, leading to
neuronal apoptosis. In vivo experiments have shown that subcutaneous injection of
purified recombinant gp120 in neonatal rats causes dystrophic changes in pyramidal
neurons of cerebral cortex accompanied by abnormalities of developmental behaviors®.
Toggas et al generated transgenic mice expressing gp120 mRNA in astrocytes and found a
spectrum of neuronal and glial changes resembling abnormalities in brains of HIV-1-
infected individuals®'. The severity of brain damage correlated positively with the brain
level of gp120 expression®!. These results provide in vivo evidence that gp120 plays a key
role in HIV-1-associated nervous system impairment. Damage of neurons has also been
reported in transgenic mice expressing the entire HIV-1 genome®, Tat*®, or Vpr®.
Transgenic mice expressing Nef>>> primarily showed severe impairment of thymocyte
development and peripheral T-cell function by a CD4-independent mechanism. Nef
expression in these mice also indirectly contributes to HIV-1-associated neuropathy by
enhancing protein expression of other HIV-1 genes and altering cellular maturation in
vivo¥. In vitro exposure to HIV-1 proteins including gp160, gp120, gp41, Tat, Nef, Rev, and
Vpr has been reported to initiate neuronal damage3-62,



Neuronal Apoptosis in HIV-1-Associated Central Nervous Diseases and Neuropathic Pain 35

Dorsal root ganglion (DRG) neurons have central terminals in the spinal cord dorsal horn
and peripheral terminals in skin, muscle and other peripheral tissues. These DRG neurons
transmit and relay pain-related signals and temperature sensation from peripheral tissues to
the spinal cord and brain. Neurotoxins and inflammatory molecules cause hyperexcitability
of primary DRG neurons leading to spontaneous or persistent firing. These agents also
induce apoptosis of DRG neurons, resulting in permanent neuron damage, death, and nerve
lesions. It is well established that peripheral sensitization of primary DRG neurons is the key
event in the onset of chronic pain conditions ¢. Peripheral sensitization is defined as the
enhancement of a baseline response, such as action potential (AP) firing, after exposure to a
defined mediator ®. For example, exposure to the pro-inflammatory prostaglandin E:
(PGE), increases the number of APs evoked by an excitatory stimulus by about three-fold
compared to the control, thus the neuronal output is intensified by PGE2 %%, This increased
firing is believed to be critical in the enhanced perception of pain sensation for both
inflammatory and neuropathic conditions *. Our group has recently explored the direct
effects of HIV-1 Tat protein on excitability of rat primary DRG neurons®. We demonstrated
that HIV-1 Tat triggered a rapid and sustained enhancement of the excitability of small-
diameter rat primary DRG neurons, which was accompanied by marked reductions in the
rheobase and resting membrane potential (RMP), and an increase in the resistance at
threshold (Rm). Such Tat-induced DRG hyperexcitability may be a consequence of the
inhibition of cyclin-dependent kinase 5 (Cdk5) activity. Tat rapidly inhibited Cdk5 kinase
activity and mRNA production, and roscovitine, a well-known Cdk5 inhibitor, induced a
very similar pattern of DRG hyperexcitability. Indeed, pre-application of Tat prevented
roscovitine from having additional effects on the RMP and action potentials (APs) of DRGs.
However, Tat-mediated actions on the rheobase and R were accelerated by roscovitine.
These results suggest that Tat-mediated changes in DRG excitability are partly facilitated by
Cdks5 inhibition. In addition, Cdk5 is most abundant in DRG neurons and participates in the
regulation of pain signaling. We also demonstrated that HIV-1 Tat markedly induced
apoptosis of primary DRG neurons after exposure for longer than 48 h. Together, our work
indicates that HIV-1 proteins are capable of producing pain signaling through direct actions
on excitability and survival of sensory neurons.

However, we still do not know: (1) whether all five HIV-1 neurotoxic proteins induce pain-
related signaling, (2) what is their rank order for induction of pain-related signaling, (3)
whether these neurotoxic proteins exert synergistic effects on pain-related signaling, and (4)
the molecular mechanisms by which HIV-1 neurotoxic proteins exert neuropathogenic
effects on sensory neurons. Clarification of these issues will have potentially important
implications for developing therapeutic strategies to prevent or treat HIV-1-assciated pain.
For example, early initiation of HAART and/or neutralization of HIV-1 protein neurotoxicity
may significantly prevent or delay HIV-1-associated pain.

5. Mechanisms of neuronal apoptosis induced by HIV-1 infection

There are two main apoptotic pathways: the extrinsic or death receptor pathway and the
intrinsic or mitochondrial pathway®®. There is an additional pathway that involves T-cell
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mediated cytotoxicity and perforin-granzyme-dependent killing of the cell by inducing
apoptosis via either granzyme B or granzyme A®. The extrinsic and intrinsic pathways are
initiated by caspase-3 activation induced by proteolytic cleavage and results in DNA
fragmentation, degradation of cytoskeletal and nuclear proteins, formation of apoptotic
bodies, expression of ligands for phagocytic cell receptors and finally uptake by phagocytic
cells, whereas the granzyme pathway activates a parallel, caspase-independent cell death
pathway via single stranded DNA damage. All of these three pathways may be involved in
neuronal apoptosis in HIV-1 infection.

5.1. Extrinsic pathway

Several factors including neurotoxins such as tumor necrosis factor alpha (TNF-a) secreted
by HIV-1-infected macrophages and microglia, and soluble forms of the HIV-1 gp120 and
Tat proteins have been reported to mediate HIV-1-induced neuronal injury®. TNF-«a is
elevated in the serum, cerebrospinal fluid (CSF), and brain of AIDS patients. The elevated
TNF-a levels have been shown to correlate with clinical dementia®. The binding of TNF-a
to TNF-a receptor-1 (TNFR1) on the surface of neurons activates TNFR1-associated death
domain protein (TRADD), which in turn interacts with Fas-associated death domain protein
(FADD) to induce apoptosis of neurons®. However, TNF-a and TNF-beta (TNF-{) have also
been shown in certain circumstances to be neuroprotective. TNF-a and TNEF-§ protect
cultured embryonic rat hippocampal, septal, and cortical neurons against glucose
deprivation-induced injury and excitatory amino acid toxicity’””. TNF-a induces the
expression of the chemokine CX3CL1 in astrocytes”’, which in turn protects neurons from
HIV-1 gpl20-mediated toxicity”>. TNF-a protective or destructive effects on neuronal
survival depend on the timing, duration, and concomitant expression of other elements.

The TNF-related apoptosis-inducing ligand (TRAIL), a member of the TNF superfamily, is
also involved in neuronal apoptosis’™. TRAIL is a type II integral membrane protein and
expressed by multiple cell types”. TRAIL protein levels were increased in human monocyte-
derived macrophages after HIV-1 infection and immune activation”. In the brain of HIVE
patients, TRAIL-expressing macrophages were found in association with active caspase-3
positive neurons”. In vitro studies have shown that TRAIL induces a dose-dependent effect
on neuronal apoptosis”.

Five HIV-1 proteins including Env, Tat, Vpr, Nef, and Rev, are potent neurotoxic viral
proteins that cause apoptosis of various neuronal populations in the CNS, resulting in
pathologies such as cognitive impairment and encephalitis associated with NeuroAIDS
(Figure 2). HIV-1 gp120 binds with high affinity to CXCR4 expressed on human neurons”,
resulting in neuronal apoptosis®*?. CXCR4 is a seven transmembrane domain G-protein-
coupled receptor and activation of this receptor via binding of gp120 triggers neuronal
apoptosis. The exact mechanism underlying gp120-CXCR4-mediated neuronal apoptosis
remain unclear, but is not related to increases in intracellular calcium (Ca?) or to induction
of glutamate uptake by functional glutamate receptors™. Tat appears to exert its neurotoxic
activity via binding to the N-methyl D-aspartate (NMDA) receptor and the low-density
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lipoprotein receptor-related protein (LRP)7¢7°, whereas evidence of Vpr, Nef, or Rev binding
to surface receptor(s) of neurons is lacking. Binding of HIV-1 Tat to LRP triggers formation
of a macromolecular complex involving the LRP, NMDA receptors, postsynaptic density
protein-95 (PSD-95), and neuronal nitric oxide synthase (nNOS) at the neuronal plasma
membrane. This complex leads to neuronal and astrocyte apoptosis. Blockade of LRP-
mediated Tat uptake, NMDA receptor activation, or nNOS significantly reduces neuronal
apoptosis, suggesting that formation of this complex is an early step in Tat-mediated
neuronal apoptosis. CCL2, an inflammatory chemokine, inhibits formation of the complex,
resulting in protection against Tat-mediated neuronal apoptosis®.

During HIV-1 infection, multiple viral proteins co-exist in circulation and tissues, and
synergize with one another to accelerate disease progression. For example, Env and Tat act
synergistically to cause cell death in CNS neurons®. Vpr and Nef each can induce injury of
podocytes, and have a synergistic effect on podocyte injury and the subsequent
development of glomerulosclerosis®. In addition, HIV-1 proteins have synergistic effects
with inflammatory factors®, methamphetamine®®, and ethanol® in acceleratory HIV-1-
associated neurological disorders. Thus, it is possible that the known HIV-1 neurotoxic
proteins have synergistic effects on neuronal apoptosis.

5.2. Intrinsic pathway

The intrinsic (or mitochondrial) pathway of apoptosis is intracellularly initiated in response
to various types of intracellular signals including growth factor withdrawal, DNA damage,
unfolding stresses in the endoplasmic reticulum (ER) and death receptor stimulation. The
intrinsic apoptotic pathway is characterized by permeabilisation of the mitochondria and
release of cytochrome C (Cyt C) into the cytoplasm. Once it is released, Cyt C binds to the
cytosolic protein known as apoptotic protease activating factor 1 (Apaf-1) to facilitate the
formation of the apoptosome, a large multi-protein complex formed in the process of
apoptosis®88. Subsequently, the apoptosome binds and activates caspase-9 preproprotein.
Activated caspase-9 then activates downstream caspases resulting in the activation of
caspase cascade®”ss,

Studies have shown that HIV-1 Vpr directly interacts with the mitochondrial membrane
to induce neuronal apoptosis through the intrinsic pathway®. Vpr directly bind to the
adenine nucleotide translocator (ANT), a component of the mitochondria permeability
transition pore located on the inner mitochondrial membrane, to trigger a rapid
dissipation of the mitochondrial transmembrane potential and the mitochondrial release
of apoptogenic proteins such as Cyt C or apoptosis inducing factor®®. Vpr induces
neuronal cell death in vivo in the absence of both profound microglia activation and pro-
inflammatory gene expression®. In addition, Vpr causes neuronal apoptosis independent
of the presence and function of the p53 tumor suppressor®*°!, a transcription factor which
regulates the expression of several pro-apoptotic proteins such as Bax, Bad, Puma, and
Bid®2. These findings further indicate that Vpr-induced apoptosis is effected via the
intrinsic pathway.
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In addition to Vpr, HIV-1 gp120 and Tat also trigger neuronal apoptosis via intrinsic
pathway®. Both gp120 and Tat enhance p53 expression and phosphorylation, and promote
BCL-2-associated X protein (Bax) insertion into the mitochondrial membrane. Peripheral
blood mononuclear cells (PBMCs) and lymph node syncytia from HIV-1 patients show
accumulation of phosphorylated p53°*. Accumulation of p53 protein in neurons of HAD
patients and in CNS tissues from monkeys with simian immunodeficiency virus (SIV)
encephalitis (SIVE) has been reported®. It is well established that p53 can mediate the
intrinsic apoptosis pathway®*. HIV-1 can establish a productive infection in perivascular
macrophages and a subset of parenchymal microglia in the brain. These infected cells
secrete gp120 and other immunomodulatory factors that lead to activation of astrocytes and
microglia. Accumulation of p53 protein also occurs in neurons and non-neuronal CNS cells,
which is required in both neurons and microglia for gp120-induced neuronal apoptosis®.

The Bcl-2 family of proteins plays a key role in the regulation of apoptosis®®®. This gene
family is comprised of antiapoptotic members including Bcl-2, Bcl-Xt, Bcl-w, Mcl-1, Bfl-1,
and Bcl-B, and proapoptotic members including Bax, Bak, Bad, Bok, Bik, Bid, Bim, Hrk, Blk,
Bnip3, Noxa, Puma, and Bcl-G!®. Both Tat and gpl20 promote Bax insertion into the
mitochondrial membrane and subsequent release of Cyt C*. Such effect of HIV-1 gp120 and
Tat can be blocked by anti-apoptotic proteins BCL-2/BCL-XL®. In addition, Tat also inhibits
expression of BCL-2 in neurons, resulting in induction of neuronal apoptosis'®. In vitro
studies have shown that over-expression of Bcl-2 in neuronally differentiated human SK-N-
MC cells protect neurons against Tat-induced apoptosis!®L.

Dysregulation of neuronal cell Ca?>* homeostasis plays a central role in both HIV-1 gp120
and Tat-induced neuronal apoptosis through the intrinsic pathway>'%2. Both gp120 and Tat
disrupt neuronal Ca?* homeostasis by perturbing Ca?-regulating systems in the plasma
membrane and ER. By altering voltage-dependent Ca? channels, glutamate receptor
channels, and membrane transporters, HIV-1 gpl120 and Tat promote Ca?* overload,
oxyradical production, and mitochondrial dysfunction. Exposure to gpl20 induces an
increased release of arachidonic acid in rat primary neuronal cell culture followed by
NMDA receptor-mediated neurotoxicity!®. The elevated arachidonic acid impairs metabolic
balance of glutamate in neurons, resulting in lethal levels of Ca? influx. As evidence, gp120-
induced neurotoxicity is inhibited by dizocilpine and memantine, two blockers of NMDA
receptors, and by AP5, a competitive antagonist of the glutamate-binding site on NMDA
receptors, but not by antagonists of non-NMDA receptors, which are less permeable to
calcium®1%2, Similar to gp120, Tat activates a wide variety of intracellular signals, some of
which play a critical role in neuronal apoptosis. Tat causes activation of c-Jun N-terminal
kinases (JNKSs), activator protein-1 (AP-1), and phosphatidylinositol 3-kinases (PI3Ks) in a
time- and dose-dependent manner'*#1%, leading to increases in activity of the protein kinase
C (PKC) and mitogen-activated protein (MAP) kinase'*. Intact molecules of Tat and peptide
fragments of Tat, in particular, Tatsie1, increased intracellular Ca?" in cultured human fetal
neurons'®. The Ca?* influx contributed to Tat-induced neuron depolarization by activation
of glutamate receptors!®. Tat is also able to increase levels of inositol 1,4,5-triphosphate (IP3)
that in turn triggers Ca? release from IPs-sensitive ER stores in cultured human fetal
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astrocytes and neurons'”. Inhibition of IPs-mediated Ca?" release from the ER has been
shown to inhibit Tat-induced neurotoxicity!””. Notably, HIV-1 gp120 and Tat have a
synergistic effect on Ca?" dysregulation in neurons®'. Subtoxic concentrations of gp120 and
Tat causes prolonged increases in levels of intracellular Ca?, resulting in neuronal cell
death. The memantine, a potent NMDA receptor blocker, can completely block the
neurotoxicity caused by Tat and gp120 applied in combination®!.

Both HIV-1 gp120 and Tat directly stimulate neurons and non-neuronal cells in the brain to
produce inflammatory factors including TNF-a, interleukin (IL)-6 (IL-6), IL-8, and CXCL10
(also known as interferon gamma-induced protein 10 or IP-10)#1%110, These inflammatory
factors cause excessive Ca?* influx and oxidative stress, resulting in neuronal apoptosis.

Notably, there is crosstalk between the extrinsic and intrinsic pathways®. For example,
cleavage of the BCL-2-family member Bid by caspase-8 activates the mitochondrial pathway
after apoptosis induction through death receptors, and can be used to amplify the apoptotic
signal'.

6. Future perspectives: Implications for therapy

As discussed, productive infection of macrophages, neurotoxic proteins, inflammatory
factors produced by activated non-neuronal cells, in particularly microglia cells and
astrocytes, in the brain of HIV-1-infected individuals are involved in neuronal apoptosis in
HIV-1 infection. Therefore, prevention or treatment of neuronal injury in HIV-1 infection
should include strategies to combat these factors. HAART has reduced the incidence of
severe forms of HIV-1-associated neurologic disorders such as HAD, but with longer life
span, the prevalence of milder forms of neurologic manifestations such as HAND appears to
be increasing. One obstacle to control brain HIV-1 infection is the fact that antiretroviral
drugs in the HAART regimens generally have a poor penetration into the CNS"2. Thus,
novel strategies to improve the delivery of these drugs to the CNS are urgently needed.
Studies have shown that some host factors may affect the intracellular drug concentration
leading to the inability of drug regimens to inhibit HIV-1 replication in cells''3. For example,
the ATP-binding cassette transporter proteins, such as P-glycoprotein and multidrug
resistance-associated proteins (MRPs), affect efflux of nucleoside reverse transcriptase
inhibitors (NRTIs) and protease inhibitors (PIs)!'3. Inhibition of P-glycoprotein or MRPs
increases uptake of saquinavir, a protease inhibitor, in the mouse brain!!4. Therefore,
targeting these transporter proteins may improve delivery of HAART regimens to the CNS.

Neurotoxic factors released from HIV-l-infected and/or activated macrophages/microglia
play a key role in the neuronal apoptosis in HIV-1 infection. Therapies targeting activation
of macrophages/microglia can potentially affect neuronal injury. Minocycline, a lipid soluble
tetracycline antibiotic that has putative effects on immune system cells, has been proposed
as a potential conjunctive therapy for HIV-1 associated neurologic disorders!’>. Minocycline
has been shown to effectively cross the BBB into the CNS parenchyma to inhibit activation,
proliferation, and viral replication of macrophages/microglia and lymphocytes in vitro'1¢120,
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resulting in reduction of the production of immune activators by these cells and neurons as
well16121122 [y vivo studies in SIV-infected pigtailed macaques showed that minocycline
reduced plasma virus, the pro-inflammatory monocyte chemoattractant protein 1 (MCP-
1)/CCL2, and viral DNA in the CNS"5. The mechanisms for these effects include
inhibition of immune cell activation, down-regulation of CD16 expression on the surface of
monocytes, reduction of monocyte/macrophage and infected cell traffic, and suppression of
inflammatory responses'’>.

Lexipafant (an antagonist of platelet-activating factor or PAF), prinomastat (an inhibitor of
matrix metalloprotease or MMP), inhibitors of TNF-a, and antioxidants have also been
proposed as therapeutic drugs for HIV-1 associated neurologic disorders®. Some of these
inhibitors of neurotoxic factors have been used to prevent or treat the pathogenesis of HAD
and HIV-1-related neurodegeneration. One compound that has yielded interesting results is
CPI-1189 in the treatment of HAD'?. CPI-1189 ameliorates TNF-a toxicity by increasing
activation of ERK (extracellular signal-regulated kinase)-MAP kinase'?. CPI-1189 also
attenuates toxicity of macrophage culture obtained from HAD patients in the presence of
quinolinic acid and gp120'2. However, a great deal of additional work is still necessary to
determine the true effectiveness of any of these therapeutic inhibitors.

Neuronal apoptosis in HIV-1 infection involves activation of NMDA receptors, alterations in
Ca? homeostasis and increase of oxidative stress. MK801 (a NMDA receptor antagonist) or
7-nitroindazole (a NOS specific inhibitor) reduces gp120-induced neuronal apoptosis in the
neocortex of rat'®. Nimodipine, a voltage-dependent Ca? channel antagonist, significantly
decreased the rise in intracellular Ca?* in neurons, but not in astrocytes'?. A phase I/II trial
of nimodipine for HIV-1-related neurologic complications was conducted and the results
showed that nimodipine was safe and tolerated by HIV-1-infected subjects with cognitive
impairment!?¢. Nimodipine has been tested as an adjuvant agent to HAART to improve
neuropsychological performance of HIV-1l-infected individuals'®. In addition, a trend
toward stabilization in peripheral neuropathy was observed in nimodipine-treated
patients!?,

Inhibitors of proapoptotic factors and caspase-3, -8 and -9 have also been tested to treat HIV-
1-associated neurologic disorders. Cultured rat cerebrocortical cells exposed to HIV-1 gp120
undergo activation of two upstream caspases including caspase-8 and caspase-9.
Pretreatment of these neurons with pan-caspase inhibitor (zVAD-fmk), caspase-3 peptide
inhibitor (DEVD-fmk), caspase-8 inhibitor (IETD-fmk), or caspase-9 inhibitor (LEHD-fmk)
prevents gpl20-induced neuronal apoptosis'?. Specific inhibitors of both the Fas/TNF-
a/death receptor pathway and the mitochondrial caspase pathway also prevent gp120-
induced neuronal apoptosis. These data suggest that pharmacologic interventions aimed at
the caspase enzyme pathways may be beneficial for the prevention or treatment of HAD or
HIV-1-associated pain.

Our research group has recently reported that HIV-1 Tat protein directly causes
hyperexcitability and apoptosis of DRG neurons, probably by inhibiting Cdk5 kinase
activity and protein expression®?. Tat-mediated hyperexcitability of DRG neurons may play
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a key role in the initiation of HIV-1-associated pain in patients at the early stages of the viral
infection. HIV-1 Tat and other proteins induce apoptosis of DRG neurons, which may be
involved in HIV-1-associated pain at all stages of viral infection. Our findings have
potentially important implications for developing therapeutic strategies to prevent or treat
HIV-1-assciated pain. For example, early initiation of HAART and/or neutralization of HIV-
1 protein neurotoxicity may significantly prevent or delay HIV-1-associated pain. A recent
study using a SIV-macaque model of HAART demonstrates that early initiation of HAART
results in a dramatic reduction of viral RNA levels in plasma, CSF and brain'?, suggesting
that early initiation of HAART can reduce or delay neurological complications including
pain in HIV-1-infected patients. However, pain is often under-assessed and undertreated in
people with HIV-1/AIDS illness, and the pain etiologies that are the key for pain
management and improvement of the quality of life have been largely unexplored. In
addition, like cancer pain, HIV-1/AIDS-associated pain tends to be of more than one type, to
involve more than one location, and to increase in intensity as disease progression.
Therefore, more comprehensive studies are urgently needed to investigate the current
global burden of pain, pain types and origins, and the spectrum of neurological injuries in
HIV-1/AIDS patients.
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1. Introduction

Protein biosynthesis is a multi-step process that starts with the transcription of nuclear
DNA, depository of genetic information, into messenger RNA (mRNA) that is used as
template for the following polypeptide chain synthesis, also known as translation. Each step
of this essential process is highly controlled in order to modulate any specific protein
requirement of the cell in response to different stimuli and cellular events. This regulatory
process is called translational control. Deregulation of the core signalling network in
translational control, the phosphatidyl inositol trisphosphate kinase (PI3K), Protein Kinase B
(PKB or Akt), mammalian target of rapamycin (mTOR) and RAS mitogen-activated protein
kinase (MAPK)/MAPK-interacting Kinases (MNK) pathways, frequently occurs in human
cancers and leads to aberrant modulation of mRNA translation. However, investigations on
the contribution of these two pathways to translational regulation led to the interesting
finding that translation factors are also substrate of signalling molecules. Post-translational
modifications, including cleavage and phosphorylation, usually affect translational factors
activity in protein biosynthesis; on the other hand, direct interaction of translational
components with signalling mediators can either activate the pathway in which the
mediator is involved or redirect translation factors to other activities, such as cytoskeletal
rearrangements. These findings shed light on new functions of translation factors, different
from their canonical role in protein synthesis. Taken together, these new functions are an
intriguing step forward to the discovery of molecular mechanisms at the base of cellular
response during “special” conditions such as cancer and drug resistance.

2. Translational machinery

Protein biosynthesis is a process present in all organisms, eukaryotes and prokaryotes,
sharing similar mechanisms. In particular, translation starts at the ribosome and involves
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four different stages: initiation, elongation, termination and recycling [1]. All of these stages
are tightly controlled by specific translation factors. Many of these factors are GTPases that
are activated upon binding to the ribosome on a site called the GTPase-activating centre
(GACQ) [2]. In eukaryotes, at the initiation point, the 40S ribosomal subunit, carrying the
eukaryotic initiation factor 3 (elF3), is bound by a ternary complex consisting of the
eukaryotic initiation factor 2 (eIF2), GTP and methionyl initiator tRNA (Met-tRNAI), to form
the 43S preinitation complex (Fig. 1). The recruitment of mRNA is due to the the eukaryotic
initiation factor 4F (elF4F) complex formed by the cap-binding protein eukaryotic initiation
factor 4E (eIF4E), the scaffold protein eukaryotic initiation factor 4G (elF4G) and the RNA
helicase eukaryotic initiation factor 4A (elF4A), stimulated by the accessory factor
eukaryotic initiation factor 4B (elF4B). 4E binding proteins (4E-BPs) can compete with elF4G
for binding eIF4E thus inhibiting the association with 5' mRNA cap structures. The elF4F
complex, together with the poly(A)-binding protein (PABP), is able to recognise the 5'-
terminal cap or the 3’-terminal poly(A) tract of mRNA and to transfer it to the 43S complex,
resulting now in the 485 complex. Once the first AUG has been recognized, the pre-initiation
complex formed by the initiation factors enables the binding of the 60S ribosomal subunit to
the 40S ribosomal subunit to form the 80S initiation complex, via GTP hydrolysis of elF2-
GTP mediated by the eukaryotic initiation factor 5A (elF5A) [3]. Many virus infections and
stresses can induce a switch from a cap-dependent to a cap-independent initiation of
translation. In this case the elF2 ternary complex binds to an internal ribosome entry site
(IRES) present on the mRNA 5’ untranslated region (5" UTR), driving the translation directly
to the 60S association phase [4]. In both cases the complex is now ready to receive the first
elongator tRNA and to start with the elongation stage of the biosynthesis.
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Figure 1. Eukaryotic translation initiation pathway. The initiation of translation in eukaryotes starts
with the dissociation of the 40S ribosomal subunit from the 80S subunit probably promoted by elF3 and
elF1A. Met-tRNA, elF2 and GTP form a ternary complex that binds to the 40S ribosomal subunit to
form the 43 S preinitiation complex. The elF4 factors plus poly(A)-binding protein (PABP) recognize the
mRNA [5'-terminal cap or 3'-terminal poly(A)] and transfer it to the 43 S initiation complex to form the
48 S initiation complex. After the recognition of the first initiation codon by eIF4A, in the presence of
elF1 and eIF1A, eIF5 stimulates GTP hydrolysis by eIF2 and the subsequent replacement of the
initiation factors bound to 43S by the 60 S subunit to form the 80 S initiation complex. The released
eIF2-GDP is recycled to eIF2-GTP by the GEF elF2B. Adapted from Rhoads R.E. et al. [3].
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The elongation phase of protein synthesis is a cyclic process consisting of basic steps
repeated until the entire coding sequence of the mRNA is translated. In higher eukaryotes
the elongation factors work always as a complex; for instance, the elongation factor 1
complex consists of eEF1A and the three subunit (B, v, 8) of the elongation factor 1B (eEF1B)
[5]. During elongation, a GTP-bound eEF1A transports the new aminoacyl-tRNA (aa-tRNA),
as a ternary complex (Fig.2), to the empty A site of the 80S initiation complex [6]. In particular,
eEF1AeGTP protects the aa-tRNA against hydrolysis and assists the ribosome in making a
correct interaction between the current codon on the mRNA and the anticodon of the
transported aa-tRNA [7]. Such a decoding event triggers the ribosome to induce GTP
hydrolysis on eEF1A [8] and leads to its major conformational change that causes the release of
aa-tRNA and the accommodation of the 3’ end in the peptidyl transferase (PT) centre on the
60S subunit, followed by peptide-bond formation [9]. In parallel, the inactive GDP-bound
eEF1A (eEF1AeGDP) is released from the ribosome. This inactive form of eEF1A, unable to
bind another aa-tRNA, is recycled to the active form (eEF1AeGTP) by exchange factor eEF1B.
eEF1B consists of three subunits and works as a guanine nucleotide-exchange factor (GEF) for
eEF1A [10]. In the following step of elongation, elongation factor 2 (eEF2) catalyzes the
translocation of A and P site tRNAs to the P and E sites respectively, as well as movement of
the mRNA by exactly one codon to allow a new round of elongation [11]. A-site-bound aa-
tRNA reacts with P-site-bound pept-tRNA (peptidyl-tRNA) to form a peptide bond, resulting
in deacylated tRNA in the P site and pept-tRNA prolonged by one amino acid in the A site.
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Figure 2. Elongation cycle in eukaryots. Crucial step in the elongation stage is the selection of the
correct aa-tRNA, based on codon-anticodon interaction. The ribosome supervises this point during an
initial selection of the ternary complex and during proofreading of the aa-tRNA. The initial selection
utilizes the ability of cognate tRNA to stimulate the GTPase activity of eEF1A much faster than non-
cognate and near-cognate tRNA.

When the ribosome come across one of the stop codons, UAA, UAG or UGA, eukaryoyic
release factor 1 (eRF1) is recruited to the ribosome to promote the release of the newly
synthesized polypeptide. After termination, the ribosome dissociates into its constituent
subunits and the mRNA and deacylated tRNA is released thus allowing the ribosome to be
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recycled by eukaryoyic release factor 3 (eRF3) in cooperation with the eukaryotic elongation
factor 2 (eEF2) [1].

3. Signalling transduction and translational control

Since regulatory mechanisms of protein biosynthesis are essential for maintaining a proper
cellular metabolism, it is not surprising that the translation process is closely regulated by
the coordinated activity of multiple intracellular signalling pathways acting at the centre of
translational control. In eukaryotes, the most important pathways regulating the translation
apparatus are the PI3K/Akt/mTOR and the Ras-MAPK signalling cascades [5] that can be
stimulated by nutrient, insulin, growth factors and energy status (Fig. 3). Activation of these
pathways mediates modifications such as changes in the phosphorylation states of
translation factors and specific RNA-binding proteins, resulting in a translational
machinery's activation or inhibition. Given the complexity of these two pathways, already
well reviewed by several groups (we highly recommend Sonenberg N. et al. [5] and Proud
C.G. [12]), in this paragraph we will just give a brief introduction (summarized in Table 1)
of the main regulatory proteins participating in translational control and their influence on
protein synthesis.

The lipid kinase PI3K is an important signalling mediator and its activation produces an
increase of phosphatidyl inositol 3,4-biphosphate that activates downstream effectors such
as the protein kinase B (PKB) also named Akt. The action of PI3K is antagonized by the lipid
phosphatase and tensin homologue deleted on chromosome 10 (PTEN) [13]. Mutations in
PTEN, present in many human tumours, lead to a constitutive activated Akt and mTOR
signalling [14]. In translational control, PI3K plays its regulatory role by the activation of
Akt and the consequent suppression of glycogen synthetase kinase 3 (GSK3) and its
inhibitory activity on elF2B [15]. Moreover PI3K can modulate mTOR signalling through
Akt.

mTOR is a member of the phosphoinositide 3-kinase-related kinase (PIKK) family and
exhibits protein kinase activity; some but not all mTOR functions are specifically repressed
by rapamycin [16]. Rapamycin forms a complex with the immunophilin FK506 binding
protein-12 (FKBP12) that binds to the FKBP12-rapamycin binding (FRB) domain of mTOR
and inhibits its kinase activity. In mammalian cells, two functionally distinct mTOR
complexes exist: mTOR complex 1 (mTORC1), containing mTOR, Raptor, and LSTS; and
mTOR complex 2 (mTORC2), containing Rictor, LST8, and Sinl. mTORC2 regulation and
function remain largely unknown, although this complex has been linked to cytoskeletal
rearrangements and cell survival through Akt [17]. mTORCI, among its many functions,
promotes protein translation through activation of the S6 kinases (S6Ks) and inhibition of
the eukaryotic initiation factor 4E binding protein 1 (4E-BP1) [18]. mTORCI signalling can
be modulated by PI3K through Akt. In particular Akt negatively regulates the tuberous
sclerosis complex 2 (TSC2) GAP activity on the mTORC1 complex. TSC2 is a GTPase-
activating protein (GAP) for the small G-protein Rheb [19] and forms a dimeric complex
with TSC1. Rheb is a G-protein that stimulates mTOR activity [20]. Akt-mediated



Translational Control in Tumour Progression and Drug Resistance 55

phosphorylation of TSC2 leads to the inhibition of its GAP activity towards Rheb, allowing
Rheb to accumulate in its GTP-bound state and leading to the activation of mTORCI.
mTORC1 signalling, through activation of Akt, is also stimulated in case of loss of PTEN
function. Interestingly, stimulation of mTORC1 resulting from constitutive Akt activation
leads to a transformed phenotype. In fact, the proliferation of some tumour-derived cell
lines (e.g. those lacking the tumour suppressor PTEN) can be inhibited by rapamycin,
confirming a key role for signalling through mTORC1 [21]. mTORC1 is also linked to a
range of other oncogenes or proto-oncogenes, including Ras, nuclear factor (NF) and the
liver kinase B1 (LKB1) [22]. mTOR pathway can also positively modulates eEF2 activity by
phosphorylating and suppressing the Ca2+/calmodulin-dependent kinase III (CaMKIII)
ability to bind to calmodulin [23]. CaMKIIL, also known as calcium/calmodulin-dependent
eukaryotic elongation factor 2 kinase (eEF2K) is a specific calcium/calmodulin-dependent
enzyme that regulates protein synthesis [24]. The only known substrate of this kinase is
eEF2. eEF2K phosphorylates eEF2 on T56 and stops peptide elongation by decreasing the
affinity of eEF2 for the ribosome. Thus, eEF2K-mediated phosphorylation acts as an internal
negative regulator of eEF2 translational activity [25].

Cell surface receptors

N

Il 3-kimase ERK PR MAF Kinase
Akt pomseRs  AMnks
/ o
o \/ ¥
GSK3 L, TSCLT Aming

avek T | i
/1S
| l \

[etF2 | [eEF2 ] [ 86 | eIF4E/
el F4F

General Frotein Translation, transport and/or
Synthesis stability of apecific mRNAs

| £ X

Cellitissue growth snd
cell proliferation:

HRapid sctivation af synthetls
of specific proteiog; quick
anabokic aml
bypertrophic cifects

responses 1o changling
comdition

Figure 3. Translational control by signal transduction pathways. Activated signalling pathways
modulate translation factors activity and mRNA-specific binding proteins regulating the rates of protein
synthesis and translation and/or the stability of specific nRNAs. Adapted from Proud C.G. [12].
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Signalling Substrates Effects
PI3K (via Akt and GSK3) elF2B (e subunit) Activity repression
TSC2 mTORC1 upstream control
mTOR (via mTORC1) 4E-BP1 elF4F complex positive control
S6Ks Activation and translation
promotion
mTOR (unclear mediators) eEF2 kinase eEF2 activation
ERK (via p90rsk) TSC2 mTORC1 upstream control
eEF2 kinase eEF2 activation
elF4B Association with eIF3
p38 MAPK a/b (via MK2) TSC2 mTORC1 upstream control
MAPK (via Mnks) ARE-BPs(?) mRNA stability
elF4G Unclear
elF4E Decrease of 5'-cap structure
ARE-BPs(?) binding
mRNA stability
S6Ks S6 Enanched binding to eIF3
elF4B Unclear
eEF2 kinase Inhibition
eEF1A Stimulation
eEF1B Stimulation
AMPK TSC2 mTORC1 inhibition
eEF2 kinase eEF2 inhibition
PKC eEF1A Increased elongation activity
eEF1B Increased aminoacylation activity
CK2 eEF1B Inhibited interaction with eEF1A

Table 1. Signalling transduction in protein biosynthesis. Overview of the kinases involved in post-
translational modifications on translation factors and related proteins and their effects on translational
control. For more details and references see the text.

Classical MAPKSs extracellular signal regulated kinase 1 and 2 (ERK1/2) and p38 MAPK a/b
and c-Jun N-terminal kinase (JNK) pathways are the best understood MAPK signalling
cascades in mammalian cells. The regulation of translational machinery through the MAPK
signalling cascades is clearly connected with extraordinary events such as cancer and
transformation. Each cascade involves downstream kinases that phosphorylate components
of the translational machinery. In particular, ERK1/2 signalling activates p90 ribosomal s6
kinases (p90~) that phosphorylate several translation factors or their regulators, including
TSC2 [26], creating a link between ERK1/2 cascade and mTOR signalling [27]. Moreover
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P90k phosphorylates eEF2 kinase, inhibiting eEF2 kinase activity [28], and eIF4B,
promoting its association with elF3 [29]. p38 MAPK a/b regulates the activation of the
MAPK-activated protein kinase 2 (MK2) that mediates phosphorylation of TSC2 too [30].
Interestingly, MK2 is also able to control both the stability and the translation of some
mRNAs, such as the tumour necrosis factor oo (TNF-a) mRNA, containing at their 3'UTR a
particular sequence called adenine/uridine-rich element (ARE), important for modulating
the expression of specific proteins. It is likely that this regulating mechanism involves MK2-
mediated modification of ARE binding proteins (ARE-BPs) [31]. MAPK signal-interacting
kinases 1 and 2 (Mnkl and 2) are both substrates for either ERK1/2 or p38 MAPKs a/b.
During translational control, their activation leads to the phosphorylation of elF4E [32] and
elF4G [5]. Phosphorylation of the former decreases elF4E ability to bind 5'-cap structure
while phosphorylation of the latter has unknown consequences.

Ribosomal S6 kinase (RSK) is involved at different levels in signal transduction. There are
two subfamilies of RSK: p90, also known as MAPK-activated protein kinase-1 (MAPKAP-
K1), and p70r, also known as S6 Kinases (S6Ks). There are four variants of p90rk in humans
(RSK 1-4) and two known mammalian homologues of S6Ks: S6K1 and S6K2. S6Ks are
implicated in the positive regulation of cell growth and proliferation [33]. Once activated,
S6Ks phosphorylate the S6 protein of the 40S ribosomal subunit and the translation
initiation factor elF4B to promote translation. S6Ks regulate mTOR through a negative
feedback signalling pathway that affects insulin receptor substrate-1 (IRS-1). S6Ks was
shown to directly phosphorylate IRS-1 to inhibit PI3K and Akt activation [34]. S6Ks
activation decreases IRS-1 expression while rapamycin treatment restores IRS-1 expression
[35]. Due to their major function in regulating translation, S6Ks are required also for cell
growth and G1 cell cycle progression. Interestingly, S6K1 activation correlates with
enhanced translation of a subset of mRNAs that contain a 5'-tract of oligopyrimidine (TOP
mRNAs). These mRNAs encode for ribosomal proteins, elongation factors, the poly-A
binding protein and other components of the translational machinery that become
selectively translated by their TOP sequences in response to growth factors. However, S6Ks
are not essential for the regulation of TOP mRNA translation [36].

AMP activated protein kinase (AMPK) is sensitive to the reduction of cellular content of
AMP directly connected to that of ATP. In fact, in case of ATP decrease, cells need to
slowdown protein synthesis in order to save energy; AMPK quickly reacts to this impair
and negatively regulates mTORC1 via TSC2 phosphorylation [37]. Moreover AMPK can
also modulate eEF2 activity by phosphorylating and activating eEF2K. The eEF2
phosphorylation mediated by eEF2K down-regulates eEF2 translational activity [38].

As above described, the best known mechanisms of translational control involve the
initiation factors (2, 2B, 4B, 4E e 4G), the elongation factor 2 and the S6Ks. Less is known
about the regulation of eEF1A and eEF1B even though several groups have studied the
phosphorylation and regulation of these two factors [39]. Hereafter are summarized the
current knowledge. The casein kinase 2 (CK2) phosphorylates the 3 subunit of eEF1B in vitro
[40] leading to a decreased affinity of eEF1B toward eEF1A. Insulin or phorbol esters are
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able to enhance the phosphorylation of eEF1A and eEF1B in vivo [41]. Experimental results,
including phosphopeptide-mapping, showed that insulin-stimulated multipotential S6
kinase was able to highly phosphorylate eEF1A and two subunits of the eEF1B complex (EF-
1B and EF-18) from rabbit reticulocytes. However, phosphorylation of these proteins by S6
kinase in vitro resulted in a modest stimulation of their activity [42]. eEF1A and eEF1B are
also substrates of protein kinase C (PKC) in vitro and this may explain the ability of phorbol
esters (which activate several PKC isoforms) to increase the phosphorylation of these
proteins in vivo. More precisely, PKC3 phosphorylates eEF1A at Threonine 431 (based on
murine sequence) [43]. Phorbol esters also increase the phosphorylation of the valyl-tRNA
synthetase that associates with eEF1A/B. The available evidence suggests that
phosphorylation of eEF1A/B and of valyl-tRNA synthetase by PKC increases their activities
in translation elongation and aminoacylation, respectively. The increased activity of
eEF1A/B appears to result from enhanced GEF activity [44].

3.1. Translational control in apoptosis and tumour therapy

Generally, decrease in protein synthesis is an important adaptive mechanism that allows the
cell to conserve or direct energy to other cellular functions. For example, upon induction of
apoptosis a drastic reduction of protein biosynthesis occurs that precedes the loss of cell
viability and the irreversible commitment to cell death [45, 46]. In fact, prior to and during
the pro-apoptotic signal several factors with translational activity are modified. These
modifications mainly include a specific caspase activity, prevented by the cell-permeable
caspase-inhibitor z.VAD.FMK, and changes in the translation factors phosphorylation rates.
In particular, eIF4B as well as elF4GlI, elF4GII and elF3j subunit are substrates of caspase-3
that mediates their cleavage and degradation following several pro-apoptotic stimuli [47]. In
addition, elF2, eIF4E and small 4E-BPs are highly phosphorylated during apoptosis with an
inhibitory effect on protein synthesis [48]. The strong repression of translation initiation
factors should lead to a complete inhibition of protein biosynthesis; however, a certain quote
of cellular mRNA contain in their 5' UTR an IRES region that allows a cap-independent
translation. IRESs directed translation is relatively inefficient under physiological conditions
which favour cap-dependent translation, whereas it functions when cap-dependent
translation is compromised [49]. Thus it is not surprising that cellular genes containing
IRESs in their mRNAs, usually code for proteins that are involved in different cellular
processes, including apoptosis. For instance, cleaved fragments of elF4GI are able during
apoptosis to enhance IRES-translation of the apoptotic protease-activating factorl (Apaf-1)
[50]. Another interesting example of translational control during apoptosis is the eukaryotic
initiation factor 5A (elF5A) and its peculiar post-translational modifications. elF5A activity
is modulated by a series of modifications that trigger the formation of the unusual amino
acid hypusine [N-(4-amino-2-hydroxybutyl) lysine]. Hypusine plays a key role in the
regulation of elF5A function, as only the hypusine-containing eIlF5A form is active.
Intracellular hypusine content measures also the activity of elF5A, as hypusine is contained
only in this factor. Reduction of elF5A1 expression or inhibition of hypusine modification
may cause induction or suppression of apoptosis, depending on the biological system [51].
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Besides elFs, also other translation factors are involved in pro-apoptotic signalling. For
example, upon treatment with antitumoural agents, eEF2 was shown to be involved in the
therapeutic mechanism of doxorubicin. Treatment of prostatic cancer cells (PC3) with
doxorubicin suppresses protein synthesis by inhibition of the elongation phase and not the
initiation phase. This effect is probably mediated by a kinase independent phosphorylation
of eEF2. Furthermore, inhibition of elongation activity correlates with decreased expression
of the anti-apoptotic cellular FLICE-like inhibitor protein (cFLIPS), XIAP and survivin, all
characterized by a short half-life and anti-apoptotic activity. These events result in a
sensitization of the cells to the tumour-necrosis-factor-related apoptosis-inducing ligand
(TRAIL) promoting, therefore, the doxorubicin apoptotic phenotype. TRAIL is a member of
the TNF family capable to induce apoptosis in a wide variety of cancer cells upon binding to
pro-apoptotic receptors, whereas it has no effect on the majority of normal human cells
tested. Translation was found significantly inhibited in NIH3T3 cells also during taxol-
induced apoptosis mediated by calpain [52]. Taxol treatment strongly decreased elF4G,
elF4E and 4E-BP1 expression levels. However, a specific inhibitor of calpain, MDL28170,
prevented reduction of elF4G, but not of elF4E or 4E-BP1 levels and did not block taxol-
induced translation inhibition. Conversely, taxol treatment increased eEF2 phosphorylation
in a calpain-independent manner thus supporting a role for eEF2 in taxol-induced
translation inhibition [53].

3.1.1. Eukaryotic elongation factor 1A

Mentioning the relationship between apoptosis and translation, one cannot fail to mention
the peculiar and fascinating role of the eukaryotic elongation factor 1A (eEF1A). In fact,
eEF1A is a GTP binding protein that plays a central role in the elongation cycle of protein
biosynthesis however, several studies suggest that eEF1A displays additional roles in
different cellular processes far from its canonical role [54, 55]. eEF1A forms complexes with
other cellular components like tubulin and actin. It has been observed that eEF1A cross-links
actin filaments and it is implicated in microtubule binding, bundling or severing. Indeed,
eEF1A mutants alter actin cytoskeleton organization but not translation, indicating a direct
role of eEF1A on cytoskeletal organization in vivo [56]. In addition, eEF1A is known to be
involved in several cellular process, including embryogenesis, senescense, oncogenic
transformation, cell proliferation and organization of cytoskeleton [57]. In higher
vertebrates, eEF1A is present in two isoforms (eEF1A1 and eEF1A2) with a different
expression patterns and encoded by distinct genes [58]. The near-ubiquitous form, eEF1A1,
is expressed in all tissues throughout development but is absent in adult muscle and heart
expressing eEF1A2 instead [58, 59]. eEF1A2 is also found in some other cell types including
large motor neurons, islet cells in the pancreas and enteroendocrine cells in the gut [60, 61].
Despite sharing 92% sequence identity, paralogous human eEF1A1 and eEF1A2 have
different functional profiles. They exhibit similar translation activities but have different
relative affinities for GTP and GDP [62] and, surprisingly, eEF1A2 appears to show little or
no affinity for the components of the guanine-nucleotide exchange factor (GEF) complex
eEF1B in yeast-two-hybrid experiments [63]. Moreover, as recent structural studies suggest,
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the two eEF1A isoforms display different behavior as tyrosine phosphorylation substrate
that could affect their interaction with different signalling molecules. In fact, while eEF1A1
is able to interact with adaptor proteins containing SH2 domains, eEF1A2 is instead able to
bind both SH2 and SH3 protein containing domains [64] thus suggesting for eEF1A2 a
greater involvement in phosphotyrosine-mediated signalling processes [65]. Interestingly,
the two isoforms play opposite roles during apoptosis. eEF1Al expression has a marked
pro-apoptotic effect, whereas expression of eEF1A2 correlates with differentiation and
works as an inhibitor of caspase-mediated apoptosis (see next paragraph). In particular,
antisense eEF1A1 provides the cells with significant protection from cell death upon
induction of apoptosis by serum deprivation, vice versa eEF1Al over-expression leads to a
faster rate of cell death [66]. Moreover, eEF1A1 protein levels undergo rapid increase upon
treatment with lethal doses of H2Oz; pre-treatment of rat heart myoblast cells H9c2(2-1) with
transcriptional inhibitors fails to abolish the oxidant-induced increase in eEF1AL.
Furthermore, eEF1A1 mRNA levels remain steady throughout H20: treatment, suggesting
that the up-regulation of eEF1A1 is mediated post-transcriptionally. Transient depletion of
eEF1A1 protects the cells against H202-mediated cytotoxicity in proportion to the degree of
repression of eEF1A1l protein levels thus suggesting that up-regulation of eEF1A1 plays a
role in expediting the execution of the apoptotic program in response to oxidative stress
[67]. Interestingly, upon serum deprivation-induced apoptosis, eEF1A2 protein disappears
and is replaced by eEF1Al in dying myotubes. In addition, continuous expression of
eEF1A2 protects differentiated myotubes from apoptosis by delaying their death thus
suggesting a prosurvival function for eEF1A2 in skeletal muscle. In contrast, myotube death
is accelerated by the introduction of the eEF1A1 homologues gene [68]. Investigations of
eEF1A1 functional role related to apoptosis seems to be particulary promising as it may
affect both protein synthesis and cytoskeletal organization, fundamental events during
death signalling. A recent example of eEF1A1 involvement in apoptosis suggests that this
protein mediates lipotoxic cell death through a mechanism independent from changes in the
rates of protein synthesis. Since eEF1A1 plays an important role in remodelling
microtubules and filamentous actin [56, 69, 70] and because the cytoskeleton undergoes
dramatic changes during apoptosis and cell death, eEF1Al may mediate cytoskeletal
changes required to execute cell death programs in response to lipotoxic conditions [71].

3.2. Anti-apoptotic activity in cancer cells. Role of translation factors

Several factors of the translational machinery are involved at different levels in tumour
progression with a strong support of the anti-apoptotic activity characteristic of cancer cells.
In general, survival of most mammalian cells is dependent on extracellular signals that
suppress programmed cell death. Recent studies have shown that survival factors prevent
apoptosis trough the activation of PI3 kinase (PI3k) pathway [72] and its downstream
effector, the protein-serine/threonine kinase Akt [73]. PI3k/Akt signalling acts upstream of
mitochondria preventing the release of cytochrome ¢ and subsequent activation of cytosolic
caspases [74]. However, the targets of PI3k/Akt signalling that promote cell survival remain
to be fully elucidated. Interestingly, expression of the non-phosphorylable eIlF2B mutant
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prevents cytochrome c release upon inhibition of PI3k whereas, inhibition of translation
with cycloheximide induced cytochrome c release. Regulation of translation resulting from
phosphorylation of elF2B thus appears to affect the apoptotic cascade upstream of
mitochondria, most likely interfering with PI3k/Akt signalling [75]. The mTOR/elF4F axis is
also an important contributor to tumour maintenance and progression program in terms of
anti-apoptotic activity. Suppression of mTOR activity and that of the downstream
translation regulators, including eIF4E, delayes breast cancer progression, onset of
associated pulmonary metastasis in vivo and breast cancer cell invasion and migration in
vitro. elF4E regulates the recruitment of mRNA to ribosomes, and thereby globally regulates
cap-dependent protein synthesis. However, its over-expression contributes to malignancy
by selectively enabling the translation of a limited pool of mRNAs that generally encode for
proteins involved in cellular growth, angiogenesis, survival and malignancy. Translation of
vascular endothelial growth factor (VEGF), matrix metallopeptidase 9 (MMP9) and cyclin
D1 mRNAs, encoding for products associated with the metastatic phenotype, is indeed
inhibited upon elF4E suppression. Transgenic elF4E-expressing mice show a marked
increase in tumourigenesis by developing tumours of various histologies. Thus, eIlF4E acts
as an oncogene in vivo [76]. Moreover, over-expressed elF4E prevents Myc-dependent
apoptosis, at least in part, through a cyclin D1-dependent process [77] and in part by its
ability to increase cellular levels of BclXi, a key apoptotic antagonist [78].

Because high level of protein synthesis is one of the characteristics of cancer cells, the
elongation cycle has recently gained much more attention in this field as it seems to be
directly involved in cell survival. eEF2, a critical enzyme of the elongation cycle, has been
investigated as a target for new therapies and as a potential contributor to the success of
conventional therapies. Interestingly, eEF2 is highly expressed in lung adenocarcinoma
(LADC), but not in the non-tumour lung tissue. High eEF2 expression correlates with a
significantly higher incidence of early tumour recurrence, and a significantly bad prognosis.
Silencing of eEF2 expression increases mitochondrial elongation, cellular autophagy and
cisplatin sensitivity. Moreover, eEF2 was found sumoylated and this sumoylation correlates
with drug resistance. In particular, sumoylation of eEF2 is essential for protein stability and
cell survival against cisplatin in LADC cells. Taken together, these results suggest eEF2 as an
anti-apoptotic marker in LADC [79]. eEF2 protein is also over-expressed in 92.9% of gastric
and 91.7% of colorectal cancers with no mutations in any of the exons of the eEF2 gene.
Over-expressed eEF2 significantly enhances the cell growth through promotion of G2/M
progression in cell cycle, activating Akt and cdc2 (G2/M regulator), and inactivating eEF2
kinase (negative regulator of eEF2). Conversely, knockdown of eEF2 inhibits cancer cell
growth and induces G2/M arrest. These results provide a novel linkage between
translational elongation and cell cycle mechanisms [80]. The implication of eEF2K (CaMKIII)
in cancer was suggested by the observation that this kinase is up-regulated in various types
of tumours such as malignant glioma and breast cancer. Inhibition of eEF2K results in a
decreased viability of tumour cells. eEF2K was previously demonstrated to phosphorylate
and in turn down-regulate eEF2 activity. However, eEF2K is not only a negative regulator of
protein synthesis but also a positive regulator of autophagy, under environmental or
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metabolic stresses. Similarly, aberrant activation of Akt promotes cell growth, survival and
proliferation, and is associated with cancer development and progression. Akt represents an
attractive target for therapeutic intervention against cancer. Akt inhibitors, such as the
allosteric small molecule MK-2206, induce either apoptosis or autophagy. Interestingly,
recent studies demonstrated that silencing of eEF2K, upon Akt inhibition, can blunt
autophagy and augment apoptosis, thereby modulating the sensitivity of cancer cells to Akt
inhibitors. Thus, targeting eEF2K reinforces the anti-tumour efficacy of Akt inhibitors, such
as MK-2206, by promoting the switch from autophagy to apoptosis [81].

As widely demonstrated, eEF1A is also clearly connected with cancer progression and
survival. In humans, eEF1A2 shows oncogenic properties when over-expressed; moreover,
it is implicated in ovarian, breast, pancreatic, liver and lung cancer thus becoming one of the
most intriguing putative oncogenes in the last decade [82]. Notably, eEF1A2 can either
directly or indirectly activate the Akt signalling pathway. Previous studies assessed a
direct interaction between eEF1A2 and phosphorylated Akt 1 and 2 (pAkt) in breast
cancer. eEF1A2 regulates pAkt levels promoting cell survival, tumour progression and
motility [83]. In mouse fibroblast cell line NIH3T3, eEF1A2 interacts with peroxiredoxin-I
(Prdx-I), resulting in increased activation of Akt, reduced activation of caspases 3 and 8,
and protection against apoptotic death [84]. Moreover, downregulation of eEF1A2
expression leads to decreased expression of pAktl and to less extent of pAkt2 and
promotes apoptosis [85]. Thus, eEF1A2 interaction with pAkt represents an important
mechanism for the regulation of Akt-dependent survival signalling pathways in cancer
[85, 86].

4. Survival and chemotherapy failure

Many chemotherapeutic agents exert their cytotoxic effects through the induction of
apoptosis however, despite the fact that many tumours initially respond to therapy, tumor
cells can subsequently survive by gaining resistance to these treatments. Therefore,
emergence of drug resistance during chemotherapy is a major cause of cancer relapse and
consequent therapy failure. In the last years there is an increase evidence that also
translation factors participate in the control of tumor chemoresistance with mechanisms not
yet well understood. For example, the initiation factor 4E (elF4E) that is overexpressed in
many solid tumors, plays a role not only in cell growth and proliferation but also in the
apoptotic response and in the acquisition of drug resistance [87]. In fact, eI[F4E controls the
translation on an increasing number of mRNAs encoding proteins with notable functions in
all aspects of malignancy, including angiogenesis and invasiveness through the activation of
the ras and phosphatidylinositol 3-kinase/AKT anti-apoptotic pathways [78, 88, 89]. These
findings clearly suggest that eIF4E is a promising target for anticancer therapy.

Also translation elongation factors can be involved in the regulation of drug resistance. For
instance, eEF2 is phosphorylated at Thr56 by eEF2K thus terminating peptide elongation by
decreasing its affinity for the ribosome. eEF2K is up-regulated in several types of
malignancies, including gliomas, and affects the sensitivity of cancer cells to treatment with
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the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). This ligand is
considered a promising candidate as an anticancer agent based on its ability to trigger rapid
apoptosis and its specific cytotoxicity in malignant cells by binding to the death receptors
DR4 (TRAIL-RI) and DR5 (TRAIL-RII). Inhibition of eEF2K by RNA interference (RNAi) or
by a pharmacological inhibitor (NH125) recovers sensitization of tumour cells to TRAIL-
induced apoptosis through down-regulation of the anti-apoptotic protein, Bcl-xc [90]. These
results indicate a possible therapeutic strategy for enhancing the efficacy of TRAIL against
malignant cells by targeting eEF2 kinase.

Taken togheter, these studies suggest a role for translation factors and translational control
signalling pathways in drug resistence and chemotherapy failure. The elucidation of basic
molecular mechanisms leading to chemoresistance is an essential step in the development of
new anti-neoplastic therapies.

4.1. Interferon alpha chemotherapy resistance. A new mechanism mediated by
eEF1A

Since the advent of genetic engineering technology, recombinant IFNa has been largely
employed in solid tumours treatments. To date, interferon therapy is used in combination
with chemotherapy and radiation as a treatment for many cancers, and several clinical trials
are currently ongoing. However, IFNa displays a limited activity, and several cancers are
resistant to its anti-tumour function having developed mechanisms not completely
elucidated yet. In human epidermoid cancer cells, IFNa induces growth inhibition and
apoptosis most likely through the activation of caspase cascade mediated by JNK-1 and/or
p38 MAPK activation and the mitochondrial pathway [91]. Furthermore, a concomitant
reduction of the hypusinated eIF5A1 expression levels and eIlF5A1 activity is also observed
(Figure 4) [92]. These anti-proliferative and pro-apoptotic activities are all antagonized by
the epidermal growth factor (EGF); notably, IFNa was found to increase the functional
expression of the epidermal growth factor receptor (EGFR), participating itself in the EGF-
mediated survival pathway. Moreover, the increase of EGFR leads to an hyperactivation
of the Ras-dependent MAPK (Ras->Raf-1->Mek1->Erk-1/2) signalling further stimulated
by the addition of EGF and with a prominent role in the antiapoptotic effects exerted by
EGF. In particular, Raf-1 activity is increased by either EGF or IFNa and is potentiated
after EGF addition. Raf-1, also known as C-Raf, is a member of the Raf kinase family
of serine/threonine-specific protein kinases, composed by three members: Raf-A, B-Raf
and C-Raf. It functions downstream of the Ras subfamily of membrane associated
GTPases to which it binds directly. Once activated, C-Raf can phosphorylate and activate
the protein kinases MEKI and MEK2 that in turn phosphorylate to activate
ERK1 and ERK2. Interestingly, C-Raf is known to exert both kinase-dependent and
kinase-independent tumour-promoting functions in several cancers [93]. Our studies
correlate its increased activity in human epidermoid cancer cells, during the survival
response upon IFNa treatment, with the over-expression and post-translational
modifications of eEF1A.
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Figure 4. INFo and EGF signaling pathway. Schematic representation of the apoptotic and survival
pathways mediated by INFaR and EGFR, respectively and their interaction with translation factors.

In particular, in human epidermoid lung cancer cells H1355, we found that upon treatment
of the cells with INFa, both eEF1A1 and eEF1A2 protein levels increased but with a different
degree since eEF-1A2 was the most up-regulated isoform. These data suggested that eEF1A2
increase was largely responsible for the upregulation of total eEF1A. To investigate the
potential role of the increase in eEF1A protein levels, the apoptotic response to IFNa
treatment was evaluated in H1355 cells in which eEF1A was down modulated by siRNA. In
cells expressing low levels of eEF1A, the apoptotic cell death induced by IFNo was
potentiated thus suggesting that eEF1A participate in these cells in the regulation of
apoptosis. The increase of eEF1A levels mediated by INFo was also associated to
phosphorylation of eEFIA on serine and threonine residues. These post-translation
modifications have shown to be directly involved in the EGF-mediated survival response
(see above) since the C-Raf inhibitor (BAY 43-9006) induces a decrease of eEF1A
phopsphorylation. These data suggest the existence of an anti-apoptotic network between
the translational factor 1A and the Ras-dependent signalling [94]. More specifically, we
found that both eEF1A1 and eEF1A2 were singularly phosphorylated by B-Raf in vitro,
whereas phosphorylation by C-Raf required the presence of both isoforms. Two new
phosphorylation sites have been identified: T88 and S21. The former was specifically
mediated by B-Raf on eEF1A1, whereas the latter was present on both eEF1A isoforms and
mediated by both B- and C-Raf kinases. T88 phosphorylation was also identified on eEF1A1
expressed in proliferating COS 7 cells thus suggesting that this post-translational
modification is isoform specific and probably due to structural differences between eEF1A1
and eEF1A2. PhosphoT88 might stabilize in vivo the elongation complex and improve then
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protein biosynthesis. In contrast, phosphorylation of 521, that belongs to the first GTP/GDP-
binding consensus sequence (G14HVDSGKST in both eEF1Al1 and eEF1A2), could
potentially prevent the binding of eEF1A to guanine nucleotides thus switching eEF1A activity
to different non-canonical functions. The finding that C-Raf required the presence of both
eEF1A isoforms for its phosphorylation activity in vivo suggested that this switch might be
regulated by the formation of a potential eEF1A heterodimer. Remarkably, eEF1A
dimerization has been already described for Tetrahymena eEF1A. In this case, eEF1A bundles
filamentous actin (F-actin) through dimer formation whereas eEF1A monomer do not [95]. A
3D model of the eEF1A1/eEF1A2 heterodimer was generated using as template the structure of
yeast eEF1A (PDB ID: 1F60, chain A). As reported in Figure 5, the obtained docking model
supports the possibility of a heterodimer between eEF1A1 and eEF1A2. In particular, this
model shows that the M-domain of one isoform is in contact with the G-domain of the other
and vice versa. The heterodimer formation somehow could induce a conformational change in
one or in both eEF1A isoforms that allows the phosphorylation of S21. These speculations are
confirmed by the finding that neither eEF1A1 nor eEF1A2, which were expressed in normal
proliferating COS 7 cells, where the mitogenic cascade is particularly strong, showed any
modifications of S21. However, phosphorylation on serine 21 might occur in tumour cells
following the activation of a signal transduction pathway inducing tumourigenesis [96].

The discovered mechanism might gives a potential key resolution for the IFNa therapy
resistance in lung cancer cells. Connection between translational control and mitogenic
cascade open a new intriguing field of research in which studying the underlying
mechanism of a potential Raf mediated regulation of eEF1A. The link between protein
synthesis machinery and growth factor-elicited survival pathway represents an important
molecular target to improve strategies based on apoptosis induction.

M-domain Gi-domain
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Figure 5. Imitation of a 3D model of an eEF1A1eeEF1A2 heterodimer. The heterodimer representation
was obtained from the molecular docking pdb file (r-1.pdb) using PyMol software (DeLano Scientific
LLC, San Carlos, CA, USA). In both eEF1A isoforms, the position of S21 and T88 are highlighted.
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5. Conclusions

Events that cause alterations in protein synthesis and translational control have a particular
role in the molecular mechanisms underlying cancer development and progression.
Interestingly, several translation factors can be directly involved in signal transduction
pathways, interact with oncogenes or probably act themselves as oncogenes. Alterations in
translational control are also often associated with the molecular events participating in cell
transformation, tumour development and progression, apoptosis induction or inhibition. All
together, these evidences give translational control a central role in tumourigenesis and
response to anti-neoplastic therapies. Thus, a deeper investigation of the specific changes in
the translation apparatus for certain types of human cancers, in relation to their stage, grade,
histopathology and exposure to standard anticancer therapies should be carried out.
Understanding molecular alterations in translational control in each of these contexts can
furnish possible indications to improve the use of therapeutic strategies in human cancer. In
conclusion, we think that one possible way to improve tumour therapies is to better clarify
specific cancer-associated changes in the translation machinery. This research could
probably give the opportunity to develop selective anti-tumour translation inhibitors
directed towards specific translational targets.
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1. Introduction

In 1885, Flemming reported the first morphological description of the natural process of cell
death. This process is now known as apoptosis, a name that was chosen by Kerr [1] to
describe the unique morphology associated with this type of cellular death, which is
different from necrosis. After the initial description of apoptosis, it was recognized that this
process occurs in all tissues as part of the normal cellular turnover. Apoptosis also occurs
during embryogenesis, in which particular cells are ‘programmed’ to die, and hence the
term ‘programmed cell death’ is used to describe this process.

Currently, cell death can be classified according to the morphological appearance of the
lethal process (apoptotic, necrotic, autophagic or associated with mitosis), the enzymological
criteria (with or without the involvement of nucleases or distinct classes of proteases, such as
caspases or cathepsins), the functional aspects (programmed or accidental, physiological or
pathological) or the immunological characteristics (immunogenic or non-immunogenic) [2,3].

Apoptosis is a genetically predetermined mechanism that may be elicited through a number
of molecular pathways, the best characterized and most prominent of which are called the
extrinsic and intrinsic pathways (Fig.1).

In the extrinsic pathway, which is also known as the “death receptor pathway”, apoptosis is
triggered by the ligand-induced activation of death receptors at the cell surface, which
include the tumor necrosis factor (TNF) receptor-1, CD95/Fas (the receptor of CD95L/FasL),
and the TNF-related apoptosis inducing ligand receptors-1 and -2 (TRAIL-R1/2). In the
intrinsic pathway, which is also called the “mitochondrial pathway”, apoptosis results from an
intracellular cascade of events in which mitochondrial permeabilization plays a crucial role [4].

In vitro studies showed evidence that all animal cells constitutively express the proteins
needed to undergo apoptosis [5,6]. Apoptosis is a process that involves a variety of signaling
pathways that lead to multiple cellular changes throughout the cell death process [7,8].
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Figure 1. Extrinsic versus intrinsic caspase activation cascades. Left: extrinsic pathway. The ligand-

induced activation of death receptors induces the assembly of the death-inducing signaling complex
(DISC) on the cytoplasm side of the plasma membrane. This promotes the activation of caspase-8 (and
possibly of caspase-10), which in turn is able to cleave effector caspase-3, -6, and -7. Caspase-8 can also
proteolytically activate Bid, which promotes mitochondrial membrane permeabilization (MMP) and
represents the main link between the extrinsic and intrinsic apoptotic pathways. The extrinsic pathway
includes also the dependency receptors, which deliver a death signal in the absence of their ligands,
through yet unidentified mediators. Right: intrinsic pathway. Several intracellular signals, including
DNA damage and endoplasmic reticulum (ER) stress, converge on mitochondria to induce MMP, which
causes the release of proapoptotic factors from the intermembrane space (IMS). Among these,
cytochrome ¢ (Cytc) induces the apoptosis protease-activating factor 1 (APAF-1) and ATP/dATP to
assemble the apoptosome, a molecular platform which promotes the proteolytic maturation of caspase-
9. Active caspase-9, in turn, cleaves and activates the effector caspases, which finally lead to the
apoptotic phenotype. DNA damage may signal also through the activation of caspase-2, which acts
upstream mitochondria to favor MMP. Kroemer G, Galluzzi L, Brenner C. (2007).

The process of apoptosis has been conserved throughout evolution. Because of its conserved
and uniform nature [8], apoptosis is frequently defined mechanistically as a pathway of
regulated cell death that involves the sequential activation of caspases [Cysteine ASPartate-
Specific ProteASEs], which are the major effectors of apoptosis [9]. Many caspases are
present in healthy cells as catalytically dormant pro-enzymes [zymogens] that have very
low enzymatic activity [10] but become activated at the onset of apoptosis through
activation signals [11]. The proteolytic cascade in which one caspase can activate other
caspases amplifies the apoptotic signaling pathway and thus leads to rapid cell death.
However, not all caspases are required for apoptosis. In fact, the process generally requires
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the activation of a limited subset of caspases; in particular, caspases-3, -6, and -7 are the
“executioner” caspases and these mediate their effects through the cleavage of specific
substrates in the cell [12]. Over the last 10 years, intense research has focused on the
pathways that control caspase activation. Some of these pathways, such as the apoptosome
and death receptor-mediated pathways and the signalosomes responsible for caspase
activation, are well established, whereas others are less clearly defined [12-14].

Other proteases, such as granzymes and calpain, are also involved in the apoptotic signaling
process, but in a much more cell type- and/or stimulus-specific manner. At least three
distinct caspase-signaling pathways exist: one is activated through the ligand-dependent
death receptor oligomerization, the second through mitochondrial permeabilization, which
leads to the release of proapoptotic proteins from the mitochondrial intermembrane space
[15], and the third through stress-mediated events that involve the endoplasmic reticulum
[16,17]. These pathways can also interact to amplify weak apoptotic signals. Some studies
about programmed cell death indicate that apoptosis may occur in the complete absence of
caspases; these instances include when organelles, such as the mitochondria, endoplasmic
reticulum or lysosomes, are damaged leading to an increased release of calcium, species of
oxygen free radicals and effectors proteins [18-20].

Formation of the death-inducing signaling complex (DISC) or the apoptosome activates
initiator and common effectors caspases that execute the apoptosis process; both of these
types of caspases are found in the cytoplasm. However, there is now evidence that the two
pathways are linked and that molecules from one pathway can influence the other [16-24].
In addition, another mechanism activates a parallel caspase-independent cell death pathway
via single stranded DNA damage [25].

2. Apoptosis mechanisms and pathways

Studies from the 1970s and 1980s have shown that apoptosis can be defined by specific
morphological characteristics and is regulated by specific biochemical processes. Studies
using the nematode Caenorhabditis elegans have contributed most of the current
understanding of the apoptosis mechanisms [26,27]. The final phase of apoptosis is the
activation of endonucleases, which leads to the fragmentation of DNA. Apoptosis is
genetically predetermined and there are therefore genes that can promote or inhibit it [27];
these genes can respond to both normal and pathological stimuli.

Individual genes have been associated with apoptosis in two ways: the genes either are
expressed in cells undergoing apoptosis or modulate the effects of the process. Among
these, the proto-oncogene c-myc triggers either cell proliferation or apoptosis. Under normal
conditions, this gene programs the cell to grow; however, if this procedure is prevented due
to the lack of growth factors or the presence of secondary oncogenes, the cell enters the
death process. The expression of c-myc is required for this process most likely because c-
myc influences the delicate balance between the survival and death signaling pathways that
are simultaneously activated by this factor [28].
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The caspases are directly or indirectly responsible for the morphological and biochemical
changes that characterize the process of apoptosis [29]. The machinery of cell death effectors
that is managed by the family of caspases cleaves many vital proteins and proteolytically
active enzymes, a process that contributes to the destruction of the cell. All caspases are
initially synthesized as inactive zymogens that contain a prodomain that is formed by a p20
large subunit and a p10 small subunit. The activation of this zymogen precursor is mediated
by a series of cleavage events, especially for the executioner caspases, which first separate
the large and small subunits and then remove the prodomain. The active enzyme is
composed of a heterotetramer that is formed by two large and two small subunits [30].

To date, 14 mammalian caspases have been identified. These can be subdivided into families
based on their sequence homology and substrate specificity [31]. Caspases can be classified
as: Caspase-1 (ICE), caspase-2 (ICH-I, Nedd-2), caspase-3 (CPP32, Apopain, Yama), caspase-
4 (ICH-2, TX, ICEre), caspase-5 (ICErel, TY), caspase-6 (Mch2), caspase-7 (ICE-LAP3, Mch3,
CMH-1), caspase-8 (FLICE,Mch5, MACH), caspase-9 (Mché, ICELAPS), caspase-10 (Mch4),
caspase-11 (ICH-3), caspase-12, caspase-13 (ERICE) and caspase-14 (MICE) [6]. Currently, 11
human caspases have been identified: caspase-1 through -10 and caspase-14 [9,32,33]. The
protein initially named caspase-13 was later found to represent a bovine homologue of
caspase-4 [34] and caspase-11 and -12 are murine enzymes that are most likely the
homologues of the human caspase-4 and -5. However, only some of these caspases have
been found to be involved in the process of apoptosis; these are caspase-2, caspase-3,
caspase-6, caspase-7, caspase-8, caspase-9, caspase-10 and caspase-12 [35].

Caspases can also be classified as either initiators or effectors. The upstream (initiator)
caspases, unlike the downstream (effector) caspases, have long prodomains with structural
motifs (e.g., death effector domain, DED, or caspase recruitment domain, CARD) that
associate with their specific activators [36]. Any apoptotic extracellular or intracellular signal
is transduced by adapter proteins and transmitted to specific cysteine proteases called
“initiator caspases”, which commit the cell to apoptosis. However, the activated caspases
can be inhibited by endogenous inhibitors, such as IAPs (inhibitors of apoptosis). The
commitment is followed by the “execution” of the cells through the sequential activation of the
“executioner caspases” and the systematic disintegration of the cellular structure, which is
followed by the disposal of the dead cells by phagocytosis. The adapter proteins include
molecules that are homologous to the nematode protein CED-4, whereas initiator and
executioner caspases are homologues of CED-3. Each of the initiator caspases and the
respective adapter molecules, which are responsible for the oligomerization of the caspase to
which it binds, define distinct pathways for apoptotic caspase activation and cell death [37].

The apoptotic signaling pathways that lead to zymogen processing can be subdivided into
two major categories: cell surface or intracellular sensor-mediated. The former pathway is
activated in response to extracellular signals, which indicate that the existence of the cell is
no longer needed for the well-being of the organism. These cell surface sensor-mediated
apoptotic signals are initiated by the binding of ligands to cell surface death-mediating
receptors, which include the death receptor family [38].
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During the past two decades, extensive work has been performed to elucidate the molecular
mechanism of apoptosis. It is clear that apoptosis is induced by a range of stimuli that
activate two major cell death signaling pathways: the intrinsic pathway, which is mainly
controlled by the Bcl-2 protein family members, and the extrinsic pathway, which is
activated by the death receptors of the tumor necrosis factor receptor superfamily.

The extrinsic pathway is triggered by death receptor engagement, which initiates a signaling
cascade that is mediated by the activation of caspase-8. Specifically, apoptosis is induced by
the interaction of a death receptor, namely, Fas (APO-1, CD95), TNF receptor-1 (TNFR-1),
DR-3 (TRAMP), DR-4 (TRAIL-R1) or DR-5 (TRAIL-R2), with its respective ligand [39]. These
cell surface receptors, which are located on the cell membrane, are members of the TNFR
family. The binding of a ligand to a death receptor cause its oligomerization, which results
in its activation. The oligomerization of the receptors is followed by the binding of specific
adapter proteins (FADD, TRADD) to the receptor complex, which results in the recruitment
of the procaspase-8 and -10 to the receptor complex where the proenzymes become
activated. Active caspase-8 and -10, in turn, active through effector caspase-3 the caspase
cascade [35]. The best-characterized ligands and their corresponding death receptors include
FasL/FasR, TNF-a/TNFR1, Apo3L/DR3, Apo2L/DR4 and Apo2L/DR5 [40-43]. Alternatively,
an extrinsic pro-apoptotic signal can be dispatched by the so-called ‘dependence receptors’,
including netrin receptors (e.g., UNC5A-D and deleted in colorectal carcinoma, DCC). These
receptors induce apoptosis in the absence of the required stimulus (when unoccupied by a
trophic ligand, or possibly when bound by a competing ‘antitrophin’), but block apoptosis
following binding of their respective ligands [2,3].

The intrinsic pathway is activated when various apoptotic stimuli trigger the release of
cytochrome c from the mitochondria, which is independent of caspase-8 activation. This
activation occurs through the formation of an “apoptosome”, which consists of cytochrome
¢, the apoptotic protease activating factor-1 (Apaf-1) and procaspase-9. The formation of the
apoptosome is dependent on both the release of cytochrome ¢ from the mitochondria and
free ATP or dATP in the cell [42-45]. Together with ATP/dATP, cytochrome ¢ binds to Apaf-
1, a cytosolic protein, and induces its oligomerization, which leads to the recruitment of an
initiator caspase, procaspase-9, which undergoes a conformational change that results in
caspase-9 activation. These proteins (adaptor proteins and procaspases) interact via their
caspase recruitment domains (CARD). The apoptosome then recruits procaspase-3, which is
subsequently cleaved, and therefore activated, by the active caspase-9 and then released to
mediate apoptosis. This mechanism is caspase-dependent; however, a caspase-independent
cell death (CICD) pathway also exists. In this mechanism, the apoptosis-induced factor (AIF)
and endonuclease G (EndoG) are released from the mitochondria and relocate to the
nucleus, where they mediate the large-scale fragmentation of DNA independently of
caspases [46].

The mitochondrial outer membrane (MOM) permeabilization is considered the ““point of no
return” for apoptotic cell death and triggers the release of proteins that mediate cell death,
such as cytochrome ¢, into the cytoplasm [46,47].



78 Apoptosis

The intrinsic cell death signals generally converge within the cell at the MOM and result in
the loss of mitochondrial membrane integrity and the subsequent activation of the
downstream apoptotic pathways. The release of cytochrome c and others proteins from the
mitochondria is tightly regulated by pro-apoptotic members of the Bcl-2 family, which are
believed to act as ion and/or protein channels or possibly as regulators of such channels
[14,15,19]. The anti-apoptotic members of this family protect the cells from apoptosis
through the sequestration of pro-apoptotic proteins or by interfering with their activities
[48-50].

The DR (extrinsic) and mitochondrial (intrinsic) apoptosis pathways have been described in
detail [51-57].

The pathway that is utilized depends on the initial death signal, the cell type involved, and
the balance between pro-apoptotic and anti-apoptotic signals [58]. In addition, the initiation
of a specific pathway may exhibit cross-talk with another, which might result in the
activation of a second pathway. Although there is a wide variety of physiological and
pathological stimuli and conditions that can trigger apoptosis, not all cells will necessarily
die in response to the same stimulus.

Recent studies implicate the ER as a third sub-cellular compartment that can signal
apoptosis via a signaling pathway that is called the ER-stress pathway [59]. Prolonged ER
stress or the mobilization of intracellular Ca™ stores stimulates the cleavage and activation
of pro-caspase-12 (in mice), which is localized in the ER membrane, by m calpain. Once
activated, caspase-12 then activates executioner caspases to induce apoptosis. Studies have
shown that prolonged ER stress can result in the activation of caspase-12, which initiates
apoptosis [56,60].

Several caspase regulators have been discovered, including activators and inhibitors of these
proteases [22]. Inhibitor of apoptosis proteins (LAPs) interfere with apoptosis by blocking
caspase activity. Therefore, because of their inhibitory activity against the executioner
caspases, IAPs may inhibit all caspase-dependent apoptosis. However, Smac/DIABLO, a
mitochondrial protein released in the cytosol in response to an apoptotic stimulus, inhibits
the anti-apoptotic function of several members of the IAP family, thereby de-repressing
caspase activation [61].

The intrinsic pathway is marked by a requirement for the involvement of mitochondria.
Under the control of the BCL-2 family the mitochondria participate in apoptosis by releasing
apoptogenic factors.

The Bcl-2 family members can be divided into three subfamilies based on their structural
and functional features [62]. The anti-apoptotic subfamily contains the Bcl-2, Bcl-XL, Bcl-w,
Mcl-1, Bfl1/A-1, and Bcl-B proteins. The members of this subfamily suppress apoptosis and
contain all four Bcl-2 homology (BH) domains. Some pro-apoptotic proteins, such as Bax,
Bak, and Bok, contain BH 1-3 domains and are therefore termed ““multidomain” whereas
other pro-apoptotic proteins possess only BH3 domain and are thus referred to as “BH3-
only” proteins [63].
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The intrinsic pathway, which is also called the BCL-2-regulated or mitochondrial pathway
(in reference to the role this organelle plays), is activated by various developmental cues or
cytotoxic stimuli such as viral infection, DNA damage and growth factor deprivation, and is
strictly controlled by the BCL-2 family of proteins [64]. This pathway predominantly leads
to the activation of caspase-9 [65], although, at least in certain cell types, it can proceed in
the absence of caspase-9 or its activator, the apoptotic protease-activating factor-1 (Apafl)
[11]. The extrinsic, or DR pathway, is triggered by the ligation of the so-called death
receptors, such as Fas or TNF-R1, which contain an intracellular death domain that
associates with adaptor proteins that can recruit and activate caspase-8 through their Fas-
associates death domains (FADD; also known as MORT1). This activation of caspase-8
causes the subsequent activation of downstream caspases, such as caspase-3, -6 or -7, and
does not necessarily involve the BCL-2 protein family [64,66].

3. Physiological cell death in the immune system

In the immune system, the death of T and B lymphocytes induced by specific receptors may
occur in the central and peripheral lymphoid compartments. Apoptosis is the most common
form of cell death in the immune system [67].

Apoptosis occurs in the primary lymphoid organs, such as the bone marrow, the liver and
the thymus, and is used to eliminate useless precursor cells with non-rearranged, or
aberrantly rearranged, non-functional receptors. Furthermore, apoptosis is essential for the
deletion of autoreactive T cells in the thymus and is therefore crucial in the assurance of
central self-tolerance [68,69].

A similar apoptotic deletion mechanism operates in the T and B cells that are located in the
peripheral lymphoid organs, such as the lymph nodes and the spleen. This cell deletion by
apoptosis is another safeguard of the immune system to assure self-tolerance and to
downregulate an excessive immune response. Lymphocytes that escape this process
probably replenish the pool of cells that determine immunological memory [70-73].

4. Antigenic stimulation drives proliferation and death

The immune system has, among other characteristics, its specificity: the repertoire of T and
B lymphocytes, initially built from randomly selected antibody and T cell receptor (TCR)
variable region genes, is shaped by selection to cope, on the one hand, with the vast
universe of antigens and, on the other hand, with the danger of autoimmunity [74]. Another
distinctive feature is the control of homeostasis; after a clonal expansion phase, the antigen-
reactive lymphocytes must be deleted until the pool of lymphoid cells reaches its baseline
level. This controlled cell death is achieved by a fine-tuned balance between
growth/expansion and apoptotic death; in general, because the immune system produces
more cells than it needs, the extra cells are eliminated by apoptosis [75].

The thymocytes that do not express a functional TCR die due to the lack of survival signals,
an event that is known as “death by neglect”. In contrast, thymocytes bearing a TCR that
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recognizes self-peptides that are presented by major histocompatibility complex (MHC)
molecules are eliminated by apoptosis in response to a high-affinity signal; this process is
termed negative selection [76,77]. Moreover, the normal immune response requires the
regulated elimination of specific cell populations by apoptosis. During the development of T
cells in the thymus and B cells in the bone marrow, all potentially autoreactive lymphocytes
are removed by apoptosis. Therefore, the initial overproduction is followed by the death of
those cells that fail to exhibit productive antigen specificities [49]. In addition, after the
inciting antigen in an immune response has been cleared, cell death mechanisms return the
number of lymphocytes to its normal physiological range.

Only those lymphocytes bearing an antigen receptor with an appropriate specificity are
selected for survival and further differentiation; the remaining (~75% and ~95% of B-cell and
T-cell precursors, respectively) undergo apoptosis [78-81].

The immature precursor T lymphocytes develop into mature antigen-reactive T cells in the
thymus. The maturation process is associated with the acquisition of high expression levels
of the TCR-CD3 complex and with tolerance to self antigens; these two characteristics are
the consequence of positive and negative selection, respectively. Positive selection ensures
the survival of immature T cells (CD4*CD8") that have an appropriate TCR [53,82].

The number of T cells that leave the thymus and enter the peripheral T-cell pool is
approximately 2-3% of the number of cells that were initially generated. The pre-T
lymphocytes in the thymus undergo differentiation and TCR rearrangement. Those T cells
that fail to rearrange their TCR genes productively and thus cannot be stimulated by self-
MHC-peptide complexes die by neglect. In contrast, cells with autoreactive receptors are
killed by activation-induced death [83].

Those thymocytes that successfully pass the pre-TCR selection develop into CD4*CD8* T
cells and undergo further TCR-affinity-driven positive and negative selection. After these
selection processes, the mature single-positive CD4+ MHC class-II restricted and CD8+
MHC class-I-restricted T cells leave the thymus and generate the peripheral T-cell pool [52].

There exists evidence for the positive selection of B cells based on B cell antigen receptor
[BCR] specificity but the nature of the selecting ligands is not yet known. The processes of
antigen receptor gene rearrangement and diversification can produce self-antigen specific B
and T lymphoid cells that could initiate autoimmune tissue destruction [11].

Apoptosis also occurs as a defense mechanism in immune reactions or when cells are
damaged by disease or noxious agents [84]. During infection, the lymphocytes and other
cells of the innate immune system, which express receptors that recognize foreign antigens,
undergo proliferation and differentiation to develop effectors functions that help kill the
invading pathogens. These effectors functions, which include cellular- or antibody-mediated
cytotoxicity and inflammatory cytokines, can be harmful to the host. Therefore, to limit the
damage to healthy tissue, mechanisms, such as cell inactivation and cell death, have evolved
to shut down these immune responses [85].
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5. Activation-induced cell death

The term “activation-induced cell death” (AICD) describes the signal-induced programmed
cell death of T lymphocytes [86] and distinguishes this phenomenon, or apoptosis process,
from other possible effects of antigen receptor ligation (e.g., cytokine production and clonal
expansion). However, apoptosis via AICD is almost certainly a major mechanism of clonal
deletion in the immune system.

The AICD process is induced by the same signals that, in other circumstances, can lead to T
cell proliferation and activation; these signals include antigen recognition, the binding of an
antibody anti CD3 and the exposure to mitogens [87]. The AICD may occur in immature or
transformed T cells, as well as in mature and activated peripheral blood T cells [88-94].

The primary function of T lymphocytes is to mount an efficient immune response to an
antigen. However, the maintenance of T lymphocyte homeostasis between antigenic
challenges is also essential. Co-stimulatory molecules are required for efficient T cell
responses and an IL-7 signal is essential for maintaining the homeostasis of both naive and
memory T cell populations. Both the intrinsic and the extrinsic apoptotic pathways are
actively involved in the regulation of T cell responses and homeostasis. Several anti-
apoptotic molecules have been identified as critical effectors molecules in mature T
lymphocytes and the co-stimulatory molecules signaling pathways [95].

The proliferation and differentiation of T- and B-cells following antigen stimulation are
crucial in the adaptive immune response. In fact, the activation of T cells is a critical step
that occurs early in the adaptive immune response.

The TCR is a transmembrane protein that consists of a heterodimer, which can be one of two
types. In 95% of T cells, the heterodimer consists of an alpha («) and a beta ({8) chain, which
are expressed on the surface of T lymphocytes as part of a multi-subunit complex with the
CD3 protein; in 5% of T cells, however, the heterodimer consists of gamma and delta (y/0)
chains. When the TCR engages with the antigen that is presented on the MHC, the T
lymphocyte is activated through a series of biochemical events that are mediated by a
number of enzymes, co-receptors, accessory molecules, and activated or released
transcription factors. The af} chains of the TCR are joined by disulfide bonds and have a
structure similar to immunoglobulins with an extracellular domain, which is responsible for
the recognition of the antigenic peptide, a transmembrane domain and a short
intracytoplasmatic domain [96,97].

The induction of apoptosis via signaling through DR requires the close proximity of the
intracytoplasmatic or transmembrane domain of several receptor molecules because their
activation requires the cross-linking of several receptors [98-100].

Antigen-presenting cells (APCs) are specialized white blood cells that help fight off foreign
substances that enter the body. Enzymes inside the APCs break down the antigen into
smaller particles. The processed antigens are transported to the surface of the APCs, bound
with either an MHC class I or class II molecule. This complex forms epitopes (part of a
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foreign substance that can be recognized by the immune system), which the TCR recognizes
and binds to.

Two signals derived from the APCs are required for the activation-induced proliferation of
T cells. The first signal is the engagement of the TCR to the MHC-antigen complex on the
APC and the second involves the coupling of co-stimulatory molecules, such as CD28, on
the T cell with the B7 protein family expressed by the APCs. The signaling pathways
downstream of the TCR and CD28 involve the integration of complex signals that lead to
activation, proliferation, cell survival, and death. These signals are all mediated by cell
surface receptor-ligand interactions and cytokines, such as interleukin IL-2, IL-4, and IL-10,
which are produced by accessory cells as well as the responding T cells themselves [101].

The CD3 protein complex, which is composed of five polypeptides (y 3, €, ¢, 1), is non-
covalently associated with the TCR. Of the polypeptides, 90% the ¢ chains form homodimers
and 10% heterodimers with the n chains. The remaining three polypeptides associate to
form the heterodimers &5 and ey, which are also transmembrane proteins with an
intracytoplasmatic domain that is larger than the TCR af3 and is responsible for translating
the activation signals through the complex to the inside of the cell [102]. The TCR, the C-
chain, and the CD3 molecules comprise the TCR complex. The in vitro stimulation of T cells
with anti-CD3 antibody induces a signaling response that stimulates the activity of protein
tyrosine kinase (PTK) within seconds [103]. The first event leads to a series of biochemical
exchanges that occur over a period of many hours; these include the expression of cytokine
receptors, the secretion of cytokines, the initiation of DNA replication and the acquisition of
a differentiated phenotype [7,104].

The intracellular tails of the CD3 molecules contain a single conserved motif known as the
immunoreceptor tyrosine-based activation motif (ITAM), which is essential for the signaling
capability of the TCR. The PTK activity that is induced by the binding of a ligand to the TCR
initiates the phosphorylation of tyrosine residues on a number of soluble and membrane-
associated substrates. The activation of the ITAMs causes it to act as the substrate for PTK
and recruits this protein to the TCR [105,106].

TCR engagement by antigens triggers the tyrosine phosphorylation of the ITAMs, present in
the TCR-CD3 complex. Such ITAMs function by orchestrating the sequential activation of
the Src-related PTKs: Lck and Fyn, which initiate TCR signaling, followed by that of ZAP70,
which further amplifies the response. Lck is activated by the interaction of MHC-II and CD4
or CD8. These various PTKs induce tyrosine phosphorylation of several polypeptides,
including the transmembrane adaptor linker activator for T-Cells (LAT). Protein tyrosine
phosphorylation subsequently leads to the activation of multiple pathways, including
extracellular signal regulated kinase (ERK), c-Jun N-terminal kinase (JNK), nuclear factor
kappa B and nuclear factor of activated T-Cells (NF-xB and NFAT) pathways, which
ultimately induce effectors functions [105].

The AICD in peripheral T cells depends on the activation state of the cell, i.e., recently
activated T cells are resistant to the induction of apoptosis and this initial resistance is
followed by a subsequent sensitive phenotype.
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The AICD occurs by either a suicidal or fratricidal mechanism through the activation, after
TCR stimulation, of either Fas or TNF-R2, respectively. The importance of the Fas/FasL
system for the activation of AICD was demonstrated by the discovery of a soluble receptor
called decoy receptor 3 (DcR3) which is a member of TNFR superfamily. It has been shown
to be the decoy receptor for FasL, which inhibits FasL-mediated apoptosis [75].

Expression of FasL is restricted to the lymphoid organs, and defects in its expression are
associated with pathophysiological and autoimmune disorders. The consequences of FasL
shedding are quite substantial because only membrane-bound FasL (mFasL) triggers the
death signal [106].

The TNF receptor family can also transduce signals via intermediary molecules that can
lead, in some instances, to apoptosis via the activation of FADD and FLICE, which also
mediate death signals from CD95 [54,108-112].

The first role described for the FADD protein was its interaction with the membrane-bound
DRs, which leads to the hypothesis that it is cytoplasmic and only implicated in death
signaling pathways. However, new evidence shows that FADD is a much more complex
molecule. Depending on its phosphorylation state and subcellular localization, the FADD
protein can induce apoptosis, survival, cell cycle progression or T cell proliferation [113].

During development and maturation, lymphocytes with antigen receptors that are not
properly rearranged, not positively selected or potentially self-reactive die by apoptosis.
Similarly, immature cells that are not selected to enter the pool of mature circulating cells
and peripheral cells that exert reactivity for self-antigens undergo apoptosis [92].

Several cells types are involved in the immune response. First, the B and T lymphocytes
recognize antigen. After antigen binding to their antigen-specific receptors, these cells
undergo clonal expansion and differentiation into effectors cells [114].

The developing lymphocytes express antigen receptors of random specificity. If, within a
given window of time, the antigen receptors in the lymphocyte are ligated, the cell is
deleted, which might occur through elimination or functional deletion by permanent
unresponsiveness. If this ligation does not occur, the cell may mature and subsequently bind
to the antigenic stimulus, thereby driving the immune response. The process of clonal
deletion in the regulation of central tolerance is now well established [50]. The first
unambiguous demonstrations of this process occurred with observations of negative
selection, in which developing T lymphocytes in the thymus that expressed antigen
receptors disappeared from the T-cell pool.

The regulation of the life and death of T cells uses molecular mechanisms that may be
different in distinct T-cell populations depending on their activation state [115].

6. Dynamics of the immune response in peripheral lymphoid organs

The induction of immunity occurs almost exclusively in the secondary lymphoid organs.
Consequently, the examination of the lymphoid tissues allowed the elucidation of many of
the steps that are involved in the generation of immunity.
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In secondary lymphatic tissues, which are the primary locations for the generation of the
humoral immune response, the coordinated trafficking of the immune cells is maintained
through the direct interaction of the APCs with the T and B cells, which lead to the germinal
center formation, the immunoglobulin class switching and the affinity maturation processes
of the antibody response [116]. The antigens arrive at the lymph nodes by way of the lymph
as soluble antigens, immune complexes or in association with dendritic cells (DCs). The
systemic antigens and immune complexes reach the spleen and are first encountered by B
cells, macrophages and DCs in the marginal zone (MZ).

The site of B cell differentiation in response to antigen is the germinal center (GC). These
structures, which arise within follicles, are responsible for the formation of long-lived
memory via the long-lived circulating memory B cells and the long-lived plasma cells that
typically reside in the bone marrow [117]. The GC has specific kinetics of expansion,
contraction and ultimately dissolution. There is considerable proliferation and cell death
within the GC, in addition to cell emigration from the GC [118].

In addition to soluble antigens transport into follicles, molecules smaller than 70-80 kDa are
transported through the enclosed compartment of the reticular network, known as the
conduit system, into the lumen of the high endothelial venules (HEV). The conduit system
of the reticular network is a highly specialized extracellular matrix consisting of a central
core, which is formed by interstitial matrix molecules, such as collagen type I and collagen
type IIL It is also surrounded by a basement membrane-like structure and is ensheathed by
a layer of fibroblastic reticular cells [119].

The antigen presentation to B cells by DCs has been described by several groups and it is
possible that outer T zone DCs present conduit-derived antigens to B cells. The conduits are
also present within follicles but their contribution to antigen delivery within the follicles is
not known.

The deletion of B cells that recognize autoantigens occurs at both the immature B cell stage
in the bone marrow and the mature B cell stage in the lymph nodes and the spleen. The
critical events of B-cell activation, proliferation, differentiation and apoptosis occur in the
GCs of the lymphoid follicles. A significant number of B cells die during passage through
the GC and the apoptotic B cells are rapidly cleared from this area [120].

The B cells that arrive at the lymph nodes via HEV in the T-zone might encounter antigen-
bearing DCs during their migration. Alternatively, follicular B cells that migrate through the
B-T boundary region during their random walk might engage the DCs that are concentrated
in this region [117].

The production of clusters of antibody secreting cells (ASC) is an important initial
component of the B cell response to antigen. It occurs during both T cell-dependent and T
cell-independent responses [121]. Furthermore, it has been determined that, depending on
the route of antigen delivery, different types of B cells may be involved in focus formation.
For example, particulate antigens that are delivered through the blood will, upon entry into
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the spleen, specifically activate MZ-B cells [122], whereas antigens that are delivered
subcutaneously will activate follicular B cells through a complex process of antigen
acquisition and B cell trafficking [123].

Apoptotic B cells are found throughout the GCs. Most of the apoptotic B cells, however, are
located in the light zone, an area to which B cells from the dark zone immigrate. The dark
zone is the site where most of the proliferation of germinal center B cells occurs [118]. Some
of the dark zone B cells, termed centroblasts, express CD77 antigen. The CD77 molecule
defines a B lymphocyte maturation pathway, specific for GC, where the cells undergo
programmed cell death [124]. The apoptosis of germinal center B cells may be a consequence
of a lack of stimulation through their cell surface Ig [125]. This lack of stimulation may lead
to either affinity maturation, the process by which B cells produce antibodies with increased
affinity for an antigen during an immune response, or to a decreased affinity for the
immunizing antigen. Thus, B cells with functional receptors are positively selected and
differentiate either towards B cell memory or plasma cells [126,127]. Within the lymphoid
follicle, APO1/Fas are highly expressed in the areas where B-cell apoptosis occurs [128]. Bcl-
2 was shown to mediate an important survival signal for B cells and is believed to be
involved in the maintenance of B-cell memory in GCs. The lack of Bcl-2 expression in areas
where B cells die by apoptosis probably enables the cells to undergo apoptosis. On the other
hand, overexpression of Bcl-2 in these cells would probably inhibit apoptosis [129,130].
There is evidence that the release of apoptogenic molecules from the mitochondria is not
necessary for the induction of this pathway [131].

The CD40 receptor can mediate both pro- and anti-apoptotic signals. The binding of the
CD40 ligand to its receptor can inhibit the apoptosis of B cells that are stimulated through
their Ig receptors and can stimulate B cell proliferation and isotype switching. However, the
same receptor-ligand interaction can also induce the expression of CD95 and therefore
enhance the susceptibility of the B cell to CD95-mediated death [132].

In peripheral T cells, the triggering of the TCR has several consequences: first, primary
activation of resting T cells via the TCR may lead to proliferation of the T-cell population;
second, in the absence of co-stimulatory signals, TCR triggering may cause anergy; and,
finally, TCR triggering of previously activated T cells may lead to apoptosis unless the T
cells are rescued by additional signals [133-135].

Whereas the activation of naive T cells results in their clonal expansion and differentiation,
the repeated stimulation of previously activated cells with antigen triggers AICD, which can
be prevented by blocking the FasL/Fas interaction. In addition, the AICD is associated with
an activation-induced surface appearance of FasL, which, in turn, triggers death via Fas in
an autocrine or paracrine fashion [53]. Therefore, most T cells become susceptible to the
induction of apoptosis during their proliferation. This sensitization of T cells is achieved by
the regulation of the extrinsic and the intrinsic apoptotic pathways and is influenced by T-
cell-associated IL-2 [136], which, in this context, acts as a sensitizer to AICD apoptosis rather
than as a growth factor [137]. The molecular mechanism by which this T cell sensitization is
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achieved involves the altered expression of genes that encode proteins such as BCL-2 family
members, hematopoietic progenitor kinase 1 (HPK1), cellular FLICE-like inhibitory protein
(cFLIP) family members and CD95L [138,139].

The AICD process involves the stimulation of CD95 [53,99,108], TNFR1 [139], TRAILR in
‘helpless’” memory CD8 T cells [140-144]. Some findings suggest that TNF is involved in the
late phase of AICD [41].

In recent years, our research has focused on the development of a vaccine against
Riphicephalus (Boophilus) microplus. Using the natural host as experimental model, the
kinetics of the immune response in two peripheral lymphoid organs, the spleen and lymph
nodes were studied. We performed a kinetic analysis of the apoptotic activity that occurs
within the GCs of the draining lymph nodes of animals immunized with a synthetic vaccine
after a primary and a secondary stimulation (Fig.2). The examination of the draining lymph
nodes of the immunized bovines showed that the apoptosis in the GC occurred mainly in
the dark zone seven days after immunization [146]. In parallel, we analyzed the in vitro
immune memory and AICD of CD4* T cells after stimulation with various inducers
(mitramicina and cycloheximide) or inhibitors (benzimide riboside and cyclosporine A) and
the synthetic vaccine. The AICD induced by the peptide was mediated by a calcineurin-
independent pathway. However, we observed the induction of cell death after stimulation
of the TCR by the increased expression of Fas, which is characteristic of AICD.

germinal center (GCs). (B) Arrow shows details of TUNEL-positive cells 7 days after immunization.
Scale bar 50mm.

7. Concluding remarks

Much progress has been made over the past 15 years analyzing cell death in the immune
system. Many cell death regulators have been discovered and their functions defined in
experiments with transgenic and knockout mice. In the immune system, apoptosis is seen in
cells that are stressed or deprived of growth factors, in developing cells that fail to properly
rearrange an antigen receptor or express one that fails negative or positive selection, or in



Apoptosis and Activation-Induced Cell Death 87

cells that had expanded in response to an antigenic stimulus and are now in excess. We
observed that the repeated stimulation of T cells previously activated with synthetic vaccine
triggers AICD. Secondary lymphoid organs such as the spleen and lymph nodes provide the
critical niches where naive B cells encounter antigens and produce high-affinity antibodies.
Many recent avenues of investigation have elucidated that the germinal center is a dynamic
microenvironment where B-cells undergo repeated rounds of mutation and selection. The
complex microarchitecture of the germinal center is therefore created not only by distinct
stages of B-cell maturation but also by the distribution of immunophenotypically distinct
and functionally specialized T, dendritic, and stromal cell subpopulations and their myriad
interactions. The GC response is a complex process involving numerous cellular and cell
surface components together with multiple signaling pathways. Recent advances in the field
include a better understanding of the role of follicular dendritic cells, chemokines and TNF
family members in forming and maintaining GC reactions. Even with these new advances,
much remains to be understood in GC biology. Not only is there little understanding of the
mechanisms that regulate and control GC B cell differentiation, but efforts need to be
focused on examining abnormal GC responses, especially in the setting of autoimmunity
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1. Introduction

1.1. Telomeres

Telomeres are heterochromatic structures found at the ends of chromosomes which are
involved in the protection of chromosomes from degradation and DNA-repair mechanisms
(Moyzis et al., 1988; Shay and Wright, 2004; Wyatt et al.,, 2010). Discovery of telomeres also
solved the “end-replication problem” which was exposed after the observation that the 3'-
extremity of chromosomes was not completely replicated during each cell cycle. As a
consequence telomeres play a fundamental role in chromosomes and the overall genome
stability (de Lange, 2005; Martinez and Blasco, 2011; O'Sullivan and Karlseder, 2010; Takai et al.,
2003). In mammals telomeres are composed of tandem repeats of the oligonucleotide sequence
TTAGGG and bound by a composite structure of proteins named the shelterin complex (de
Lange, 2005, 2010; Diotti and Loayza, 2011; Longhese et al., 2012; Martinez and Blasco, 2010;
O'Sullivan and Karlseder, 2010). In somatic cells telomeres are shortened after each division
cycle and when a critical short length has been reached then the cell replication stops before
these cells undergo senescence or apoptosis (Counter, 1996; Deng and Chang, 2007). This
mechanism is supposed to be responsible for the “Hayflick limit” which corresponds to the
number of times a cell can divide before it stops proliferating (Deng and Chang, 2007; Hayflick,
1965; Hayflick and Moorhead, 1961). The phenomenon of telomeres shortening is directly
linked to the ageing process by acting as a mitotic clock and by inducing senescence and/or
apoptosis once the Hayflick limit has been reached (Blasco, 2003; Djojosubroto et al., 2003;
Goronzy et al., 2006; Liew et al., 2009; Martinez and Blasco, 2010; Shin et al., 2006).

1.2. Telomerase

The main mechanism involved in telomere maintenance and de novo synthesis of telomeric
DNA is represented by the activity of the telomerase holoenzyme. Telomerase is responsible
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for the addition of the telomere repeats TTAGGG at the end of chromosomes (Blackburn et
al., 1989; Greider and Blackburn, 1985, 1987). The catalytic core of telomerase is a
ribonucleoprotein consisting of a reverse transcriptase (TERT) and a telomerase RNA
template (TERC) whereas other species-specific co-factors may be required to form the
whole holoenzyme (Martinez and Blasco, 2011; Wyatt et al., 2010). The catalytic subunit
TERT is comprised of 3 main domains. The N-terminal extremity contains two domains
called the telomerase essential N-terminal domain (TEN) and the telomerase RNA-binding
domain (TRBD) which are involved in the association of TERC with TERT. The central part
of the protein contains the catalytic domain for reverse transcriptase activity (RT) with seven
conserved motifs which are essential for the enzymatic activity. The sequences of both N-
terminal extremity and the core catalytic domain of TERT are evolutionarily conserved
among species. On the other hand, the C-terminal domain displays a higher variability and
therefore may be related to species-specific function (Wyatt et al., 2010).

While it appears that the primary function of telomerase is to elongate telomeres by adding
telomeric DNA at the end of chromosomes, many studies in the past decade has started to
uncover other potentially crucial functions of telomerase besides its direct role in telomeres
maintenance (De Semir et al., 2007; Gordon and Santos, 2010; Majerska et al., 2011; Martinez
and Blasco, 2011). As a matter of fact it has been observed that telomerase is able to promote
tumor oncogenic transformation independently of its ability to elongate telomeres (Stewart
et al.,, 2002) and appears to be involved in the modulation of mechanisms related to cell
survival, genes regulation, cell signaling, cell proliferation and differentiation, metabolism,
and DNA repair (De Semir et al., 2007; Lai et al., 2007; Majerska et al., 2011; Saretzki, 2009).
Such functions have been described as extra-telomeric roles of telomerase. While these non-
telomeric functions still remain generally enigmatic, their relationship with the regulation of
crucial cellular mechanisms emphasize the critical importance of investigating this field in
order to improve our understanding of telomerase biology. This chapter proposes to
highlight and summarize the current knowledge about the non-telomeric effects of the
catalytic subunit TERT and more particularly its related roles to cell death regulation, with
regard to the relationships between TERT and key actors of apoptosis, i.e. mitochondria,
oxidative stress and p53.

2. Telomeres dysfunctions and relationship to diseases

Telomeres alterations have been described in many diseases including aging-related
disease (Hiyama and Hiyama, 2007, Martinez and Blasco, 2011; O'Sullivan and
Karlseder, 2010) (Figure 1). Some inherited diseases such as Dyskeratosis Congenital
and aplastic anaemia results in impaired telomerase activity leading to major bone
marrow failures and premature ageing syndromes (Calado et al., 2002; Calado et al,,
2009; Mason et al., 2005; Mitchell et al., 1999; Shtessel and Ahmed, 2011; Vulliamy et al.,
2002). More recently it was observed that mutations in telomerase components TERT or
TERC may be linked in the occurrence of the idiopathic pulmonary fibrosis resulting in
dramatic destruction of lung tissues (Alder et al.,, 2008; Tsakiri et al., 2007). Other
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studies pointed the direct correlation between telomere dysfunction and pathologies
such as cardiovascular disease, carotid atherosclerosis and increased insulin resistance
(Benetos et al., 2004; Epel et al., 2006; Gardner et al., 2005; Kuhlow et al., 2010). In
addition it has been demonstrated that telomere dysfunction in chronically stressed
patients may lead to premature immune ageing (Damjanovic et al., 2007; Goronzy et al.,
2006) (Figure 1).

TELOMERES DYSFUNCTION
_Gennl:n_ir_: Premature
instabllity Immune ageing Insulin
4 resistance
Cardiovascular gone marrow
pathologles failure
=i T _—
tr;;:gn:atl':ﬂn HpﬂptﬂSIS s
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l and
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Telomeres shortening and/or dysfunction leads to genomic instability which induces apoptosis in order to eliminate
such aberrant cells. However genomic instability can promote oncogenic transformation and lead to the appearance of
a cancerous phenotype. Telomeres dysfunction seen in genomic diseases affecting telomeres maintenance have been
shown to induce pathologies related to premature aging thus resulting in deficient immune system, bone marrow
failure or rise in insulin resistance.

Figure 1. Relationship between telomeres dysfunction and pathologies.

While differentiated tissues display relatively low telomerase activity (Wright et al., 1996), it
has been widely observed that malignant cells from a large variety of cancers present a
significantly increased telomerase activity. Around 90% of tumors have been reported to be
telomerase-positive tumors, thus making telomerase the most widely expressed gene across
all types of cancer (Shay and Bacchetti, 1997). It appears that telomerase is a major protein
that holds the key to infinite proliferative capacity which is a necessary step toward
oncogenic transformation that has been described as one of the hallmarks of cancer
(Hanahan and Weinberg, 2011).

The high telomerase activity levels in cancer correlate directly with malignant and
metastatic potential (Oishi et al., 1998; Pirker et al., 2003). As a consequence, telomerase has
become a promising target in the race to the development of new anti-cancer therapies.
Therefore, it is of critical importance to understand the roles of telomerase and telomeres in
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cancer development in order to design these new anti-cancer strategies. Some telomerase-
based approaches have been developed in the recent years such as gene therapy,
immunotherapy and small-molecule inhibitors of telomerase (Keith et al., 2007; Shay and
Keith, 2008). Some of these promising candidates for telomerase-based therapies are now in
different phases of clinical trials (Harley, 2008; Ouellette et al., 2011; Shay and Wright, 2011).

The understanding of the regulation of telomerase appears to be an important issue that
may help to improve therapies related to pathologies mentioned above from inherited
diseases to ageing-related diseases and cancers. In order to improve these telomerase-based
approaches there is a crucial need to investigate closely the functions of telomerase as a
mean to understand the full extent of the roles in which telomerase is involved.

3. Extra-telomeric functions of TERT and its implication in cell death

3.1. TERT, oxidative stress and mitochondria

Mitochondria are key organelles of the cell as it is a major metabolic centre and
mitochondrial dysfunctions are linked to many pathologic syndromes. Mitochondria hold a
primary role in cell biology through its implication in energetic metabolism, production of
reactive oxygen species (ROS) and also as a key regulator of apoptosis (Fogg et al., 2011;
Low et al., 2011; Saretzki, 2009). The mitochondrial pathway of apoptosis, also known as the
intrinsic pathway, leads to the release of apoptogenic proteins from the intermembrane
space of mitochondria upon apoptotic stimuli which in turn results in the activation of
caspase 9 through the formation of a protein complex called the apoptosome (Antonsson,
2004; Saelens et al., 2004; Yuan et al.,, 2011). This mechanism is regulated by a family of
proteins called the Bcl-2 family of proteins, which are responsible for the regulation of the
apoptotic mitochondrial pathway through the activation of caspases (Antonsson, 2004). On
the other hand it is also of critical importance to understand that mitochondria are a major
producer of ROS which activate many downstream pathways involved in the modulation of
mechanisms such as cell death or cell survival, cell proliferation, senescence and ageing
(Indran et al., 2011; Saretzki, 2009).

Interestingly in the past decade the initial relationship between increased of oxidative stress,
telomeres shortening and ageing leads to the investigation of a potential connection between
telomerase and mitochondria (Saretzki, 2009; Saretzki et al., 2003). Following this hypothesis
it was then demonstrated that telomerase, or more specifically the catalytic subunit TERT is
able to translocate from the nucleus to the mitochondria following drug treatments or
increase of oxidative stress (Ahmed et al., 2008; Haendeler et al., 2009; Santos et al., 2006;
Saretzki, 2009) (Figure 2). This new interesting finding was linked to the discovery of
mitochondrial targeting sequence at the N-terminal extremity of TERT (Santos et al., 2004). It
appears then that TERT localization is a dynamic and regulated mechanism which is
induced as a response to environmental stress. It has been shown that oxidative stress can
drive 80% to 90% of endogenous TERT to mitochondria and that this phenomenon does not
involve de novo synthesis of TERT (Ahmed et al, 2008). However this function of
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mitochondrial TERT (mtTERT) remains poorly understood as different investigations about
this mechanism contains discrepancies between their conclusions and contradictory results.
It was initially observed that mtTERT increases the mitochondrial DNA (mtDNA) damage
and apoptosis following treatment by H202 (Santos et al., 2003; Santos et al., 2004; Santos et
al., 2006). However many other reports have also shown that mtTERT would rather display
a protective role against oxidative-stress induced mtDNA damage and apoptosis. It was
observed that mtTERT under oxidative stress conditions correlates with an increase in
mitochondrial potential and reduction of ROS productions thus pointing to an improvement
of mitochondrial function by TERT in cells subjected to oxidative stress (Ahmed et al., 2008).
An increase in mitochondrial potential was previously observed in neurons. This was
correlated with an increase in calcium uptake by the mitochondria as part of mechanism
protecting neurons against ischaemia (Kang et al, 2004). Other recent investigations
emphasize the role of mtTERT in the protection against oxidative stress. In 2009 it was
reported that TERT translocation to mitochondria follows a classical pathway of proteins
imported into mitochondria. Indeed it was observed that TERT translocated to
mitochondrial matrix through the translocase of outer membrane (TOM) and translocase of
inner membrane (TIM) complexes (Haendeler et al., 2009). Once in the matrix, it was shown
that TERT can bind to mtDNA through the coding regions of the NADH:ubiquinone
oxidoreductase subunits 1 and 2. This interaction between TERT and mtDNA appears to be
able to protect it against ethidium-bromide induced DNA damage (Figure 2). In addition to
its binding to mtDNA it was observed that cells overexpressing TERT displays an enhanced
complex I activity while it reduces the ROS production induced by ethidium-bromide
treatment. It is important to note here the interesting ability of TERT to bind to the loci of
subunits 1 and 2 of the NADH:ubiquinone oxidoreductase which is the complex I of
mitochondrial electron transport chain. One may postulate that TERT binding to these loci
may enhance the gene transcription of these subunits in order to facilitate and improve
mitochondrial respiration. Such a finding deserve further investigation in order to elucidate
the correlation between the mtDNA-associated TERT and the increase in complex I activity.
Moreover this mechanism of protection is directly correlated with the ability of TERT to
localize in the mitochondria given that a construct of TERT targeted specifically to
mitochondria enhanced the protective effect seen previously with TERT wild-type. The
authors also have shown that the reverse transcriptase of TERT seems to be required in
order to fulfill this protective role against oxidative stress (Haendeler et al., 2009). However
the requirement of the reverse transcriptase activity of TERT in this protective role still
remains highly controversial as no detailed mechanism has been clearly demonstrated.
Nonetheless, telomerase activity has been detected in mitochondrial extracts and the binding
of TERT to mtDNA suggests that the reverse transcriptase activity may play an important
role in protecting mtDNA. As a consequence, it is possible to extrapolate that mtTERT can
display more than one function in mitochondria and that some of them require a catalytically
active telomerase (binding to mtDNA) while others may only require TERT subunit
(improvement of mitochondrial function, protection against cell death) (Saretzki, 2009).

Another recent report also confirmed the role of TERT as a modulator of ROS production
(Indran et al., 2010, 2011). Indeed it was observed that TERT overexpression induces
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reduction of basal levels of ROS and inhibits the ROS production induced by oxidative
stress (Figure 2). This investigation also showed that the antioxidant function of TERT may
be linked to an increase in the ratio of reduced glutathione to oxidized glutathione in
addition to an improved recovery of the peroxiredoxin in its reduced state. As a
substantiation of the previous results we mentioned earlier, the authors of this study were
able to show that TERT induces an increase in complex IV activity (cytochrome ¢ oxidase)
(Indran et al., 2011). In the meantime it was also confirmed that these cells overexpressing
TERT display a higher resistance to H2Oz-induced apoptosis.
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Environmental stress such as oxidative stress has been described to induce the translocation of TERT from the nucleus
to the mitochondria. Once in mitochondria, TERT has been shown to interact with mtDNA and protects it against
oxidative-stress-induced DNA damage. Mitochondrial TERT is also able to modulate ROS production thus promoting
cell survival by inhibiting ROS-induced apoptosis.

Figure 2. Translocation of TERT into mitochondria and its potential involvement in the protection
against oxidative stress.

Taken together all these studies highlight an important crosstalk between the mitochondrial
localization of TERT and the modulation of ROS production. While some results are
contradictory, most data suggest an involvement of TERT as part of a mechanism alleviating
ROS production by mitochondria thus protecting cells against oxidative stress induced
damages and cell death. The discrepancies between these different studies may be explained
by the different models used in the investigations and the varied experimental settings. In
addition the level of oxidative stress may also be responsible for these differences as it may
represent the different responses of the cells toward mild or acute oxidative stress. As a
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result, TERT seems to be part of a mechanism modulating ROS production and cell response
to oxidative stress. Considering the important role of ROS in cell death, cell survival and in
ageing, these investigations have outlined a major new function for TERT as an upstream
actor regulating ROS production and mitochondrial function which may be of critical
importance to determine the fate of a cell.

3.2. Relationships between TERT and apoptotic pathways

Many studies pointed to the anti-apoptotic role of TERT independent of its enzymatic
activity. Early studies in postmitotic neurons highlighted the ability of TERT to inhibit
apoptosis induced by stimuli such as amyloid-beta peptide, NMDA (N-methyl-D-aspartate)
receptor-mediated excitotoxicity or through removal of brain-derived neurotrophic factor
(BDNF) (Fu et al., 2002; Kang et al., 2004; Zhu et al., 2000). Additional studies demonstrated
the ability of TERT to antagonize apoptosis induced by topoisomerase inhibitors in PC12
cell line or by oxidative stress in lymphocytes CD4+ model (Lu et al., 2001; Luiten et al.,
2003). Such results illustrating the protective role of TERT against ROS were confirmed later
in other models (Ahmed et al., 2008; Haendeler et al., 2009; Indran et al., 2011). Although
most of these early investigations did not explore the involvement of the reverse
transcriptase activity of TERT in this anti-apoptotic mechanism, these results had already
outlined a potential function of TERT unrelated to its enzymatic activity and ability to
lengthen telomeres (Sung et al., 2005). This was further elucidated following the discovery
of TERT’s pro-tumorigenic function which is independent of its ability to maintain
telomeres (Stewart et al., 2002).

The anti-apoptotic effect of TERT has been related to an inhibition of the mitochondrial
pathway of apoptosis as it was described to inhibit the major hallmarks of the intrinsic
pathway i.e., the translocation of Bax to mitochondria, the decrease in mitochondrial
potential and the release of cytochrome c (Indran et al., 2011) (Figure 3). This effect was
observed using a dominant negative form of TERT which resulted in an enhancement of
apoptosis induced by sodium butyrate (Xi et al., 2006). Other studies highlighted the role
of TERT as an antagonist of the intrinsic pathway of apoptosis. Indeed it was observed
that TERT overexpression inhibits Bcl-2 dependent apoptosis (Del Bufalo et al., 2005). In
this study, TERT function directly supported the anti-apoptotic role of Bcl-2, which
showed that the requirement of its reverse transcriptase activity is unnecessary (Figure 3).
It would be of interest to study this potential aspect on improving the survival function of
Bcl-2 involved in the anti-apoptotic role of TERT, as it was described earlier that Bcl-2
itself appears to be able to regulate telomerase activity (Mandal and Kumar, 1997). As we
discussed previously about the function of TERT in modulating ROS production, it is also
important to note that Bcl-2 has been described as an important modulator of ROS
production by mitochondria (Chen and Pervaiz, 2007, 2010; Low et al., 2011; Velaithan et
al.,, 2011). Using these findings we can extrapolate that TERT may interact directly or
indirectly with Bcl-2 and promote its anti-apoptotic function and modulate or block its
pro-oxidant role as well.
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TERT has been described as an inhibitor of the mitochondrial pathway of apoptosis by blocking key

events of this pathway such as Bax translocation to mitochondria and release of apoptogenic factors such as
cytochrome c; however the mechanism by which TERT inhibits these events remains poorly understood. TERT has
been also described as an inhibitor of the extrinsic pathway of apoptosis by blocking cell death induced by

TRAIL and TNFa.

Figure 3. Relationship between TERT and the intrinsic and extrinsic pathways of apoptosis.

Other investigations have also demonstrated the ability of TERT to block the intrinsic
pathway of apoptosis . The knock-down of TERT has been shown to increase the sensitivity
of cancer cell lines (HeLa and HCT116) to treatments such as cisplatin, etoposide, mitomycin
C and ROS mainly by facilitating the conformational activation of Bax which is the major
effector of the mitochondrial pathway of apoptosis (Massard et al., 2006). This sensitization
observed following TERT silencing was rescued by overexpression of Bcl-2 which
constituted a hallmark of TERT contribution to the mitochondrial pathway. More recently it
was also depicted in a human pancreatic cancer cell model that the silencing of TERT led to
growth inhibition which associated with a decrease of Bcl-2 and cyclooxygenase 2 levels
thus further deepening the connection between mitochondria, Bcl-2 and TERT (Zhong et al.,
2010).

In addition other studies also confirmed the anti-apoptotic role of TERT in apoptosis
induced by other stimuli such as 15-deoxy-A'> “-prostaglandin ]2 (15d-PGJ2) which kills
cells through induction of ROS production (Kanunfre et al., 2004; Shin et al.,, 2009).
Interestingly it was observed that 15d-PGJ2 treatment induces TERT downregulation which
seems to be an important feature of 15d-PGJ2-mediated cell death and may outline the anti-
apoptotic function of TERT (Moriai et al., 2009).
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Taken together, these results highlight an important role of TERT as an antagonist of the
intrinsic pathway of apoptosis. This protective role does not seem to be linked to TERT ability
to elongate telomeres. Although the death mechanisms induced by telomere attrition are
mostly linked to the DNA repair machinery, we have described above many studies showing
TERT inhibits apoptosis induced by a wide range of stimuli which are not necessarily related
to the induction of DNA damage signalling. Moreover most of the effects on apoptosis
sensitization occur in a short time following silencing of TERT expression (Massard et al., 2006)
which does not match the timing required for a mechanism involving telomere shortening.

While most of the studies related to the involvement of TERT in apoptosis regulation pointed
toward a main role of TERT as a modulator of the intrinsic pathway, several investigations
also highlighted a potential role in the extrinsic pathway or receptor pathway of apoptosis.
Indeed it was observed that TERT inhibits cell death induced by TNF-a and TRAIL but does
not protect against etoposide and cisplatin (Dudognon et al., 2004) (Figure 3). Of note, this
work also showed that the blockade of the extrinsic pathway was independent of TERT
ability to maintain telomere length. It was later confirmed in another publication describing
that knock down of TERT sensitizes cells to TRAIL-induced cell death (Zhang et al., 2010).
More recently, it was demonstrated that TERT inhibits TNFa induced cell death by blocking
the ROS-induced signalling pathways which in turn activated the downstream TNFa
signalling (Mattiussi et al., 2012). Nevertheless these results remain controversial and are in
contradiction to other published work. Massard and colleagues showed that TERT silencing
does not affect cell sensitivity to CD95/Fas-mediated cell death (Massard et al., 2006). These
discrepancies may be explained by the differences in the models used in the studies. Indeed
while CD95/Fas ligand, TNF-a and TRAIL are inducers of the receptor pathway of apoptosis,
the signalling pathways involved downstream are not exactly the same which may contribute
to the differences between these experimental results. In addition, it may also suggest that
there is a crosstalk between extrinsic and intrinsic pathways of apoptosis (Li et al., 1998) in
which the mitochondrial pathway can act as an amplification loop to execute the response to
stimulate the receptor pathway of apoptosis. In some cells this amplification system is
essential for the total completion of the response to the receptor pathway of initiating
apoptosis. As a consequence, this crosstalk between extrinsic and intrinsic pathways may
help explain that in some models, TERT inhibits extrinsic pathways of apoptosis whereas in
other models, it cannot fulfil its anti-apoptotic role and thus need not require the
mitochondrial pathway amplification system. Another possible explanation may involve the
differences in the p53 status of the cells used in these studies which often lead to different
responses toward apoptotic stimuli. Taken together these results emphasize the role
displayed by TERT in apoptosis regulation and more specifically in the modulation of the
mitochondrial pathway of apoptosis which is in line with its ability to translocate and localize
to this organelle and its capacity to modulate and protect mitochondrial functions.

3.3. Relationship between TERT and p53-dependent apoptosis

Considering the major role of the tumor suppressor p53 in the response to DNA damage
and the ability of TERT to induce cell cycle arrest, apoptosis and senescence when telomeres
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reach a critical short length, it is important to question the relationship between TERT and
the regulation of p53-mediated apoptosis (Beliveau and Yaswen, 2007; Martinez and Blasco,
2011; Vogelstein et al., 2000). Previously, it was shown that p53 is able to downregulate
TERT (Kanaya et al., 2000; Xu et al., 2000). While the potential connection between the anti-
apoptotic role of TERT and p53-dependent apoptosis still remains poorly understood, some
results published within the past ten years may constitute as a starting point to explore this
question.

Other studies investigating the ability of TERT to inhibit the mitochondrial pathway of
apoptosis as well as the role of p53, concluded that p53 was not involved in this mechanism
(Del Bufalo et al., 2005; Massard et al., 2006). Nevertheless, it has also been demonstrated
that TERT overexpression blocked the p53-dependent apoptosis induced by 5-flurouracile,
mitomycin C or activation of a temperature sensitive p53 (Rahman et al., 2005). Besides, the
authors were able to show that a catalytically inactive TERT displayed an anti-apoptotic
effect thus confirming a real extra-telomeric function of TERT as an antagonist of p53-
mediated apoptosis. Such an inhibition of the p53-dependent apoptosis was described
recently by the ability of TERT to induce basic fibroblast growth factor (bFGF) which in turn
lead to a decrease in activation of p53 under DNA damage conditions (Jin et al., 2010). The
induction of bFGF by TERT was independent of its reverse transcriptase activity as the
catalytically inactive TERT mutant was also able to display the same response and block the
DNA damage response. The results of this last study may be complementary to an earlier
study highlighting a mutual regulation between p53 and TERT. Indeed it has been
published previously that TERT knock down induces an increase in p53 and p21 levels (Lai
et al., 2007). These results seem to outline a potential role of TERT in the regulation of its
own factors which may then constitute a feedback loop in which TERT level may determine
the regulation (Figure 3). As a consequence of this feedback loop, TERT appears to be able to
control the level of p53 and antagonizes the p53-dependent apoptosis. Furthermore it has
been observed that oxidative stress induced by hypoxia (HIFl-a upregulation) in
myocardial tissues of young rats lead to an increase in p53 level. This is associated with a
dramatic decrease of TERT level which then correlates with an increase in apoptotic cells in
the tissue (Cataldi et al., 2009). It is also important to note that this mechanism was mostly
described in myocardial tissues of young rats whereas it was less pronounced in the tissues
of older rats likely due to the lower level of TERT expression. Taken together these results
emphasize the important role of the HIF1-a/p53 axis in ageing as a consequence from the
oxidative stress, cell death and repression of TERT expression. This mechanism while
initially a tumor suppressing system may then in turn become highly tumorigenic in case of
p53 mutation leading to an increase in genomic instability. Another surprising report
showed that p53 and TERT were important in the mechanism known as herpes simplex
virus dependent apoptosis (HDAP) specifically in the response to the viral oncoprotein E6
from human papillomavirus HPV16 and HPV18 (Nguyen et al., 2007). However the study
reported that the HDAP mediated by E6 is linked to a repression of p53 while concomitantly
increasing the level of TERT. This study is one of the few to report a pro-apoptotic role of
the catalytic subunit TERT compared to many others highlighting its anti-apoptotic
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function. In addition the repression of p53 is commonly known to be associated with a
higher resistance to apoptosis induced by DNA damage (Vogelstein et al., 2000).
Nevertheless this mechanism of response to viral infection by HPV may outline a wider
function of TERT in apoptosis regulation, which was previously reported as a “switch-like”
role between life and death depending on the stress inflicted to the cells. These results
emphasize a plausible link between p53-dependent apoptosis and TERT that warrants
further investigation. The ability of p53 to induce apoptosis through induction of pro-
apoptotic proteins such as Bax, Noxa, Fas and increase of ROS production has been well
described (Vogelstein et al., 2000). On the other hand, the TERT ability to modulate p53 level
as part of a mechanism of mutual regulation has been also documented previously (Jin et al.,
2010; Lai et al., 2007). As a consequence, these results point toward a potential relationship
between these two proteins which indicates the capacity of TERT to modulate p53-
dependent apoptosis in response to a wide range of stimuli thus reflecting the ability of
TERT to antagonize the p53-dependent apoptosis (Rahman et al., 2005).

4. Concluding remarks

The investigations about the extra-telomeric functions of the catalytic subunit of telomerase,
TERT in the modulation of cell death has been documented in the past 10 years and has
offered new insights concerning the role of telomerase in cell biology and signaling. These
new findings on the supplementary role of TERT suggest that the catalytic subunit of
telomerase may modulate the mitochondrial function and apoptotic cell death. This implies
that TERT displays role(s) beyond the ability to lengthen telomeres and it is of importance to
improve our current knowledge about these potential extra-telomeric functions of TERT.
The modulation of ROS production, mitochondrial respiration and apoptosis are indeed
crucial mechanisms involved in many different diseases and play a key role in tumor
progression (Antonsson, 2004; Fogg et al., 2011; Hanahan and Weinberg, 2011; Low et al,,
2011; Sung et al., 2005; Vogelstein et al., 2000). However most of these extra-telomeric roles
of TERT remain controversial thus highlighting the need to further study this field. While
the results appear to be contradictory when some emphasize the ability of TERT to prevent
apoptosis while others showed the ability of TERT to enhance apoptosis (Saretzki, 2009), we
must take into account the differences between the models used in these studies as well as
the experimental settings. Furthermore among the studies showing the anti-apoptotic effect
of TERT, the localization of TERT was not verified while it seems likely possible that nuclear
TERT and mitochondrial TERT may play different roles. Indeed the mitochondrial
localization of TERT has been clearly demonstrated and it was observed by Santos and
colleagues that mtTERT is responsible for the sensitization to apoptosis while nuclear TERT
was associated with an increase in cell survival (Santos et al., 2006). While it still needs
further detailed investigations, this result could indicate that the main switch between
enhancement and inhibition of cell death might be the ratio between mitochondrial and
nuclear TERT. In addition, a recent work of Santos et al. reported that TERT can bind
mitochondrial RNAs which in turn may reconstitute a reverse transcriptase activity specific
to this organelle and are required for a proper mitochondrial function (Sharma et al., 2012).
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As it appears that TERT clearly plays a fundamental role in mitochondria, ROS production
and mitochondrial metabolism, further details concerning the mechanisms are still required
to understand fully this phenomenon. Moreover, in order to determine the full extent of
TERT’s extra-telomeric function involved in apoptosis regulation, anti-apoptotic functions
of TERT need to be methodically investigated.
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1. Introduction

We can all see a variety of ordered cellular patterns consisting of various cell types,
throughout nature. It is surprising that these ordered cellular patterns are created
reproducibly during development in all individuals. Elucidating their underlying molecular
mechanisms has been an interesting research subject for developmental biologists. The
essential building blocks in these processes are cell proliferation, cell shape change, cell
movement, and apoptosis. These cellular behaviors must be coordinated through cell-cell
communication.

Drosophila melanogaster has provided many insights into the underlying mechanisms of
many biological processes, including tissue patterning. One typical example is the ordered
pattern of bristles which cover the whole body of the adult fly. In these bristles, the thorax
and wing margin ones (Figure 1A, 1C, and 1D) have been examined extensively for this
purpose. Specification and development of these bristles have been well studied [1]. When a
single sensory organ precursor (SOP) is specified in an epithelial field, the SOP prevents its
neighboring cells from choosing the same cell fate by activating Notch signaling there. This
Notch-mediated lateral inhibition ensures the proper number and spatial separation of
SOPs. The SOP then undergoes a series of asymmetric cell divisions, producing the
components of sensory bristles, such as a shaft, socket, sheath, glial cell and neuron.
However, whether the lateral inhibition is sufficient to create the final intricate pattern of
bristle distribution is unknown.

Apoptosis is used extensively to refine developing structures, such as in formation of
vertebrate digits and sculpting of the insect wing [2]. Apoptosis also contributes to tissue
patterning by removing abnormal cells [3-5] and eliminating excess populations of cells [6].

Difference in adhesiveness between cell types is another important factor in tissue
patterning. Differential adhesion mediated by heterophilic adhesion molecules forces cells to
rearrange during development. For example, in the oviduct epithelium of the Japanese
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quail, two distinct types of columnar cells; goblet-type gland cells and ciliated cells are
arranged in a checkerboard pattern (Figure 1E) [7]. Preferential adhesion between different
cell types rather than between cells of the same type could account for this pattern [8].

Experiments have shown that spatial and temporal regulation of apoptosis or cell adhesion
is indispensable for correct patterning. Inappropriate cells must be removed at the proper
time by apoptosis and each living cell must attach properly to its counterparts. How are
these processes regulated? In this chapter, we will describe the Drosophila eye and posterior
wing margin, which are interesting tissues showing geometrically ordered repetitive cellular
arrangements (Figure 1B, 1C, and 1D). We first describe their unique cellular arrangement
and then follow the patterning process. We will also explain the underlying mechanisms,
which seem to be conserved in both tissues. Furthermore, we will end with a discussion of
the cellular patterning of the mammalian organ of Corti.

2. Drosophila eye patterning

A striking example of ordered cellular packing is the Drosophila compound eye. It is
comprised of approximately 750-800 ommatidia, which are arranged in a hexagonal close
packing manner. Each ommatidium contains eight photoreceptors, four cone cells, and two
primary pigment cells. At the early stage, each ommatidium is surrounded by a few layers
of the interommatidial precursor cells (IPCs). These cells undergo dynamic cell
rearrangement and eventually differentiate into the secondary and tertiary pigment cells
which optically insulate ommatidia, and the mechanosensory bristles (Figure 2). Apoptosis
plays an important role in this cell rearrangement [10]. Approximately one-third of IPCs are
eliminated through apoptosis between 24 and 40 hours after puparium formation (APF) [11,
12]. As a result of apoptosis, only a single layer of IPCs surrounds each ommatidium.

The remaining two-thirds of the interommatidial cells, which are in contact with ommatidia,
do not undergo apoptosis. Spatial regulation of apoptosis is mediated by epidermal growth
factor receptor (EGFR) signaling [13]. Spitz, a ligand of EGFR, is produced in the primary
pigment cells and secreted around surrounding cells. This activation of EGFR signaling
downregulates the activity of Hid, a proapoptotic protein, which prevents these adjacent
cells from undergoing apoptosis [14, 15]. In this fashion, only non-adjacent IPCs lack the
EGER signal and thus undergo apoptosis.

3. Drosophila wing margin hairs

The Drosophila posterior wing margin hair is another interesting example of ordered
arrangement of cells. They are aligned along the posterior wing margin with two rows in a
zigzag manner. Recently, we elucidated the patterning process of the posterior wing margin
hairs [16]. Since thsese wing margin hairs are comprised of only shaft and socket cells [17],
they do not work as sensors; rather they may affect airflow over the surface of the wing or
protect the wing margin. We call both shaft and socket cells “hair cells” here. The zigzag
alignment patterning of the hairs also requires apoptosis-related cell rearrangement as seen
in the eye patterning described above. At an early stage of pupal development (20 hours
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APF), hair cells are not positioned in a zigzag manner, but rather at random. However, the
rearrangement of wing margin cells occurs and, by 30 hours APF, the zigzag pattern is
created (Figure 3). After apoptosis, wing margin cells can be classified into two distinct
types: one is ‘interhair cell” which is aligned in the same row of hair cells alternatively, and
“tooth cell” which is located on the dorsoventral boundary side of hair cells and named after
the teeth of a zipper. The zigzag pattern of hair cells is ensured by interlocking arrangement
of these two kinds of cells. As a result of the cell rearrangement, the dorsal and ventral
edges interlock.

D

Figure 1. Elaborate biological patterns. (A) Macrochaetae (thick and long bristles) and microchaetae
(thin and short bristles) on the Drosophila adult notum shows a stereotypical pattern. (B) SEM image of
the Drosophila compound eye, which is comprised of 750-800 ommatidia arranged in a precise
honeycomb-like pattern. Mechanosensory bristles are found at alternate vertices of the hexagonal array.
(C) Drosophila adult wing. (D) Higher magnification view of the posterior wing margin (the boxed
region in C). Wing margin hairs are aligned in even intervals. (E) Oviduct epithelium of the Japanese
quail shows a checkerboard pattern, comprised of goblet-type gland cells and ciliated cells. This image
is adapted from Honda et al. [9].
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Figure 2. Drosophila pupal retina. (A) Cobalt sulfide staining of pupal eye. The photoreceptor cells are
out of focus in this picture. (B) Schematic drawing of pupal eye. Each ommatidium is surrounded by the
secondary and tertiary pigment cells, and bristles. Abbreviations: c, cone cell; 1°, primary pigment cell;
2°, secondary pigment cell; 3°, tertiary pigment cell; b, bristle.

before apoptosis

after apoptosis

Figure 3. Zigzag pattern formation of wing margin hairs. Cellular arrangement of the Drosophila
posterior wing margin before (A, B: 20 hours APF) and after (C, D: 30 hours APF) rearrangement. Cell
membrane is marked by E-cadherin expression (green in A, C; white in B, D). Hair cells (shaft and
socket), interhair cells, and tooth cells are marked by magenta, cyan, and yellow circles, respectively (B,
D). (A, B) Before apoptosis, posterior wing margin cells are not arranged in an ordered manner. At this
stage, hair cells are not positioned in a zigzag manner. (C, D) After cell rearrangement, hair cells,
interhair cells, and tooth cells establish their unique cell shapes and are aligned in a surprisingly
ordered manner. Note that the double row of hair cells is aligned in a zigzag manner.
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During this cell rearrangement, a subset of wing margin cells is removed through apoptosis.
The dying cells are the cells that have not attached to the hair cells. Blocking apoptosis by
expressing the baculovirus caspase inhibitor p35 [18] in wing margin cells using the
GAL4/UAS system [19] inhibits cell rearrangement, indicating that apoptosis is required for
this process.

What triggers apoptosis in a precise temporal manner? Ecdysone, an insect steroid hormone,
is indispensable for progression in most of the developmental stages of Drosophila. In
addition, ecdysone triggers several apoptotic events associated with metamorphosis
through binding with ecdysone receptors and induces expression of proapoptotic genes,
such as hid and reaper [20]. During insect metamorphosis, many larval tissues, including the
salivary gland and midgut, are eliminated through apoptosis. Blocking ecdysone signaling
by expressing a dominant-negative form of the ecdysone receptor in wing margin cells
results in excess wing margin cells, indicating that apoptosis is blocked. Thus, ecdysone
signaling is required for inducing apoptosis in wing margin cells as well as in other tissues
during metamorphosis.

Then, how is apoptosis in the developing tissue regulated in a precise spatial manner? Vein,
a diffusible ligand of EGFR, is expressed specifically in the hair cells. In addition, EGFR
activation is observed in cells surrounding hair cells, as revealed by the expression of
sprouty, which is a target gene of EGFR signaling in the wing. These results indicate that
EGEFR signaling is activated in a paracrine manner in the posterior wing margin and that its
activation pattern correlates with the cell survival pattern there. To confirm the relationship
between the activation of EGFR signaling and cell survival of wing margin cells, we used
the TARGET system, which combines the GAL4/UAS system [19] and a temperature-
sensitive version of GAL80, a GAL4 inhibitor [21]. This system allows us to induce
transgene expression in a desired spatiotemporal manner. Activation of EGFR signaling by
expressing Ras¥?, a constitutively active form of its downstream activator Ras [22], in the
wing margin during 0~30 hours APF, results in excess wing margin cells. On the other hand,
knockdown of EGFR by expressing an inverted repeat complementary to Egfr mRNA (for
RNAIi) or a dominant negative form of EGFR results in ectopic apoptosis. Both of these
genetic manipulations result in disruption of the zigzag pattern. Taken together, we found
that the hair cell produces the signaling ligand molecule Vein for cell survival, which allows
the surrounding cells that receive the ligands to survive.

4. Coordination of preferential adhesion and secreted survival signaling
molecules

In both tissues described above, locally diffusible ligands are used to make neighboring cells
survive. Thus, regulation of cell-cell contact is an important factor for controlling the spatial
pattern of apoptosis. In both cases, Drosophila NEPH1/Nephrin homologs, which are
transmembrane proteins belonging to the immunoglobulin superfamily, are involved in the
preferential adhesion between cell types. In humans, mutations in the nephrin gene are
associated with the congenital nephrotic syndrome of the Finnish type [23]. The
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NEPH1/Nephrin homologs can be classified into two subfamilies, NEPH1 and Nephrin, that
regulate many biological processes through heterophilic cell adhesion between NEPH1 and
Nephrin groups, including myoblast fusion [24, 25], axonal pathfinding in the visual system
[26-28], retinotopic map formation [29]. The NEPH1/Nephrin homologs are also involved in
the formation of a slit diaphragm-like structure in the Drosophila nephrocyte, an analog of
the mammalian podocyte in the kidney [30, 31]. In Drosophila, there are four members of the
NEPH1/Nephrin subfamilies: two members of the NEPH1 subfamily, kin of irreC (kirre, also
known as dumbfounded) and roughest (rst), and two members of the Nephrin subfamily, hibris
(hbs) and sticks-and-stones (sns) [32-34, 27, 35, 36].

In the compound eye, immunohistochemical staining reveals that all four molecules
accumulate at the interface between ommatidia and IPCs [37, 38]. Hibris and Sns are
expressed in the ommatidia, and their binding partners Kirre and Rst are expressed in the
IPCs. Computer simulation have shown that preferential adhesion between ommatidia and
IPCs contribute to the cell rearrangement [10].

Similarly, antibody staining of the pupal wing indicate that all these adhesion molecules
accumulate the interface between hair cell and their neighboring cells [16]. Enhancer-trap
reporters for these genes also show that NEPH1 groups and Nephrin homologs are
expressed in an almost complementary pattern (Figure 4). Cell-type-specific knockdown of
these molecules results in disruption of the wing margin pattern. For instance, when we
knockdown Rst in interhair cells, we observed some hair cells away from interhair cells and
tooth cells (unpublished data). Knockdown of each gene results in disruption of the
posterior wing margin hairs, indicating that all four of these molecules are required for
proper hair patterning.

Wime Hbs?

interhair cell interhair cell

Figure 4. Expression pattern of NEPH1/Nephrin homologs in the Drosophila posterior wing margin.
Schematic drawing of the allocation of hair cell and the neighboring wing margin cells (interhair/tooth
cells). Nephrin homologs (Sns and Hbs) are expressed in the hair cell and NEPH1 homologs (Kirre and
Rst) are expressed in the interhair cell and tooth cell. These molecules accumulate at the interface
between hair cells and interhair cells or tooth cells. This complementary expression pattern of these
heterophilic adhesion molecules contributes to the attachment between hair cells and interhair/tooth
cells.
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Therefore, in both the Drosophila eye and posterior wing margin, apoptosis-dependent cell
rearrangement is strictly regulated by secretion of EGFs and preferential adhesion between
cell types through heterophilic adhesion molecules.

This seems to be a good strategy for creating ordered repetitive cellular patterns through
refinement (Figure 5). It is tempting to speculate that similar mechanisms work in other
tissues of other organisms. Lastly, we will discuss the cellular patterning in the cochlea, a
mammalian inner ear organ.

Apoptosis
A B

Figure 5. Model for cooperation between preferential cell adhesion and locally-secreting cell
survival signal. (A) Locally-diffusing signaling molecules (magenta circles) secreted by a cell (yellow).
Heterophilic adhesion molecules (light or dark green bars) attach the cell to its neighboring cells. (B)
Locally-diffusing signaling molecules required for cell survival allow cells that neighbor the signaling
center to survive. Cells that do not receive enough cell survival signaling molecules are destined to
undergo apoptosis (cyan cells).

5. Patterning of outer hair cells and supporting cells in the organ of Corti

The sensory epithelium of the mammalian cochlea, the organ of Corti, has three rows of
outer hair cells and supporting cells, which are aligned in a checkerboard pattern (Figure 6).
Outer hair cells (OHCs) are essential for the amplification of sound [39] and the loss of these
cells can lead to hearing loss. Specification of hair cells and supporting cells are mediated by
Notch-mediated lateral inhibition [40-42], as is the case with Drosophila bristles. Recently,
another adhesion molecules of the immunoglobulin superfamily, nectins, were found to be
involved in patterning of the inner ear [43]. Mammals have four distinct nectins that
mediate both homophilic adhesion and heterophilic adhesion with nonidentical nectins.
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Heterophilic adhesion is stronger than homophilic adhesion. Nectin-1 is expressed in outer
hair cells, nectin-3 in supporting cells, and nectin-2 in both. In the nectin-1 or nectin-3 KO
mice, disruption of the checkerboard pattern is observed. Although the contribution of
apoptosis for this cellular pattern remains unknown, it is a reasonable hypothesis that
apoptosis may contribute to removal of excess OHCs and supporting cells. Thus, similar
refining mechanisms of cellular arrangement as describe above may be conserved across
species in a wide variety of multicellular organisms.
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Figure 6. Schematic drawing of the arrangement of OHCs and supporting cells in the organ of Corti.
Three rows of OHCs and supporting cells are arranged in an alternatively distributed pattern. This
pattern can be formed by heterophilic adhesion between Nectini-1 and Nectin-3, which are expressed in
OHC and supporting cell, respectively.

6. Conclusion

We have described the apoptosis-dependent cell rearrangement for refining cellular
arrangements of the Drosophila eye and posterior wing margin. In both tissues, secreted
extracellular signaling molecules to promote cell survival and heterophilic adhesion
molecules are involved in correct attachment between the various cell types, which are
essential for patterning. This strategy seems to reasonably achieve the geometrically ordered
packing of cells and may be a conserved method in other tissues of other organisms, such as
the mammalian organ of Corti.
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1. Introduction

The mammalian immune system is a complex network of many cell types and proteins that
collectively coordinate a protective response against foreign entities. The immune system
can be divided into two broad categories: innate and adaptive immunity. Adaptive
immunity, which is primarily mediated by T and B lymphocytes, first arose in jawed
vertebrates and has several distinct features from the more ancient innate immune system
(Pancer and Cooper 2006). While innate immunity is characterized by non-specific
recognition of conserved molecular patterns leading to a rapid effector response, the
adaptive immune response is delayed by the required expansion of lymphocytes bearing
receptors specific for a particular antigen. After the primary immune response, a small
fraction of activated lymphocytes remain as memory cells, which respond to subsequent
encounters with the same antigen in a more rapid and robust manner.

Due to the enormous diversity of antigens to which the adaptive immune system must
respond, generation of antigen receptors cannot occur on a one gene-one protein basis.
Instead, diversity is achieved through recombination of genetic segments, nucleotide
additions and deletions, and pairing of different chains to form the complete antigen
receptor. For example, of a theoretical 10" T cell receptor (TCR) specificities in humans,
only a small fraction is represented by circulating T cells (Arstila et al. 1999). Most
lymphocytes do not complete development and are eliminated by programmed cell death.
This can occur at several checkpoints both independent and dependent of the antigen
receptor specificity. T and B cell development are analogous; both ultimately require the
generation of an antigen receptor that can bind self-antigen with an affinity just high
enough to enable survival and maturation. Lymphocytes bearing receptors with
excessively high affinity for self-antigen are eliminated. This chapter focuses on the role of
programmed cell death during T cell development in the thymus. Recent advances in the
field reveal a complex and elegant system designed to select for immunocompetent and
self-tolerant T cells.

I NT EC H © 2013 Hu and Baldwin, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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2. TCR-independent T cell development

T cell development occurs in the thymus, a bilobed organ composed of an outer capsule, a
peripheral cortex, and a central medulla. T cell progenitors from the bone marrow or fetal
liver seed the thymic cortex as double negative (DN) thymocytes, so called because they lack
expression of CD4 and CD8 co-receptors. Murine DN thymocytes progress through four
stages of development defined by differential expression of the proteins CD44 and CD25
(Godfrey et al. 1993) (Figure 1). The earliest progenitors that seed the thymus are termed
DN1 (CD44*CD25). T cell lineage commitment initiates rearrangement of the TCRp chain by
recombination activating gene-1 and -2 (Rag-1 and Rag-2) enzymes at the DN2 stage
(CD44*CD25"), which continues into the DN3 stage (CD44:CD25%) (Livak et al. 1999).
Rearrangement of the TCRy and d loci are also evident in DN3 thymocytes and it is at this
stage that the Y0 T cell lineage diverges from conventional aff T cells (MacDonald et al.
2001). In this chapter, we focus on the role of apoptosis in af T cell development.

TCRp pre.Ta TCRE TCRa TG Ra-lzr;qu
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— | SP
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Figure 1. Conventional T cell development in the thymus.

T cell progenitors enter the thymus on the cortical side of the cortico-medullary junction as
DN thymocytes, lacking expression of CD4 and CD8 co-receptors. DN thymocytes progress
through four stages of development defined by differential expression of CD44 and CD25.
Only thymocytes expressing a functional TCRp chain survive the {3-selection checkpoint at
the DN3 to DN4 transition and are permitted to continue development into CD4*CD8* DP
thymocytes. DP thymocytes have three fates depending on the affinity of its TCR for self-
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PMHC: death by neglect, negative selection, or positive selection. Positively selected
thymocytes differentiate into CD4*CD8" or CD4-CD8* SP cells and migrate to the medulla,
where negative selection against tissue-restricted antigens occurs. SP thymocytes that
survive this process enter the peripheral T cell repertoire.

While the mature af3STCR is composed of one ot and 3 chain each, the TCRp chain is initially
paired with an invariant pre-TCRa chain, together forming the pre-TCR (Saint-Ruf et al.
1994). Signaling through the pre-TCR or mature TCR is mediated by an associated protein
complex that contains a CD3y/CD3e heterodimer, CD35/CD3e heterodimer, and CD3C
homodimer (Figure 2). The TCR only recognizes peptide antigen when presented on major
histocompatibility complex (MHC) molecules. A common method of artificially stimulating
thymocytes in vitro is using agonist antibodies against CD3e and the co-stimulatory
molecule CD28. In contrast to the mature TCR, interaction between the pre-TCR and
peptide-MHC (pMHC) is not required for signaling (Irving et al. 1998). Rather, translocation
of pre-TCR complexes to lipid rafts in the plasma membrane has been proposed to provide a
platform for association with signaling proteins (Saint-Ruf et al. 2000). Pre-TCR signaling is
required for allelic exclusion at the TCRp locus, survival, differentiation into DN4 (CD44-
CD25) thymocytes, proliferation and subsequent differentiation into CD4*CD8* (DP)
thymocytes, and initiation of TCRa rearrangement (Michie and Zuniga-Pflucker 2002). This
has been demonstrated by genetic ablation of Rag-2, pre-TCRa, and numerous downstream
signaling components (review of pre-TCR and TCR signaling pathways in thymocytes in
references (Michie and Zuniga-Pflucker 2002; Starr et al. 2003)). Since this process selects for
thymocytes with functional TCRB rearrangements, it is referred to as the P-selection
checkpoint.

Rearrangement of the TCRa locus occurs at low levels in DN4 thymocytes but does not
occur at full scale until the DP stage (Hernandez-Munain et al. 1999). DP thymocytes have a
lifespan of 3-4 days (Egerton et al. 1990), during which time multiple recombination events
can occur at each TCRa allele until the generation of an af3TCR that engages self-pMHC
expressed on cortical thymic epithelial cells. The majority of DP thymocytes do not express a
functional aBTCR or do not engage self-pMHC within this time window. Thymocytes that
fail this self-MHC restriction checkpoint undergo “death by neglect” to maximize the utility
of the T cell repertoire.

2.1. Apoptosis in pre-p-selection thymocytes

The thymic microenvironment provides signals to developing thymocytes through cell-cell
interactions and cytokines. Two key cell surface receptors important for survival of pre-p-
selection thymocytes are the IL-7 receptor and Notch.

IL-7 is a cytokine produced by thymic epithelial cells that signals through a receptor
consisting of an IL-7Ra chain and a vy« chain, resulting in the activation of a variety of
signaling pathways. IL-7 is known to promote survival and proliferation but this chapter
will focus only on the role of IL-7 signaling in thymocyte survival. Early studies showed that



128 Apoptosis

IL-7 increases the viability of DN1, DN2, and DN3 thymocytes cultured in vitro (Godfrey et
al. 1993; Kim et al. 1998). In vivo studies using IL-7Ra- mice revealed a deficit of CD25* DN
(i.e. DN2 and DN3) thymocytes, suggesting that IL-7 is needed for the transition to and/or at
these stages (Peschon et al. 1994; Maraskovsky et al. 1997). Later studies that examined
sorted DN populations confirm that the DN2 and DN3 subsets have the highest expression
of IL-7Rat (Yu et al. 2004) and responsiveness to IL-7 stimulation (Van De Wiele et al. 2004).
IL-7 promotes thymocyte survival through both positive regulation of anti-apoptotic
members and negative regulation of pro-apoptotic members of the B cell lymphoma (Bcl) 2
family (for a summary of the role of Bcl-2 family members in T cell development, refer to
Table 1). For example, IL-7 stimulation of CD3e- DN thymocytes induces expression of the
anti-apoptotic protein Bcl-2 (von Freeden-Jeffry et al. 1997; Kim et al. 1998) and
overexpression of Bcl-2 in IL-7Ra’- (Maraskovsky et al. 1997; Khaled et al. 2002) or y<*
(Kondo et al. 1997) mice is sufficient to rescue development. Additionally, myeloid cell
leukemia sequence 1 (Mcl-1), another anti-apoptotic Bcl-2 family member, is induced by IL-7
and can promote DN2 survival (Opferman et al. 2003). While a role for the pro-apoptotic
protein Bcl-2 homologous antagonist/killer (Bak) is controversial (Khaled et al. 2002; Dunkle
et al. 2010), a role for Bcl-2-associated X protein (Bax) in death by IL-7 starvation is more
established. IL-7 stimulation of DN thymocytes reduces Bax expression, while IL-7
withdrawal causes mitochondrial translocation of Bax in a DN2-derived cell line called D1
(Kim et al. 1998; Khaled et al. 1999). Furthermore, Bax deficiency partially rescues DN
thymocyte death in IL-7Ra’- mice (Khaled et al. 2002). IL-7 signaling is thought to promote
DN thymocyte survival in part due to activation of the phosphoinositide 3-kinase
(PI3K)/Akt pathway. Akt is activated following recruitment to the plasma membrane
molecule phosphatidylinositol (3,4,5)-triphosphate (PIPs), whose production is mediated by
PI3K and inhibited by phosphatase and tensin homolog (PTEN) (Song et al. 2005).
Consistent with high IL-7 responsiveness, DN2 thymocytes are especially sensitive to death
when treated with PI3K inhibitor (Khaled et al. 2002). One substrate of Akt is the pro-
apoptotic protein Bcl-2-associated death promoter (Bad), which is sequestered in the cytosol
when phosphorylated by Akt. IL-7 stimulation of DN2 and DN3 thymocytes increases Bad
phosphorylation, which in D1 cells was shown to be Akt-dependent (Khaled et al. 2002; Li et
al. 2004). In contrast, IL-7 withdrawal results in translocation of Bad to mitochondria, where
it inhibits Bcl-2 to promote Bax activation. While the pro-apoptotic Bcl-2 member Bcl-2-
interacting mediator of cell death (Bim) is another known target of Akt, Bim expression in
DN thymocytes is not regulated by IL-7 and Bim deficiency cannot rescue the DN2 and DN3
blocks in adult IL-7Ro’- mice (Khaled et al. 2002; Pellegrini et al. 2004). Additionally, IL-7
has been shown to promote survival of immature (CD34*) human thymocytes through
activation of the PI3K/Akt pathway, though this marker does not distinguish between pre-
and post-3-selection DN cells (Pallard et al. 1999). Taken together, these results indicate that
IL-7 is critical for pre-B-selection thymocyte survival largely through regulation of Bcl-2
family members and the intrinsic apoptosis pathway. Consistent with this, DN death in the
absence of IL-7 is characterized by DNA fragmentation and annexin V binding (Kim et al.
1998). However, the caspase inhibitors z-VAD and z-DEVD abrogate DNA fragmentation
but do not prevent death, indicating the contribution of a non-apoptotic cell death pathway.
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In addition to producing cytokines, thymic epithelial cells regulate thymocyte development
through direct interactions. Interactions between Notch proteins and ligands of the Delta-
like and Jagged families are critical at several stages of T cell development. In mice, ligand
binding induces proteolytic release of the Notch intracellular domain, which translocates to
the nucleus and activates the transcriptional regulator recombination signal binding protein
for immunoglobulin kappa ] region (RBP-J), leading to transcription of target genes.
Inducible deletion of Notchl or RBP-J in bone marrow precursors results in loss of
thymocytes as early as the DN1 stage and development of thymic precursors into B cells
(Wilson et al. 2001; Han et al. 2002). While Notchl is critical for early T cell lineage
commitment, little is known about the role of Notchl in survival of pre-p-selection
thymocytes. Delta-like4 is the non-redundant Notch1 ligand required for T cell development
in vivo (Hozumi et al. 2008; Koch et al. 2008) but ectopic expression of either Delta-likel or
Delta-like4 on OP9 bone marrow-derived stromal cells can support T cell development in
vitro (Schmitt and Zuniga-Pflucker 2002; Hozumi et al. 2004). Culture of pre-f3-selection
murine (Rag27) or human (CD3e") DN thymocytes in the presence of Delta-likel or Delta-
like4 results in a decreased frequency of cell death (Ciofani et al. 2004; Magri et al. 2009).
Notchl promotes survival of Rag2” DN3 thymocytes by maintaining glucose metabolism in
an Akt-dependent manner (Ciofani and Zuniga-Pflucker 2005). Thus, it is hypothesized that
Notch1 signaling generates a metabolic environment permissive for [3-selection. More work
is needed to characterize the anti-apoptotic aspect of Notchl signaling during early T cell
development in vivo.

2.2. Life and death at the B-selection checkpoint

While IL-7 is critical for T cell development up to the DN3 stage, several studies have found
little to no role for IL-7 signaling in thymocyte survival during -selection. This is due to the
fact that post-B-selection DN3 and DN4 thymocytes have decreased expression of IL-7Ra
and subsequently reduced responsiveness to IL-7 compared to pre-p-selection stages (Van
De Wiele et al. 2004; Yu et al. 2004; Van de Wiele et al. 2007; Teague et al. 2010).
Interestingly, transgenic IL-7Rat expression ultimately impairs differentiation into DP
thymocytes, suggesting that progression through -selection is impeded by IL-7 signaling
(Yu et al. 2004).

Thymocyte survival during (3-selection critically depends on signals downstream of the pre-
TCR. Consistent with this, activation of caspase-3 is apparent in Ragl- DN3 thymocytes and
is abrogated upon anti-CD3e stimulation (Mandal et al. 2005). In contrast to its role in
promoting survival of pre-f3-selection DN3 thymocytes, Notch1 signaling has been proposed
to eliminate cells that fail to rearrange the TCRP chain (Wolfer et al. 2002). Interestingly,
Notchl expression is induced by the transcription factor E2A, which is also implicated in
elimination of TCRB thymocytes (Michie and Zuniga-Pflucker 2002). In support of this,
E2A-- mice develop lymphoma and ectopic expression of E2A induces death but not cell
cycle arrest in lymphoma cells (Engel and Murre 1999). Pre-TCR signaling negatively
regulates E2A activity and Notchl expression, which may be one mechanism of promoting
survival of thymocytes that express functional TCRP chains (Yashiro-Ohtani et al. 2009).
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Contrary to these reports, constitutive Notchl activity in Rag2# mice does not increase
thymocyte apoptosis before or after anti-CD3e stimulation, arguing against the idea that
Notchl promotes death of TCRp- cells during [3-selection (Huang et al. 2003). Thus, the role
of Notch1 in thymocyte survival at the B-selection checkpoint requires further clarification.

As in pre-B-selection thymocytes, the PI3K/Akt pathway plays an important role in
thymocyte survival during {-selection. Pre-TCR signaling during {-selection induces Akt
activation in a Notchl-independent manner (Ciofani and Zuniga-Pflucker 2005; Mao et al.
2007). Mice deficient in PI3K or Akt show a partial block at the DN3 to DN4 transition, while
deletion of PTEN or expression of constitutively active Akt rescues {-selection in Rag2-+
mice (Rodriguez-Borlado et al. 2003; Hagenbeek et al. 2004; Mao et al. 2007). In PTEN-
deficient Rag2/ mice, unchecked Akt activation allows the survival and expansion of
abnormal TCRp- cells (Hagenbeek et al. 2004). Conversely, deletion of Akt results in
increased DN thymocyte death (Juntilla et al. 2007; Mao et al. 2007). Activated Akt controls
the expression of several downstream apoptotic proteins. For example, through
phosphorylation and nuclear exclusion of the transcription factor forkhead box O3a
(FoxOB3a), pre-TCR-induced Akt promotes transcriptional downregulation of Bim (Mandal
et al. 2008). Survival during [-selection critically depends on pre-TCR-induced inactivation
of the tumour suppressor p53, which would normally induce apoptosis in response to
double-stranded DNA breaks such as those caused by TCRP recombination (Jiang et al.
1996, Haks et al. 1999). Using pre-TCRa”- DN3 thymocytes, which can undergo TCR{
recombination but not pre-TCR signaling, it was found that p53 expression remains high
and directly activates transcription of the pro-apoptotic protein Bcl-2 homology 3
interacting-domain death agonist (Bid) (Mandal et al. 2008). As demonstrated in other cell
types, Akt may promote murine double minute 2 (Mdm?2)-mediated ubiquitination of p53
during B-selection (Ogawara et al. 2002). In support of Bim and Bid as executioners of
apoptosis during (3-selection, deletion of either Bim or Bid in pre-TCRa- mice significantly
reduces the percentage of apoptotic DN3 thymocytes. However, in contrast to constitutive
Akt activity, Bim or Bid deficiency does not allow further development to the DP stage
(Hagenbeek et al. 2004; Mao et al. 2007; Mandal et al. 2008). Thus, downregulation of Bim
and Bid are important for survival at the B-selection checkpoint, but additional signals from
the pre-TCR are needed for differentiation and proliferation.

In addition to pre-TCR-mediated regulation of Bim and Bid through Akt activation, pre-
TCR signaling also upregulates the anti-apoptotic protein Bcl2A1 but not Bcl-2, Mcl-1, or
Bcl-xt (Mandal et al. 2005; Trampont et al. 2010). Pre-TCR induction of Bcl2A1 appears to be
mediated by the protein kinase C (PKC) pathway and is independent of Akt (Mandal et al.
2005). Retroviral expression of Bcl2Al in Ragl” thymocytes promotes their survival and
differentiation in vivo, whereas knockdown of Bcl2A1 increases apoptosis of pre-TCR* but
not pre-TCR- cell lines (Mandal et al. 2005). More recently, signaling through the chemokine
receptor C-X-C motif receptor 4 (CXCR4) has been reported to provide co-stimulatory
signals to the pre-TCR, converging on activation of extracellular signal-regulated kinase
(ERK) 1/2 (Trampont et al. 2010). A role for ERK1/2 signaling in (3-selection is established but
its contribution to survival is not well understood (Michie and Zuniga-Pflucker 2002).
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Deletion of CXCR4 impaired thymocyte survival during [-selection and this was at least
due to decreased Bcl2A1 expression, implicating the ERK1/2 pathway as another regulator
of its expression (Trampont et al. 2010).

The extrinsic apoptosis pathway initiated by death receptor signaling may also play a role at
the [-selection checkpoint. Transgenic expression of a dominant-negative form of Fas-
associated death domain (FADD), an adaptor molecule required for apoptosis induction
downstream of multiple death receptors, partially rescued thymocyte development in Ragl-
- mice (Newton et al. 2000). Though Fas has been ruled out, it remains unclear which death
receptors are involved.

Collectively, both inactivation of pro-apoptotic factors and induction of anti-apoptotic
factors contribute to thymocyte survival during (3-selection. Regulation of the Bcl-2 family
by the PI3K/Akt, PKC, and ERK1/2 pathways are important mechanisms utilized by the pre-
TCR to mediate survival of thymocytes at the -selection checkpoint.

2.3. Death by neglect

Successful p-selection initiates rearrangement of the TCRa locus and differentiation into DP
thymocytes (Figure 1). The number of recombination events correlates with the lifespan of
the cell. Long-lived DP thymocytes exhaust the TCRa locus, thereby maximizing the chance
of producing a functional TCR and engaging a positively selecting pMHC (Guo et al. 2002).
Yet this is a relatively rare fate; most DP thymocytes undergo death by neglect upon failure
to receive survival signals. This section discusses the factors that control DP survival in the
absence of signaling through Notchl, IL-7 receptor, and the TCR (Huang et al. 2003; Yu et al.
2004). A prominent theory in the past was that glucocorticoids produced by thymic
epithelial cells induce death by neglect in DP thymocytes that have not received TCR-
induced resistance (Cohen 1992; Vacchio et al. 1994). However, studies in mice with
hematopoietic-specific glucocorticoid receptor deficiency suggest that glucocorticoids do not
have a significant role in death by neglect (Brewer et al. 2002; Purton et al. 2002).

Though it has its limitations, measuring spontaneous thymocyte death in vitro is a common
way to study death by neglect. The extrinsic apoptosis pathway does not appear to play a
significant role as blocking Fas/Fas ligand interactions or expression of dominant-negative
FADD in thymocytes does not impair spontaneous death (Newton et al. 1998; Zhang et al.
2000). In contrast, many factors involved in the intrinsic apoptosis pathway are implicated
in death by neglect. For example, DP thymocytes deficient for the pro-apoptotic proteins
Bim or p53-upregulated modulator of apoptosis (Puma) have increased viability in vitro
compared to wildtype DP, and deletion of both Bim and Puma further improves survival
(Bouillet et al. 1999; Erlacher et al. 2006). In addition, Bax”- Bak’ thymocytes are resistant to
spontaneous death (Rathmell et al. 2002). Of the anti-apoptotic Bcl-2 family members,
numerous studies have shown that Bcl-xv plays a critical role in counteracting death by
neglect. For one, the expression pattern of Bcl-xt strongly suggests that it promotes survival
during the TCR-independent DP phase since spontaneous death over time correlates with
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decreased Bcl-xt levels (Zhang et al. 2000), and Bcl-x. expression is mostly restricted to DP
thymocytes in vivo (Ma et al. 1995). Furthermore, deletion of the Bcl-x gene renders DP
thymocytes more susceptible to apoptosis in vitro (Ma et al. 1995; Zhang and He 2005).
Deletion of Mcl-1 also impairs DP thymocyte survival in vitro (Dzhagalov et al. 2008). While
Mcl-1 deficiency results in a more modest loss of DP thymocytes in vivo compared to Bcl-xc
deficiency, combined deletion of Mcl-1 and Bcl-xu results in a severe reduction in DP
numbers, suggesting that both factors are important in preventing death by neglect.

The transcription factor retinoic acid-related orphan receptor (ROR) vt is a key activator of
Bcl-xt expression in DP cells. Similar to Bcl-x. deficiency, deletion of RORyt results in
increased DP apoptosis in vivo and reduced DP viability in vitro (Sun et al. 2000). Impaired
DP survival in the absence of RORyt is likely due to reduced Bcl-x. expression as
complementation of RORyt mice with transgenic Bcl-xt rescues survival (Sun et al. 2000).
Furthermore, decreased processivity of the TCRa locus is found in RORyt mice, while the
opposite is true for Bcl-xu transgenic mice, highlighting the importance of these survival
factors to the generation of a functional and self-restricted TCR (Guo et al. 2002). Pre-TCR
signaling upregulates RORyt expression; however, RORYt activity is temporarily inhibited
to allow generation of a large DP pool following (-selection. Active RORyt inhibits the cell
cycle and promotes survival of resting DP thymocytes (Xi and Kersh 2004; Xi et al. 2006).
Consistent with the importance of RORyt and Bcl-x. in preventing death by neglect,
multiple pathways have been reported to regulate their expression. For example, pre-TCR
signaling induces expression of the transcription factor T cell factor 1 (TCF-1), which
associates with (3-catenin to execute Wnt signaling (Goux et al. 2005). TCF-17 thymocytes
have reduced expression of RORyt and Bcl-xt (Yuan et al. 2010); only TCE-1 isoforms that
can interact with (3-catenin are able to induce Bcl-xt expression and rescue survival of TCF-1-
- DP thymocytes (Ioannidis et al. 2001). These data suggest that pre-TCR signaling and Wnt
signaling cooperate to promote DP survival. Contrary to these reports, stabilization of -
catenin has been shown to impair DP survival (Gounari et al. 2001). Since 3-catenin provides
the transactivation domain and is thus the limiting factor in [-catenin/TCF-1-mediated
transcription, a possible explanation is that physiological TCF-1 and B-catenin interactions
promote survival while constitutively active signaling triggers tumour suppressors to
induce apoptosis. The PI3K/Akt pathway reprises its role as a key mediator of thymocyte
survival by also opposing death by neglect. Expression of constitutively active Akt enhances
DP thymocyte survival in media and in fetal thymic organ cultures, while ablation of Akt or
PI3K results in increased DP apoptosis (Jones et al. 2000; Swat et al. 2006; Mao et al. 2007).
Specifically, the isoforms Aktl, Akt2, and PI3Kd are implicated in DP survival, with the role
of PI3Ky being more controversial (Sasaki et al. 2000; Swat et al. 2006; Mao et al. 2007). Bcl-
xt induction is at least part of the mechanism by which Akt promotes DP survival (Jones et
al. 2000). Interestingly, Akt is a negative regulator of glycogen synthase kinase 3 (GSK3), a
kinase that inhibits Wnt signaling through destabilization of [3-catenin (Gounari et al. 2001;
Song et al. 2005). Thus, in addition to upregulation of TCF-1, pre-TCR signaling may
synergize with the Wnt pathway through Akt-mediated stabilization of $-catenin.
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Promotion of glucose uptake and glycolysis by Akt in pre-f3-selection DN3 thymocytes was
previously mentioned (Ciofani and Zuniga-Pflucker 2005). Unlike DN thymocytes, only a
small fraction of DP express glucose transporter 1 and it is unknown whether Akt regulates
its expression (Swainson et al. 2005). However, conservation of energy and enhancement of
energy production do appear to play an important role in extending the lifespan of DP
thymocytes. It was recently reported that liver kinase B1, which activates ADP-activated
protein kinase (AMPK) in response to ATP depletion, promotes DP survival in vivo and in
vitro (Cao et al. 2010). Activated AMPK enacts metabolic changes to promote cell survival,
and in DP thymocytes, its mechanism appears to include RORyt and Bcl-x. expression (Cao
et al. 2010). Aside from TCF-1 and RORYt, the transcription factor c-myb is also thought to
induce Bcl-xt expression in DP thymocytes in a TCF-1 and RORyt-independent manner
(Yuan et al. 2010).

Taken together, these studies show that Mcl-1 and Bcl-xw. play critical roles in preventing
death by neglect of DP thymocytes, in part due to antagonism of pro-apoptotic Bcl-2 family
members. Despite involvement of the intrinsic apoptosis pathway in death by neglect,
components of the apoptosome, caspase-9 and apoptotic protease-activating factor 1 (Apaf-
1), have been found to be mostly dispensable in spontaneous thymocyte death (Marsden et
al. 2002). It was proposed that spontaneous death in the absence of caspase-9 and Apaf-1 is
mediated by a low level of active caspase-7. However, another study found that z-DEVD, an
inhibitor with preference for caspases-3 and -7, does not inhibit spontaneous thymocyte
apoptosis (Zhang et al. 2000). Both studies reported that pan-caspase inhibitors such as z-
VAD and IDN-1965 partially block spontaneous death. While pharmacological inhibitors
have limitations, these data suggest the possible involvement of other caspases and/or
caspase-independent cell death mechanisms.

3. TCR-dependent T cell development

The vast majority of DP thymocytes die by neglect due to failure of their TCRs to interact
with self-pMHC; the fate of the remainder is determined by the affinity of this interaction.
DP thymocytes that experience low affinity TCR stimulation undergo positive selection,
receiving cues for survival, migration from the cortex to the medulla, and differentiation
into CD4 or CD8 single positive (SP) thymocytes (Figure 1). In contrast, high affinity TCR-
pPMHC interactions result in negative selection, which is primarily mediated by clonal
deletion of thymocytes expressing the high affinity TCR. Low affinity TCR ligands are
thought to be non-cognate self-peptides, whereas cognate antigen provides high affinity
stimulation (Starr et al. 2003). During migration through the thymic cortex, DP
thymocytes may receive both low and high affinity TCR signals, but negative selection is
dominant over positive selection. These processes are strictly controlled and
dysregulation can lead to the development of immunodeficiency and autoimmune
disorders. The remainder of this chapter discusses TCR-induced signaling pathways
during negative and positive selection and subsequent regulation of pro- and anti-
apoptotic factors.
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3.1. TCR signaling pathways in positive and negative selection

An important unresolved question in T cell development is how high and low affinity TCR
stimulation is translated into negative and positive selection outcomes. The current model is
centered on differential activation of the mitogen-activated protein kinases (MAPKSs)
ERK1/2, ERK5, p38, and c-Jun N-terminal kinase (JNK) (Figure 2). MAPK signaling
cascades, which involve activation of a series of kinases (MEKK>MEK->MAPK), mediate
responses to extracellular stimuli including TCR stimulation. ERK1/2 is known to promote
survival and differentiation while JNK and p38 are linked to apoptosis in other systems (Xia
et al. 1995). Several lines of evidence suggest that they have similar functions during
thymocyte development. For example, deletion of J]NK1 or JNK2 renders thymocytes more
resistant to death upon anti-CD3e stimulation (Sabapathy et al. 1999; Sabapathy et al. 2001).
Consistent with this, inhibition of JNK activity by a dominant-negative mutant inhibits
peptide-induced negative selection in vivo (Rincon et al. 1998). Likewise, addition of a p38
inhibitor to a TCR transgenic fetal thymic organ culture impairs peptide-induced deletion
(Sugawara et al. 1998). Characterization of the MEK5-ERKS pathway is relatively recent
compared to other MAPK signaling cascades. Dominant-negative ERK5 and MEKS5 inhibit
thymocyte apoptosis in vitro and peptide-induced deletion in some models of negative
selection, respectively (Fujii et al. 2008; Sohn et al. 2008). While JNK, p38, and ERK5 have
been implicated in negative selection, they are not required for positive selection of
thymocytes (Rincon et al. 1998; Sugawara et al. 1998; Sohn et al. 2008). Conversely, inhibition
of ERK1/2 or their activator MEK blocks positive selection but does not affect negative
selection (Alberola-Ila et al. 1995; Alberola-Ila et al. 1996; Sugawara et al. 1998; Pages et al.
1999).

The upstream molecules that link high and low affinity TCR stimulation to differential
MAPK activation are not well understood. Whereas premature TCRa expression inhibits [3-
selection, the TCRa chain is essential for positive selection of DP thymocytes (Mombaerts et
al. 1992; Takahama et al. 1992; Lacorazza et al. 2001). This is because pMHC-induced signals
impair development at the DN stage, whereas selection of DP thymocytes is dependent on
PMHC ligands. It has been shown that CD30 is required to transduce positive selection but
not -selection signals (Dave et al. 1997). Interestingly, the TCRa chain contains a motif
important for both peptide contact and retention of CD3d in the TCR complex, suggesting
that CD30 is a critical link between ligand binding and signal transduction (Backstrom et al.
1998). Mutating this motif in the TCRa chain abrogates CD30d association with the TCR and
ERK1/2 activation, resulting in defective peptide-induced positive selection (Werlen et al.
2000). This mutation has no effect on p38 and JNK activation or negative selection in the
same system. During negative selection, JNK activation may be connected to the TCR
complex through an upstream kinase called misshapen/NIKs-related kinase (MINK). This is
evidenced by an association between CD3e, MINK, and the adaptor protein non-catalytic
region of tyrosine kinase (Nck) after stimulation of TCR transgenic thymocytes with cognate
peptide (McCarty et al. 2005) (Figure 2). Consistent with its role in activating JNK, inhibition
of MINK activity impairs negative selection in vivo. Involvement of different CD3 chains
may result in differential phosphorylation of linker for activation of T cells (LAT), the
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central adaptor protein that links TCR proximal and distal signaling pathways (Starr et al.
2003). For example, regulation of different MAPK pathways through the adaptor protein
growth factor receptor-bound protein 2 (Grb2) and the Ras activating protein Ras guanyl-
releasing protein 1 (RasGRP1) in TCR signaling is thought to result from phosphorylation of
different LAT residues (Wange 2000). Grb2 was shown to be important for p38 and JNK
activation and negative selection, whereas RasGRP1 is essential for ERK1/2 activation and
positive selection (Dower et al. 2000; Gong et al. 2001). However, a recent study reported
that Grb2" mice are impaired in both negative and positive selection (Jang et al. 2010).
Though much remains unknown about the discrimination of positive and negative selection
signals, these findings shed light on how DP thymocyte fate is determined by TCR-pMHC
interactions.
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Figure 2. Signaling pathways in positive and negative selection.

Selection of DP thymocytes depends on the affinity of the TCR for self-pMHC in the
thymus. Low affinity TCR-pMHC interactions result in positive selection and high affinity
interactions in negative selection. The TCR is composed of one a and {3 chain each and
transduces signals through a complex consisting of CD3 chains (y, o, ¢, ). TCR proximal
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signaling events involve activation of kinases Lck and Zap70. Differential phosphorylation
of the adaptor protein LAT is thought to result in activation of different MAPK pathways.
The MAPKs JNK and p38 are important for negative selection and ERK1/2 for positive
selection. JNK activation has also been linked to the TCR complex through the adaptor
protein Nck and kinase MINK. ERKS is another, relatively uncharacterized MAPK that may
contribute to negative selection (not depicted). Active MAPK pathways are thought to lead
to induction of pro-survival and pro-death factors that mediate positive or negative
selection. (Lck - lymphocyte-specific protein tyrosine kinase; Zap70 - zeta chain-associated
protein kinase 70.)

3.2. Induction of survival factors during positive selection

TCR signaling during positive selection results in reacquisition of IL-7 responsiveness in
post-selection DP and SP thymocytes (Van De Wiele et al. 2004, Marino et al. 2010).
Neutralizing IL-7Ra has been shown to inhibit SP development upon transfer of thymocytes
from a non-selection (MHC') to a positive selection (MHC**) background (Akashi et al.
1997). However, IL-7Ra’ mice have a normal frequency of SP thymocytes (Peschon et al.
1994). Characterization of the role of IL-7 in positive selection may be confounded by the
requirement for IL-7 in DN survival and proliferation. While IL-7 may not be required for
positive selection, it is thought that IL-7 signaling provides important survival cues in SP
thymocytes. Along with IL-7 responsiveness, Bcl-2 and Mcl-1 expression are upregulated in
SP thymocytes (Linette et al. 1994; Akashi et al. 1997; Marino et al. 2010). Since Mcl-1
regulates early DN survival, a CD4-cre recombinase system was used to conditionally delete
Mcl-1 at the DP stage. Positive selection is impaired in the absence of Mcl-1, as indicated by
a reduced number of SP thymocytes (Dzhagalov et al. 2008; Dunkle et al. 2010). Mcl-1
deficiency is partially rescued by transgenic Bcl-2 expression, suggesting that Mcl-1 and Bcl-
2 act on overlapping and distinct targets (Dunkle et al. 2010). Likewise, Bcl-27 mice exhibit a
partial decrease in SP numbers, consistent with the idea of other proteins providing
redundant and non-redundant functions during positive selection (Wojciechowski et al.
2007). Bcl-2 thymi are marked by a high frequency of DNA fragmentation, as indicated by
positive staining in the terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) assay, as well as loss of thymocytes in the medulla, where SP cells
normally reside (Veis et al. 1993). Conversely, transgenic Bcl-2 expression enhances positive
selection and even allows SP development in the absence of MHC, though additional
PMHC-induced signals are required for full maturation (Linette et al. 1994; Williams et al.
1998). The transcription factor c-Fos has been identified as an activator of Bcl-2 expression
and also promotes positive selection on polyclonal and transgenic TCR backgrounds (Wang
et al. 2009). Interestingly, c-Fos is implicated as a sensor for ERK1/2 signal duration (Murphy
et al. 2002). Therefore, sustained ERK1/2 signaling during positive selection may be
translated into c-Fos stabilization and Bcl-2 induction. Despite promoting thymocyte
survival during positive selection, Bcl-2 is limited in its ability to inhibit clonal deletion of
autoreactive thymocytes during negative selection (Sentman et al. 1991; Strasser et al. 1991).
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3.3. The role of intrinsic and extrinsic apoptosis pathways in clonal deletion

Clonal deletion is widely held to occur through apoptosis, which can be mediated by
extrinsic and intrinsic pathways. Many studies have examined the role of death receptors in
negative selection. Mice defective for Fas or Fas ligand have been shown to have normal
deletion of autoreactive thymocytes in multiple TCR transgenic models (Sidman et al. 1992;
Singer and Abbas 1994; Sytwu et al. 1996). Similarly, tumour necrosis factor-related
apoptosis-inducing ligand (TRAIL) has been shown to have no effect on peptide- or
superantigen-induced clonal deletion (Simon et al. 2001; Cretney et al. 2003; Cretney et al.
2008). However, other studies report that Fas and TRAIL signaling do contribute to negative
selection under some conditions (Kishimoto et al. 1998, Lamhamedi-Cherradi et al. 2003).
Many of these studies utilize models of negative selection in which exogenous antigen is
injected in vivo. This can cause non-specific thymocyte deletion by the secreted products of
activated peripheral T cells (Martin and Bevan 1997). Because activation-induced cell death
of peripheral T cells is impaired in the absence of death receptors, results derived from these
model systems may be complicated by involvement of extrathymic factors (Singer and
Abbas 1994; Sytwu et al. 1996). Importantly, transgenic expression of dominant-negative
FADD or the viral caspase-8 inhibitor cytokine response modifier A (CrmA) does not impair
negative selection, strongly suggesting that the extrinsic apoptosis pathway is dispensable
(Smith et al. 1996; Walsh et al. 1998; Newton et al. 2000).

As discussed in detail in the following section, there is strong evidence that the intrinsic
apoptosis pathway is involved in negative selection. Caspase-3 is widely held to be the main
executioner caspase in mammals since both death receptor and mitochondrial-initiated
pathways converge on its activation. Activation of caspase-3 is observed in thymocytes
stimulated in vitro and from TCR transgenic models of negative selection (Alam et al. 1997;
Hu et al. 2009). In contrast, the active forms of executioner caspases-6 and -7 are not detected
after stimulation of TCR transgenic thymocytes with cognate peptide but can be induced by
non-specific stimulation with staurosporine (Hara et al. 2002). Furthermore, comparison of
caspase-37, caspase-7-, and double knockout thymocytes indicates that caspase-3 is mainly
responsible for DNA fragmentation in response to anti-CD3e and anti-CD28 stimulation
(Lakhani et al. 2006). Taken together, these data suggest that caspase-3 is the primary
executioner caspase in clonal deletion. Though it normally plays a major role in clonal
deletion, caspase-3 activation is not strictly required for negative selection in vivo (Hu et al.
2009; Murakami et al. 2010). While a role for other executioner caspases in negative selection
has not been excluded, numerous studies using pan-caspase inhibitors in vitro and in vivo
have shown that TCR-induced thymocyte death can occur in the absence of caspase activity,
albeit to reduced levels in some systems (Alam et al. 1997; Izquierdo et al. 1999; Doerfler et
al. 2000; Hara et al. 2002). These data highlight the existence of multiple mechanisms that
have evolved to mediate negative selection and self-tolerance.

3.4. Initiators of the intrinsic apoptosis pathway

Mitochondria are central to the initiation of caspase-dependent and caspase-independent
cell death (Jaattela and Tschopp 2003). Of the Bcl-2 family that controls the mitochondrial
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gateway to cell death, the pro-apoptotic protein Bim has a critical role in TCR-induced
thymocyte death. Bim induction has been demonstrated after TCR stimulation of
thymocytes in vitro and in numerous models of negative selection in vivo (Bouillet et al. 2002;
Schmitz et al. 2003; Huang et al. 2004; Zucchelli et al. 2005; Baldwin and Hogquist 2007;
Liston et al. 2007). The JNK pathway positively regulates Bim expression and function in
other cell types (Whitfield et al. 2001; Putcha et al. 2003). Post-translational modification
does not seem to be a major mechanism by which the TCR regulates Bim in thymocytes
(Bunin et al. 2005). In thymocytes, MINK activity is linked to JNK activation and Bim
induction, though it was not shown that Bim induction is JNK-dependent (McCarty et al.
2005). Another study found that PKC inhibitors, but not JNK, p38, or MEK inhibitors, block
Bim induction in thymocytes stimulated with anti-CD3e and anti-CD28 (Cante-Barrett et al.
2006). However, unlike JNK and p38, PKC activity is not required for negative selection
(Anderson et al. 1995; Sun et al. 2000). More work is required to clarify the pathways
activated during negative selection that lead to regulation of Bim.

Bim is thought to have a critical role in clonal deletion as Bim deficiency results in resistance to
TCR-induced thymocyte apoptosis in vitro (Bouillet et al. 2002) and abrogation of caspase-3
activation in DP thymocytes undergoing negative selection in vivo (Hu et al. 2009). Consistent
with its essential role in thymocyte apoptosis, deletion of DP thymocytes by superantigen and
cognate peptide is impaired in the absence of Bim (Bouillet et al. 2002). Though deletion of DP
thymocytes is indicative of clonal deletion, the number of autoreactive SP thymocytes is the
most accurate measure of negative selection. In the physiological HY*** model of negative
selection, Bim deficiency delays deletion of DP thymocytes but the number of autoreactive SP
thymocytes is ultimately comparable in the presence and absence of Bim (Hu et al. 2009).
Because Bim is required for caspase-3 activation in this model, these data support the idea of a
redundant non-apoptotic cell death mechanism of negative selection. In addition,
superantigen-mediated negative selection, as measured by autoreactive SP numbers, has also
been reported to be Bim-independent (Jorgensen et al. 2007).

Another factor to consider when evaluating the role of a protein in negative selection is the
model system utilized. The molecular events involved in superantigen-induced deletion
may be different from those initiated from pMHC interactions. Mice expressing transgenic
TCRs against endogenous or neo self-antigens (thus avoiding the issues associated with
peripheral T cell activation) have been the most powerful tools available for studying
negative selection. However, there are key differences between TCR transgenic models. For
example, in the classical HY model where HY is a male-specific antigen, the transgenic HY
TCR is prematurely expressed on DN thymocytes such that deletion occurs during the DN
to DP transition (Takahama et al. 1992; Baldwin et al. 2005). Thus, while Bim deficiency
impairs negative selection in the HY model, this may in part reflect a role for Bim in DN
thymocyte death (Bouillet et al. 2002). The HY* model utilizes a CD4-cre recombinase
system to conditionally express the transgenic HY TCRa chain at the DP stage, allowing
selection to occur during the DP to SP transition as in wildtype mice (Baldwin et al. 2005).
When the timing of TCR expression has been corrected, Bim appears to be dispensable for
deletion of HY TCR* thymocytes (Hu et al. 2009; Kovalovsky et al. 2010).
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The stage of development at which deletion occurs has considerable implications on the
molecular mechanism involved due to each thymocyte subset having differential gene
expression, signaling threshold, and localization. For example, positive selection induces
differentiation of DP into SP and migration to the medulla. Localization affects antigen
presentation because the thymic cortex and medulla contain different types of antigen
presenting cells. Importantly, ectopic expression of tissue-restricted antigens such as insulin
is restricted to medullary thymic epithelial cells (Derbinski et al. 2001; Anderson et al. 2002).
Because HY is a ubiquitous antigen, clonal deletion of HY** thymocytes occurs at the DP
stage in the cortex, a process that does not require Bim (McCaughtry et al. 2008; Hu et al.
2009). While past studies have cited defective Bim induction and clonal deletion in type I
diabetes-prone non-obese diabetic (NOD) mice (Zucchelli et al. 2005; Liston et al. 2007), a
recent study clarified that NOD mice do not have a cell-intrinsic impairment in clonal
deletion (Mingueneau et al. 2012). Negative selection against tissue-restricted antigens was
also recently examined by transfer of OT-I or OT-I Bim” TCR transgenic bone marrow,
which specifically recognizes ovalbumin peptide, into recipients in which the cognate
antigen is driven by the ubiquitously active actin promoter or the tissue-restricted rat insulin
promoter (Suen and Baldwin 2012). In agreement with results from the HY model, Bim is
not required for negative selection against ubiquitous antigen, but is required for negative
selection against tissue-restricted antigen in a cell-intrinsic way (Table 1). Because DP
thymocytes are more sensitive to TCR-induced death than SP thymocytes (Davey et al.
1998), one explanation is that either a Bim-dependent or independent mechanism is
sufficient to kill DP cells, while both are required for SP deletion. Alternatively, interactions
with medullary thymic epithelial cells may not induce factors that mediate Bim-independent
cell death.

The Bcl-2 family are critical regulators of mitochondrial integrity. The balance of pro-
apoptotic and anti-apoptotic members controls the activation of Bax and Bak, which leads to
cytochrome c release and caspase activation. Programmed cell death plays an important role
in the elimination of dysfunctional and autoreactive thymocytes. This table summarizes
some of the proteins known to play a role in thymocyte survival. Different Bcl-2 members
are important at different stages of thymocyte development.

One candidate for mediating Bim-independent clonal deletion is the NR4A nuclear receptor
Nur77. The NR4A nuclear receptor family is comprised of three proteins closely related in
structure and function: Nur77, Nor-1, and Nurrl, though only Nur77 and Nor-1 are induced
in stimulated thymocytes (Cheng et al. 1997). Nur77 is induced by TCR stimulation of
thymocytes and DO11.10 T cell hybridoma cells in vitro (Liu et al. 1994; Woronicz et al. 1994)
and is consistently among the list of genes upregulated during negative selection in vivo
(Schmitz et al. 2003; Huang et al. 2004; Zucchelli et al. 2005; Baldwin and Hogquist 2007;
Liston et al. 2007). Deletion of the transactivation domain of Nur77 creates a dominant-
negative mutant that interferes with the transcriptional activity of all NR4A family members
(Cheng et al. 1997). Expression of dominant-negative Nur77 partially impairs clonal deletion
in some TCR transgenic models but not others (Calnan et al. 1995; Zhou et al. 1996). Past
studies with Nur77-/- mice reported normal negative selection in vivo, suggesting that Nor-1
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provides redundant functions in thymocytes (Lee et al. 1995). Nevertheless, little is known
about Nor-1 compared to Nur77. Recently, Nur77 deficiency alone has also been shown to
impair negative selection (Fassett et al. 2012). The MEK5-ERKS5 pathway has been reported
to induce Nur77 expression in thymocytes and DO11.10 cells (Kasler et al. 2000; Sohn et al.
2008). However, MEK5 and ERKS5 have not been shown to be required for Nur77 induction
in response to TCR stimulation. Indeed, ERK5 is not necessary for Nur77 induction upon
activation of peripheral T cells (Ananieva et al. 2008). Consistent with dominant-negative
Nur77 studies, expression of dominant-negative MEKS5 inhibits clonal deletion in certain
TCR transgenic models (Sohn et al. 2008). Dominant-negative ERK5 has been shown to
inhibit apoptosis in DO11.10 cells in vitro but characterization of ERK5 in negative selection
in vivo is presently limited. Because pharmacological inhibitors can act on both MEK1/2
(upstream of ERK1/2) and MEKS5 at high doses (Mody et al. 2001), it is possible that MEK5
can act on additional targets other than ERKS. Taken together, these data support a role for
Nur77 in some types of negative selection.

Pre-peselection fselection Death by TCR-dependent
neglect selection
Anti-apoptotic members
Bcl-2 v
Mel-1 v 4
Bcl2A1 v
Bel-x;, v
Pro-apoptotic members
bBad v
Bim v v v
Bid
Puma v

Table 1. Regulation of survival by the Bcl-2 family during thymocyte development.

The mechanism of Nur77-induced thymocyte death is controversial. Nur77 was initially
thought to upregulate factors that mediate apoptosis since the transcriptional activity of
Nur77 correlates with its ability to induce thymocyte death (Kuang et al. 1999). Furthermore,
Nur77 has been shown to remain in the nucleus of stimulated thymocytes, while nuclear
export of Nur77 in mature T cells is thought to protect them from apoptosis (Cunningham et
al. 2006). However, the only target genes of Nur77 with known apoptotic function are those
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involved in the extrinsic apoptosis pathway (Rajpal et al. 2003). Thus, the role of Nur77-
mediated transcription in negative selection has been questioned. Studies of Nur77 function
in cancer cells have identified a mitochondrial, transcription-independent cell death
mechanism whereby Nur77 converts Bcl-2 into a pro-apoptotic protein by exposing its Bcl-2
homology 3 (BH3) domain (Lin et al. 2004). By utilizing a subcellular fractionation protocol
not used in previous studies, Nur77 was reported to translocate to mitochondria and
associate with Bcl-2 upon TCR stimulation of thymocytes (Thompson and Winoto 2008).
While other groups also report mitochondrial translocation of Nur77 following stimulation
(Stasik et al. 2007; Wang et al. 2009), whether Nur77 mediates thymocyte death through Bcl-
2 conversion is controversial. In stimulated DO11.10 cells, Bcl-2 and Nur77 do not interact
and Bcl-2 expression protects against Nur77-mediated death (Wang et al. 2009).
Furthermore, Bcl-xt, not Bcl-2, is the predominant survival factor expressed in DP
thymocytes; transgenic overexpression of Bcl-2 was required to detect interaction with
Nur77 (Ma et al. 1995; Thompson and Winoto 2008). Studies also differ on regulation of
Nur77 nuclear export. In DO11.10 cells, phosphorylation of serine 354 by the ERK1/2-
ribosomal S6 kinase (RSK) pathway is necessary for nuclear export (Wang et al. 2009). This
is contested by another study that found PKC but not ERK1/2 to be required for
mitochondrial translocation (Thompson et al. 2010). Since ERK1/2 (Alberola-Ila et al. 1995;
Alberola-Ila et al. 1996; Sugawara et al. 1998; Pages et al. 1999) and PKC (Anderson et al.
1995; Sun et al. 2000) are not required for negative selection, the contribution of the
transcription-independent mechanism of Nur77 to clonal deletion is also questionable.

Mice that express transgenic Nur77 or transgenic Nor-1 have severely reduced thymic
cellularity and an increased frequency of TUNEL* thymocytes (Calnan et al. 1995; Cheng et
al. 1997). Conversely, thymocytes from DN-Nur77 mice are more resistant to DNA
fragmentation following anti-CD3e stimulation (Zhou et al. 1996). Surprisingly, transgenic
Nur77 expression does not appear to be sufficient to induce cytochrome c release (Rajpal et
al. 2003). A caveat of using these transgenic mice to study negative selection is that Nur77
transgene expression is driven by promoters that are active in DN thymocytes
independently of TCR signaling. Thus, transgenic Nur77 may induce thymocyte death
through transcription of extrinsic apoptosis genes, while physiological regulation of Nur77
by TCR signaling may favor a transcription-independent mechanism. Studies using T cell
hybridomas generally support activation of the intrinsic apoptosis pathway by Nur77. For
example, nuclear export of Nur77 in DO11.10 cells leads to cytochrome c release, caspase-9
cleavage, and poly(ADP-ribose) polymerase (PARP) cleavage (Wang et al. 2009). Though T
cell hybridomas are more amenable to manipulation than thymocytes, it is important to
keep in mind that the mechanism of Nur77-mediated death may differ between cell types.
Despite induction of apoptosis, z-VAD treatment and Bcl-2 or Bcl-Xt expression only
partially rescues Nur77-induced cell death, suggesting contribution of a caspase-
independent mechanism. Interestingly, Nur77 has been shown to mediate caspase-
independent death in other cell types (Kim et al. 2003; Castro-Obregon et al. 2004; Lucattelli
et al. 2006). Furthermore, it is unknown whether the DNA fragmentation induced by Nur77
in thymocytes is caspase-dependent oligonucleosomal fragmentation or caspase-
independent large scale DNA fragmentation since the TUNEL assay does not discriminate
between the two types (Ribeiro et al. 2006).
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Abbreviation| Full name Description
AIF Apoptosis-inducing factor ~ Protein released from mitochondria that
mediates cell death
AMPK ADP-activated protein Regulates cellular energy metabolism in
kinase response to ATP depletion
Apaf-1 Apoptotic protease- Activates caspase-9 when bound to
activating factor 1 cytochrome c and dATP
Bcl-2 B cell lymphoma 2 Founding, anti-apoptotic member of the
Bcl-2 family of proteins, initially described
in B cell lymphomas. Bcl-xt and Bcl2A1
are similarly named.
Bad Bcl-2-associated death Pro-apoptotic member of the Bcl-2 family
promoter
Bak Bcl-2 homologous Pro-apoptotic member of the Bcl-2 family
antagonist/killer that forms channels in the mitochondrial
outer membrane
Bax Bcl-2-associated X protein ~ Pro-apoptotic member of the Bcl-2 family
that forms channels in the mitochondrial
outer membrane
Bid Bcl-2 homology 3 Pro-apoptotic member of the Bcl-2 family
interacting-domain death
agonist
Bim Bcl-2-interacting mediator ~ Pro-apoptotic member of the Bcl-2 family
of cell death
CXCR4 C-X-C motif receptor 4 Chemokine receptor
DN Double negative CD4-CD8§ thymocyte subset
DP Double positive CD4*CD8* thymocyte subset
ERK Extracellular signal- A subfamily of mitogen-activated protein
regulated kinase kinases
FADD Fas-associated death Adaptor protein involved in signaling
domain through death receptors
Grb2 Growth factor receptor- Adaptor protein involved in T cell
bound protein 2 receptor signaling
JNK c-Jun N-terminal kinase A subfamily of mitogen-activated protein
kinases
MAPK Mitogen activated protein A class of kinases that respond to
kinase extracellular stimuli
Mcl-1 Myeloid leukemia Anti-apoptotic member of the Bcl-2 family
sequence 1
MHC Major histocompatibility Protein that presents peptide antigen to T
complex cell receptor
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transferase-mediated
dUTP nick end labeling

MINK Misshapen/NIKs-related Kinase involved in T cell receptor
kinase signaling that promotes JNK activation
Nck Non-catalytic region of Adaptor protein involved in T cell
tyrosine kinase receptor signaling
NOD Non-obese diabetic Mouse strain genetically predisposed to
developing type I diabetes
PI3K Phosphoinositide 3-kinase =~ Phosphorylates phosphatidylinositol (4,5)-
biphosphate to generate
phosphatidylinositol (3,4,5)-triphosphate,
leading to Akt activation
PKC Protein kinase C Kinase involved in T cell receptor
signaling
pMHC Peptide-MHC Peptide presented on an MHC molecule
PTEN Phosphatase and tensin Dephosphorylates phosphatidylinositol
homolog (3,4,5)-triphosphate to generate
phosphatidylinositol (4,5)-biphosphate,
negatively regulating Akt activation
Puma p53-upregulated Pro-apoptotic member of the Bcl-2 family
modulator of apoptosis
Rag Recombination activating ~ Enzyme that mediates genetic
gene recombination of T cell receptor loci
RasGRP1 Ras-guanyl releasing Activates Ras through the exchange of
protein 1 bound GDP for GTP
RBP-] Recombination signal Transcriptional regulator that activates
binding protein for transcription when bound to intracellular
immunoglobulin kappa J domain of Notch proteins
region
RORt Retinoic acid-related Transcription factor that induces Bel-x.
orphan receptor yt expression in thymocytes
SP Single positive CD4*CD8- or CD4CD8* thymocyte subsets
TCR T cell receptor Antigen receptor expressed by T cells
TRAIL Tumour necrosis factor- Protein that induces apoptosis by binding
related apoptosis-inducing to death receptors
ligand
TUNEL Terminal Method of detecting DNA fragmentation
deoxynucleotidyl by labeling the terminal end of fragments

Table 2. Abbreviations used multiple times throughout this chapter.
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The molecular mechanisms of negative selection remain unclear despite intense
investigation into the matter. Though Bim and Nur77 are implicated as key mediators of
TCR-induced thymocyte death, many questions surround their role in physiological
negative selection. Consideration of the model system and readout to be used will greatly
assist future endeavors to clarify the molecular mechanisms of negative selection.

4. Conclusion

The highly regulated struggle between survival and death during thymocyte development
underscores the need to generate functional yet self-tolerant T cells. At multiple checkpoints
during development in the thymus, the balance must be tipped in favour of pro-death
factors to allow elimination of dysfunctional and autoreactive cells. It is becoming
increasingly apparent that programmed cell death is not restricted to apoptosis but also
involves caspase-independent processes such as autophagy and necroptosis. While non-
apoptotic programmed cell death is better characterized in peripheral T cells (Jaattela and
Tschopp 2003), many studies have provided evidence that caspase-independent death can
occur at multiple stages of thymocyte development. Two proteins implicated in caspase-
independent death are apoptosis-inducing factor (AIF) and endonuclease G. Both have been
shown to mediate cell death following translocation from mitochondria to the nucleus,
where they execute caspase-independent DNA fragmentation (Jaattela and Tschopp 2003). It
will be of great interest to determine if AIF and endonuclease G contribute to caspase-
independent thymocyte death, and if their translocation is induced by Nur77, which has
been linked to mitochondrial localization and caspase-independent cell death. One thing is
clear: mitochondria are a key gateway to cell death. The Bcl-2 family of proteins control
mitochondrial integrity through regulating formation of Bax/Bak channels and opening of
the mitochondrial permeability transition pore (Tsujimoto and Shimizu 2000). Therefore,
they may be poised to control different mechanisms of programmed cell death. Though
genetic manipulation of mice has accelerated our understanding of thymocyte survival and
death, much remains to be characterized about the molecular mechanisms involved. These
complex, interwoven, and tightly regulated mechanisms are necessary to balance the need
for a competent and self-tolerant immune system.
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1. Introduction

The majority of chemo/radiotherapies inhibit cancer cell growth by activating cell death
pathways, such as apoptosis, necrosis, and autophagy-associated cell death. However, as the
disease progresses, cancer cells can acquire a variety of genetic and epigenetic alterations,
which leads to dysregulation of cell death-associated signaling pathways and
chemo/radioresistance. Designing novel drugs and enhancing therapeutic strategies to
improve survival and quality of life for cancer patients must specifically target pathways
responsible for drug resistance. Two cellular mechanisms can contribute to
chemo/radioresistance: inhibition of apoptotic cell death pathways and induction of
autophagy, a cell survival response. The development of novel drugs and extensive research
studies has provided significant insight into the aberrant regulation of apoptosis and key
apoptosis inhibitor proteins during tumorigenesis. However, the extensive dysregulation
of cell growth pathways in cancer cells makes it necessary to target multiple pathways in
order to elicit a lasting death response. Autophagy, classically designated as a cell
“survival” mechanism, appears to play a greater role in cell death than previously
conceived. This contradiction between autophagy-associated cell survival versus cell
death has intensified the interest in this field of research in cancer therapeutics.
Understanding how autophagic cells cross the threshold from cell survival to cell death
during drug treatments is imperative for identifying more potent therapies. Utilizing
novel treatments that will re-activate apoptotic cell death pathways, while driving
autophagy-associated cell death will lead to more effective chemotherapies, thereby
enhancing overall patient survival.
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medicine; signaling pathways
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2. Apoptosis pathways

Cancer cells can acquire apoptosis-resistance during treatment by up-regulating multiple
pro-survival factors, such as inhibitors of apoptosis proteins (IAPs), nuclear factor-xB (NF-
kB), and the B cell CLL/lymphoma-2 (BCL-2) family proteins. There are two major apoptosis
signaling pathways, the extrinsic and intrinsic apoptosis signaling pathways (Figure 1). The
extrinsic (death receptor) apoptosis pathway is induced by the binding of cell death ligands,
such as FAS ligand or TNF to cell death receptors, FAS receptor or tumor necrosis factor
receptor, TINFR1, respectively. Activation of these death receptors results in caspase 8
activated cell death [1]. The intrinsic (mitochondrial or BCL-2 regulated) apoptosis pathway
can be activated by cellular stresses or chemo/radiotherapies that lead to functional
activation of the pro-apoptotic BCL-2 family proteins, which induce mitochondrial outer
membrane permeabilitization (MOMP) and cytochrome c release into the cytosol. Once in
the cytosol, cytochrome ¢ induces formation of the apoptosome complex, which contains
cytochrome ¢, caspase 9 and apoptotic protease-activating factor-1 (APAF-1), followed by
activation of downstream caspases 3, and 7[2]. While the intrinsic apoptosis pathway is
considered to be regulated by BCL-2, the extrinsic pathway can also be regulated by BCL-2
family members via crosstalk with the intrinsic pathway. This crosstalk occurs through
caspase 8 cleavage and activation of the BH3-interacting domain death agonist (BID). The
cleavage product, truncated BID (tBID), is required for death receptor-induced apoptosis in
some cell types. During tumorigenesis, both the extrinsic and intrinsic apoptosis signaling
pathways become dramatically dysregulated thereby leading to increased cell survival upon
chemo/radiotherapy. This chapter will discuss exploitation of factors regulating apoptosis,
such as second mitochondria-derived activator of caspases (SMAC) and BH3-only proteins,
as molecular targets utilized to overcome apoptosis resistance in cancer cells.

3. IAP family proteins promote apoptosis-resistance

IAPs are a pivotal class of pro-survival factors that suppress apoptosis against a large
variety of apoptotic stimuli, including chemotherapeutic agents, radiation, and
immunotherapy in cancer cells[3-5]. Elevated expression of IAPs is a common occurrence in
multiple cancer types, while eliciting a wide range of biological responses that promote
cancer cell survival and proliferation[6]. Therefore, IAPs are attractive molecular targets for
anti-cancer therapies in order to decrease apoptosis-resistance, thereby enhancing cancer
therapeutics and increasing patient survival.

IAPs are characterized by baculoviral IAP repeat (BIR) domains, which are required for the
majority of IAP-mediated protein-protein interactions and inhibition of apoptosis[7]. Eight
IAPs have currently been identified in humans, but the most studied IAP members include
the X chromosome-linked IAP protein (XIAP), cellular IAP1 (cIAP-1), and cellular IAP2
(cIAP-2)[8]. IAPs inhibit both the intrinsic and extrinsic apoptotic pathways (Figure 1). XIAP
binds to and inhibit caspases 3, 7, and 9, while cIAPs negatively regulate caspase 8
activation through TNFR1 signaling[9]. IAPs also contain a carboxyl-terminal RING domain,
which enables them to function as E3 ubiquitin ligases[6]. XIAP and cIAPs can promote
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cancer cell survival and proliferation by inhibiting caspase activation, IAP-antagonist
binding, or by acting as critical mediators of the NF-«xB pathway.

Figure 1. Extrinsic and intrinsic apoptosis signaling pathways. The extrinsic (death receptor)
apoptosis pathway is induced by the binding of cell death ligands, TNF, FASL or TRAIL, to cell death
receptors TNER, FAS, or DR5, respectively. Activation of the death receptors results in caspase 8
activated cell death. The intrinsic (mitochondrial or BCL-2 regulated) apoptosis pathway can be
activated by cellular stresses or chemo/radiotherapies. This leads to functional activation of the pro-
apoptotic BCL-2 family proteins which induces cytochrome ¢ or SMAC release into the cytosol.
Cytochrome c induces formation of the apoptosome complex, which contains cytochrome c, caspase 9,
and APAF-1, followed by activation of downstream caspase 3 and 7. SMAC can promote apoptosis by
binding to XIAP, which results in the subsequent release of caspase 9 and downstream activation of
apoptosis. cIAPs are capable of inhibiting SMAC by blocking this interaction. The crosstalk between the
extrinsic and intrinsic pathways occurs through caspase 8 cleavage and activation of the BID. The
cleavage product, tBID, is required for death receptor-induced apoptosis in some cell types. During
tumorigenesis, both the extrinsic and intrinsic apoptosis signaling pathways become dramatically
dysregulated thereby leading to increased cell survival during chemo/radiotherapy. IAP antagonists
can inhibit the anti-apoptotic actions of XIAP and cIAPs in both the intrinsic and extrinsic apoptosis
pathways.
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4. XIAP is a potent caspase inhibitor

XIAP protein is the first well-characterized IAP family member[4, 10, 11]. XIAP is
overexpressed in approximately 25% of the 60 NCI human cancer cell lines and can predict
response to chemotherapy[12-16]. Although it was initially believed that all IAP proteins
blocked apoptosis by directly binding caspases, it was later found that only XIAP directly
binds to and inhibits caspases 3, 7, and 9 (Figure 1)[10, 17, 18]. As caspase 9 is an initiator
caspase, it is considered the most critical target for XIAP’s anti-apoptotic function[19].
Structural studies have outlined the protein interactions utilized by XIAP to inhibit caspase
function. The BIR3 domain of XIAP binds to the catalytic domain of caspase 9 while the linker
region between XIAP BIR1 and BIR2 binds to caspase 3 or 712021122, [n addition to binding and
blocking caspase catalytic sites, XIAP also utilizes its E3 ubiquitin ligase function for targeting
and ubiquitylating caspase 3 for proteasome degradation[23]. Therefore, due to XIAP’s ability
to inhibit multiple caspases, either directly or via ubiquitylation, XIAP has become a premiere
molecular target for current chemotherapies (Figure 1).

5. cIAP regulation of the NF-xB signaling pathway

Although IAPs are typically known to bind and inhibit caspases, cIAPs also modulate
ubiquitin-dependent signaling events of the extrinsic apoptosis pathway and regulate
activation of NF-kB[24]. cIAPs are required for stimulus-dependent activation of the
canonical pathway and for constitutive suppression of the non-canonical NF-kB pathway
(Figure 2)[8]. NF-kB is a transcription factor involved in angiogenesis, metastasis, and cell
proliferation[8]. Upon activation, NF-kB regulates transcription of pro-survival genes such
as TNFa, cIAPs, BCL-2 and other apoptosis-related proteins. Furthermore, blocking NF-«xB
pathway can sensitize cancer cells to chemotherapeutic agents and radiation[25-27].

In the canonical NF-xB pathway, the inhibitor of NF-xB (IxBa) binds to NF-«B, thereby
preventing NF-kB nuclear translocation from the cytoplasm into the nucleus in
unstimulated cells[28]. TNF-mediated activation of NF-kB requires the assembly of an
ubiquitin-dependent signaling complex[29]. TNF ligand binding to TNFR1 induces the
formation of a signaling complex by initially recruiting TNFR1-associated death domain
protein (TRADD) and TNFR-associated factor 2 (TRAF2), followed by recruitment of
receptor-interacting protein 1 (RIP1) and c-IAP proteins (Figure 2)[30, 31]. Within this
complex, cIAPs promote nondegradative polyubiquitylation of RIP1, in addition to
themselves, to generate a binding platform for assembly of the IkB kinase (IKK) complex®>
341, This leads to the activation of IKK[{3, which results in phosphorylation of IxBa, prompting
IxBa polyubiquitylation and subsequent degradation. This allows NF-xB to translocate to
the nucleus and activate target genes[28]. Therefore, cIAPs positively regulate the canonical
NF-kB pathway.

Alternatively, in the non-canonical pathway, cIAPs negatively regulate NF-«B transcription
by ubiquitylating and targeting NF-xB-inducing kinase (NIK) for proteasomal
degradation[35]. In unstimulated cells, a cytoplasmic complex composed of cIAPs, TRAF2,
TRAF3 and NIK, maintains constitutive ubiquitin-dependent proteasomal degradation of
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NIK (Figure 2) [35-41]. Accumulation of NIK is acquired by dissociation of this cytoplasmic
complex. Upon ligand binding, receptors of the TNFR family, such as CD40, recruit TRAF2,
TRAF3 and the cIAP proteins into their respective signaling complexes. This results in cIAP
ubiquitylation and degradation of the cIAPs, TRAF2, and TRAF3, which leads to
stabilization and accumulation of NIK and downstream activation of NF-kB anti-apoptotic
target genes[9, 42]. The conflicting roles that cIAPs play in inducing or inhibiting NF-«xB
signaling pathway display an additional layer of complexity when developing therapeutic
drugs targeting cIAPS.

6. SMAC: IAP-antagonist

SMAC is a regulator of the intrinsic apoptosis pathway and becomes released from the
mitochondria upon mitochondrial outer membrane permeabilitization (MOMP) (Figure 1).
Structural studies show that SMAC induces apoptosis by binding to and sequestering IAPs
from binding to caspases[43-45]. As previously mentioned, the BIR3 domain of XIAP binds
to the N-terminus of small subunit p12 of processed caspase 9. SMAC protein contains a
region homologous to the caspase 9 p12 subunit, therefore, it can also bind to XIAP BIR3
domain[20]. SMAC binding of XIAP allows the subsequent release of caspase 9 and
activation of downstream signaling leading to apoptosis[46]. While cIAPs are not potent
inhibitors of caspases, cIAPs are able to bind to SMAC with high affinity, thereby
preventing SMAC from disrupting XIAP-mediated inhibition of caspases|6].

6.1. The role of IAP and SMAC and clinical outcome

Due to the importance of apoptosis resistance during chemo/radiotherapy, the expression of
IAP proteins and IAP inhibiting proteins, such as SMAC, have demonstrated significant
correlation with clinicopathological data[6, 47]. Altered expression of cIAPs in cancer cells is
typically due to chromosomal aberrations, such as genomic ampifications, translocations
and deletions. Genomic amplification at the 11q21-q23 genomic loci of both cIAP1 and
cIAP2 has been detected in many cancers, including esophageal squamous cell carcinomas,
liver cancer, lung cancer, and cervical cancer[48-51]. Furthermore, immunohistochemical
analysis of cervical cancers from patients treated only with radiotherapy had high levels of
nuclear cIAP1 staining and demonstrated that both overall survival and local recurrence-
free survival was significantly poorer compared to patients with little or no nuclear
cIAP1[50]. Genomic translocations, such as t(11;18)(q21;q21), results in the fusion of the BIR
domains of cIAP2 with paracaspase mucosa-associated lymphoid tissue lymphoma
translocation protein 1(MALT1) and occurs frequently in mucosa-associated lymphoid
tissues[52-54]. The resulting cIAP2-MALT1 fusion protein constitutively activates the NF-kB
signaling pathway([53, 55].

As previously discussed, cIAPs act as oncogenes in most cancers, however, cIAPs in
multiple myeloma has demonstrated tumor suppressive properties. In multiple myeloma,
chromosomal deletions of cIAP-1/2 resulted in stabilization of NIK, which induced
constitutive aberrant activation of the non-canonical survival NF-kB pathway[37, 39]. This
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further delineates the important balancing act of cIAPs in regulating the NF- «B pathways
and cell survival.

XIAP expression is also dysregulated in many cancers and correlates with clinical
outcome[6]. XIAP is upregulated in clear-cell renal cell carcinoma and correlates with
increasing tumor stage, dedifferentiation, and aggressive growth[56]. XIAP was also shown
to be an independent prognostic marker for non-muscular invasive bladder cancer, colon
cancer, and liver cancer[57-59]. In invasive breast ductal carcinoma, nuclear expression of
XIAP correlated with shortened overall survival[60]. Interestingly, a prostate cancer study
showed patients with high XIAP levels had a much lower probability of tumor recurrence
than those with lower XIAP expression. Furthermore, patients with high-grade prostate
tumors who had high XIAP levels had a lower risk of recurrence compared with patients
whose tumors express low XIAP[61]. This demonstrates that while many cancers have a
correlation with high XIAP expression levels and poor prognosis, some cancers have
additional altered mechanisms associated with poor clinical outcome. This further supports
the need for tumor expression profiling in order to determine whether an individual’s
tumor is apoptosis-resistant. Pre-treatment screening will allow physicians to identify the
proper treatment regimen in order to avoid unnecessary toxicity and relapse.

The down-regulation of IAP inhibitor, SMAC, has also been shown to play a significant role
in inhibiting IAPs in cancer and correlates with clinical outcome[6]. In rectal cancer, high
expression levels of SMAC correlated with 5-year recurrence free survival rate and 5-year
local relapse-free survival rate[62]. Down-regulation of SMAC has been shown to be
associated with disease progression in many cancer types, such as lung, hepatocellular
carcinoma, testicular cancer[63-65]. In renal cell carcinoma, low levels of SMAC correlated
with advanced tumor stage, poor prognosis, and a reduced probability of recurrence-free
survival[56, 66]. Furthermore, XIAP expression increased with stage and grade, while
mRNA and protein expression levels of SMAC did not significantly change. This results in a
relative increase of anti-apoptotic XIAP over pro-apoptotic SMAC, thereby contributing to
apoptosis resistance in renal cell carcinomal®l.

6.2. IAP antagonists as therapy to overcome apoptosis-resistance

Due to the dysregulation and contribution of IAPs towards chemo/radioresistance,
researchers have developed several targeting strategies, such as small-molecule IAP
antagonists, including SMAC mimetics, and antisense oligonucleotides. Table 1 shows a
subset of IAP antagonists currently used in clinical trials.

6.3. SMAC-mimetics

Several studies have shown that overexpression of SMAC sensitizes neoplastic cells to
apoptotic cell death[67, 68]. Therefore, SMAC mimetics have been developed in order to
sensitize cancer cells to apoptotic stimuli, such as chemo/radiotherapy. Synthetic SMAC N-
terminal peptides fused to cell-permeabilizing peptides were initially used as SMAC
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mimetics for treating cancer cells. These peptides were found to bypass mitochondrial
regulation and sensitize both human cancer cells in culture and tumor xenographs in mice
to apoptosis when combined with TNF-related apoptosis-inducing ligand (TRAIL) or
chemotherapeutic drug treatments[69, 70]. While appearing effective, SMAC peptides did
not possess good pharmacological properties and, therefore, could not be used as
therapeutic agents. Researchers then utilized 3D structure analysis of SMAC bound to XIAP
BIR3 domain to design and synthesize small molecule SMAC mimetics[71-73]. These
compounds show at least 20-fold enhanced binding to XIAP BIR3 domain over the natural
SMAC peptide in a cell-free system[72-74]. Small molecule SMAC mimetics also bind and
inhibit cIAP-1 and cIAP-2 activities and promote apoptosis synergistically with proapoptotic
stimuli, such as TRAIL or TNFa, in cancer cells that were previously determined to be
resistant to TRAIL or TNFa[71].

Drug | Cancer type(s) | Clinical | Co-therapy Outcome
Trial
AT-406 | Solid tumors, | Phase1 None Ongoing.[225]
lymphoma
AML Phase 1 | Daunorubicin Ongoing.[225]
and Cytarabine

AEG35156 AML Phase 1/2|  High-dose AEG35156 treatment led to dose-

Cytarabine and dependent decreases of XIAP
Idarubicin mRNA and protein levels.

Apoptosis induction was

detected.[195]

AML Phase 1/2| Cytarabine and | Very effective when combined with

Idarubicin  |chemotherapy in patients with AML

refractory to a single induction

regimen.[87]
YM155 Advanced | Phasel None The safety profile, plasma
refractory solid concentrations achieved, and
tumors antitumor activity.[209]
NSCLC Phase 2 None Modest single-agent activity in

patients with refractory, advanced
NSCLC. A favorable
safety/tolerability profile was
reported.[210]

AML- Acute myeloid leukemia; Non-small cell lung cancer - NSCLC

Table 1. Selective list of IAP antagonists undergoing clinical trials with and without combination
therapy.

Pre-clinical and clinical data has demonstrated that SMAC mimetics may show more
therapeutic promise in combination with conventional chemotherapeutic drugs, death
receptor agonist or radiation therapy (Table 1). Research from our lab demonstrated that the
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SMAC mimetic, SH130, disrupts the binding between XIAP/cIAP and SMAC. Upon
combination treatment, SH130 enhances ionizing radiation-induced apoptosis in vitro and
induces 80% tumor regression in hormone-refractory prostate cancer models[75]. We also
demonstrated that SMAC mimetic, SH122, can induce cell death via both the extrinsic and
intrinsic apoptosis pathways. In combined treatment with death receptor ligand, TRAIL,
SH122 induces TRAIL-mediated cell death in prostate cancer cell lines by blocking IAPs and
NEF-«BJ[76].

SMAC mimetics have proven tremendous efficacy when used in combination with
treatments to induce apoptosis in apoptosis-resistant cells[77]. Interestingly, it was also
shown that SMAC mimetic treatment alone could induce apoptosis in a subset of non-small-
cell lung cancer cell lines[78]. It was later determined that autocrine-secreted TNFa-
mediated apoptosis signals that were inhibited by IAP proteins. Treatment with the SMAC
mimetic promoted formation of RIP1-dependent caspase 8-activating complex leading to
apoptosis in these cells[78]. It has also been demonstrated that SMAC mimetic binding of
cIAPs leads to rapid ubiquitination and proteasomal degradation of cIAPs[35]. Therefore, in
addition to targeting XIAP to relieve caspase 9 inhibition in the intrinsic cell death pathway,
SMAC mimetics can induce cIAPs auto-ubiquitination and degradation, which leads to NF-
kB activation and TNFa« secretion. The autocrine TNFa signaling in turn induces caspase 8
activation and cancer cell death (Figure 2).

6.4. cIAP- and XIAP-selective antagonists

SMAC mimetics have broad specificity by inhibiting both XIAP and cIAPs. Currently, the
individual roles of IAPs in apoptosis resistance, as well as BIR domain structure, are
unexplored. Therefore, more selective antagonists are designed in order to provide greater
specificity for the diverse IAPs. CS3 is a cIAP1/2 selective antagonist and has been shown to
induce degradation of cIAP1/2, activate canonical, non-canonical NF-kB signaling pathways,
and induce cell death[79]. Although CS3 is capable of inducing cell death, cIAP-selective
antagonists are significantly less potent in promoting apoptosis than pan-selective
compounds[79].

Embelin, the active ingredient of traditional herbal medicine, is a potent IAP antagonist that
binds to the XIAP BIR3 domain. We have shown that embelin inhibits cell growth, induces
apoptosis, and activates caspase 9 in prostate cancer cells with high levels of XIAP, but has a
minimal effect on normal prostate epithelial cells with low levels of XIAP[80]. Furthermore,
embelin combined with radiation potently suppressed prostate cancer cell proliferation that
was associated with S and G2/M cell cycle arrest[81]. Moreover, the combination treatment
promoted caspase-independent apoptosis. In vivo, embelin significantly improved tumor
response to x-ray radiation in PC-3 xenograft model. Combination therapy resulted in tumor
growth delay and prolonged time to tumor progression, with minimal systemic toxicity.
These findings demonstrate the potential to utilize embelin as a novel adjuvant therapeutic
candidate for the treatment of hormone-refractory prostate cancer that is resistant to
radiation therapy[81].
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Figure 2. Canonical and non-canonical prosurvival NF-kB pathways. cIAPs are required for stimulus-
dependent activation of NF-kB canonical pathway and alternatively for constitutive suppression of the
non-canonical NF-«B pathway. TNF-mediated activation of the canonical NF-«xB pathway requires the
assembly of an ubiquitin-dependent signaling complex comprised of TRADD, TRAF2, RIP1, and cIAPs.
cIAPs induce non-degradative ubiquitylation of both RIP1 as well as themselves which leads to
activation of downstream pro-survival NF-«B signaling. IAP antagonists can inhibit NF-kB canonical
pathway by preventing cIAP ubiquitylation of RIP1 which leads to recruitment of pro-caspase 8,
thereby inducing apoptosis. Alternatively, in the non-canonical pathway, cIAPs negatively regulate NF-
kB transcription by ubiquitylating and targeting NIK for proteasomal degradation. In unstimulated
cells, a cytoplasmic complex composed of cIAPs; TRAF2, TRAF3 and NIK, maintains constitutive
ubiquitin-dependent proteasomal degradation of NIK, thereby preventing activation of NF-kB
pathway. Upon ligand binding, receptors of the TNFR family, such as CD40, recruit TRAF2, TRAF3 and
the cIAP proteins into their respective signaling complexes. This results in cIAP ubiquitylation and
subsequent degradation of cIAPs, TRAF2, and TRAF3. Degradation of this complex leads to
stabilization and accumulation of NIK and downstream activation of NF-kB anti-apoptotic target genes.
Interestingly, IAP antagonists can switch the non-canonical NF-kB signaling pathway from pro-survival
to pro-apoptotic pathway (dashed arrow). IAP antagonists induce activation of this pathway by
blocking cIAP inhibition, which leads to TNFa secretion. The autocrine TNFa signaling in turn induces
caspase 8 activation and cancer cell death.
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IAP antagonists have proven to be effective in overcoming apoptosis resistance in cancer
cells. Clinical trials are currently underway to test the applicability of small-molecule IAP
antagonists in single and combined anti-cancer therapies. Preliminary results suggest that
IAP antagonists are well tolerated and effective in inhibiting IAPs (Table I)[6]. In addition,
these molecules are providing insight into additional regulatory networks that exist in
cancer cells, thereby providing new understanding of apoptosis resistance.

6.5. Inhibition of IAPs through RNA interference

Inhibition of IAPs using RNAIi has further demonstrated the role of IAPs in drug resistance.
Esophageal cancer cell lines transfected with XIAP siRNA demonstrated increased cell
apoptosis[82]. Another study demonstrated that RNAi targeting of XIAP increased breast
and pancreatic cancer cell susceptibility to functionally diverse chemotherapeutic agents,
including TRAIL and taxanes and therefore increasing the effectiveness of chemotherapeutic
agents[83]. Furthermore, in vivo studies also demonstrated that inhibition of XIAP by RNAi
radiosensitized lung cancer cells by up-regulating apoptotic signaling and down-regulating
cell survival[84]. We have also shown that combination treatment using RNAi silencing of
IAPs and SH122 SMAC mimetic shows a greater sensitization of cells to apoptosis, than
SMAC mimetic alone[76].

Clinical trials using anti-sense oligonucleotide AEG35156 is proving to be successful. The
first-in-human study with AEG35156 in patients with advanced refractory cancers
demonstrated that the compound was well tolerated and showed some anti-tumor
activity[83]. However, AEG35156 was less effective in Phase I clinical trials with pancreatic
cancer patients[85, 86]. Phase II trials treating primary refractory AML patients with both
chemotherapy and AEG35156 demonstrated a 91% rate of complete remission[87].
Therefore, RNAi therapy shows significant promise in treating apoptosis-resistant cancers.
While AEG35156 demonstrates promise in treating primary refractive disease, it is
important to identify the patients that express high levels of IAPs in order to gain the most
therapeutic benefit. Again, this demonstrates the need for molecular marker screening in
order to develop personalized therapies.

7. BCL-2 family proteins regulate the intrinsic apoptotic pathway

In addition to XIAPs, the BCL-2 protein family members are essential regulators of the
intrinsic apoptotic pathway, also known as the BCL-2-regulated pathway, and significant
contributors to apoptosis-resistance during chemo/radiotherapies[88]. BCL-2 family
members are characterized by their BCL-2 homology (BH) domain and can be categorized
into three classes: the anti-apoptotic multi-domain proteins, such as BCL-2, BCL-xL, and
MCL-1, are essential for cell survival, the pro-apoptotic BH3-only proteins, such as BID,
BIM, BAD, and PUMA, initiate apoptosis signaling; and the pro-apoptotic multi-domain
effector proteins, such as BAX and BAK, are required for MOMP and activation of caspases
that leads to cell death[89, 90]. Both the anti-apoptotic and pro-apoptotic functions of BCL-2
family members are regulated through their BH domains [91, 92]. Furthermore, the BH1-
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BH3 domains of anti-apoptotic proteins form a hydrophobic binding pocket that binds the
a-helix of the BH3-only pro-apoptotic proteins [93, 94]. BCL-2 proteins are typically found at
the outer mitochondrial membrane (OMM), however, they can also be localized to the
endoplasmic reticulum (ER) and in the cytosol[95].

Death signals induced by DNA damage, growth factor deprivation, or chemotherapies
induce apoptosis via the mitochondrial pathway (Figure 1) by transcriptional or post-
translational activation of BH3-only proteins[96-98]. After activation, the pro-apoptotic BH3-
only proteins prompt a conformational change of monomeric BAX and BAK resulting in
homo-oligomerization and activation[99-101]. Activated BAX and BAK cause MOMP,
followed by release of cytochrome ¢ and other pro-apoptotic factors, such as SMAC, from
the mitochondria. BAX and BAK are essential for the pro-apoptotic function of BH3-only
proteins, therefore, loss of BAX and BAK prevents apoptotic cell death[101, 102]. Cancer
cells that display overexpression of anti-apoptotic proteins and/or down-regulation of pro-
apoptotic proteins, have the potential to evade chemotherapeutic cell death resulting in
drug resistance.

While it is generally accepted that activation of BAX and BAK is required to induce
permeabilization of the mitochondria, there are multiple models that describe the
mechanisms used in the activation/inhibition of BAK/BAX. One model suggests that BH3-
only activating proteins, such as Bid or Bim, directly bind to BAX/BAK to induce
oligomerization and subsequent activation [65, 103-106]. Another model describes an
indirect mechanism. Anti-apoptotic proteins, such as BCL-2 and BCL-xL, inhibit cell death
by binding to and sequestering activating BH3-only proteins thereby preventing their
activation of BAX/BAK[107-110]. The indirect mechanism involves a subset of BH3-only
proteins, called sensitizers, which induce BAX/BAK oligomerization indirectly, by binding
anti-apoptotic proteins, thereby displacing the activating BH3-only proteins allowing them
to bind to BAX/BAK]111, 112].

Anti-apoptotic proteins, BCL-2 and BCL-xL, are also capable of heterodimerizing with BAX
or BAK, thereby inhibiting BAX or BAK[113-115]. It has been shown that BCL-2 undergoes a
conformational change to bind to and inhibit oligomerization of mitochondrial membrane
bound Bax. However, if BAX is in excess, apoptosis resumes due to the availability of free
BAX able to activate the apoptotic pathway [115].

The activation models, as described in the previous paragraphs, are simplified examples of
the complex interactions required to carry out the intrinsic apoptosis pathway.
Dysregulation of intrinsic apoptosis pathways, due to altered ratios of antiapoptotic
members to proapoptotic members, leads to apoptotic blocks. Identifying the proteins
involved in these blocks is essential for designing more effective rational therapies. Studies
called “BH3 profiling” used BH3 peptides that selectively antagonize BCL-2 family
members to identify apoptotic blocks in cancer cells[107, 116]. It was demonstrated that
BH3-only proteins show distinct binding preferences to anti-apoptotic BCL-2 family
members[107, 116]. Identifying differential BH3-only protein binding affinities for anti-
apoptotic BCL-2 protein family members has led to the development of specific small
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molecule inhibitors of anti-apoptotic BCL-2 proteins which are designed to overcome
apoptosis resistance in cancer cells and induce cell death.

7.1. Dysregulation of the BCL-2 family of proteins augments
chemo/radioresistance

The dysregulation of BCL-2 family members, such as overexpression of anti-apoptotic genes
or silencing of pro-apoptotic genes, is a key determinant for apoptosis-resistance during
tumorigenesis and chemotherapy. BCL-2 was initially discovered to be overexpressed in
human B-cell lymphomas and is located near chromosomal translocation break points
frequently found in B-cell lymphomas[118]. Additional studies have demonstrated that
BCL-2 protein levels in cancers are enhanced due to promoter hypomethylation, loss of
inhibitory microRNA expression, and gene amplifications, signifying that up-regulation of
BCL-2 expression is often found in a variety of cancers[119, 120].

Expression of anti-apoptotic BCL-2 family members has a significant effect on
chemoresistance and prognosis[120, 121]. BCL-2, BCL-xL, and MCL-1 expression increases
during prostate cancer progression[122]. Furthermore, BCL-2/BCL-xL expression levels
correlate with resistance to a wide spectrum of chemotherapeutic agents[123, 124].
Alternatively, the pro-apoptotic BCL-2 family members can be down-regulated resulting in
suppressed apoptosis. Spontaneous deletions or mutations of BAX have been observed in
colorectal tumors, which results in significant reduction of apoptosis in response to
anticancer agents[125, 126]. The BH3-only protein PUMA is also down-regulated in
melanoma and Burkitt lymphomas[127, 128].

Dysregulation of BCL-2 family of proteins also occurs in cancer cells due to a loss of p53
tumor suppressor expression or function. p53 expression is lost in a majority of cancers. p53
can activate transcription of BAX, BID, PUMA and NOXA (Figure 1)[97, 129-132]. Cytosolic
accumulation of p53 results in activation of BAX similarly to the BH3-only activating BCL-2
proteins, thereby inducing apoptosis[133]. Interestingly, p53 has also been shown to inhibit
anti-apoptotic BCL-2 family members as well. DNA damage induces p53-Bcl-2 binding,
thereby sequestering BCL-2 from inhibiting BAX/BAK oligomerization resulting in
apoptotic cell death in cancer cells[134]. Inhibiting apoptosis via p53-associated regulation of
the BCL-2 family displays another level of complexity in inducing cell death of cancer cells.

7.2. BH3-mimetics as a therapeutic strategy to overcome apoptosis resistance

Due to the dysregulation and importance of BCL-2 family members for inhibiting apoptosis
in cancer cells, attempts aimed at developing novel drugs that can inhibit anti-apoptotic
BCL-2 proteins. Crystal structure analysis of BCL-xL revealed that the BHI-BH3 domains
formed a hydrophobic groove[93]. Further studies demonstrated that this BCL-xL
hydrophobic groove could bind to a BAK BH3 peptide indicating the ability to design small
molecules that could bind to BCL-xL and inhibit its anti-apoptotic function[94]. Indeed,
numerous small molecule BH3-mimetics have been identified or designed to bind to this
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BH3 binding pocket with the potential to block BCL-2/xL binding to pro-apoptotic BCL-2

proteins. The BH3 mimetics have demonstrated diverse binding specificity and efficacy in
inducing apoptosis (Figure 3)[135-137].

Cytosol

Nucleus

Figure 3. BH3 mimetics inhibit anti-apoptotic BCL-2 proteins therefore inducing both apoptosis and
autophagy. BH3 mimetics are designed to bind to anti-apoptotic BCL-2 proteins and induce apoptosis.
BH3 mimetics also induce autophagy-associated cell death by preventing BCL-2 proteins from binding

to the autophagy activating protein, Beclinl.

One of the first small molecules developed via in silico screens was HA14-1[136]. HA14-1
was initially demonstrated to induce the activation of Apaf-1 and caspases in human acute
myeloid leukemia cells. HA14-1 was subsequently found to prevent BCL-2 binding to
BAK]J138]. In addition, treatment with HA14-1 caused cytosolic Ca(2+) increase, change in
mitochondrial membrane potential, BAX translocation, and reactive oxygen species (ROS)
generation prior to cytochrome c release[139]. Obatoclax (GX15-070MS) was one of the first
pan anti-apoptotic BCL-2 protein inhibitors capable of inhibiting BCL-2, BCL-XL, and MCL-
1[140]. Clinical trials using obatoclax treatment have demonstrated success across many
cancer types both independently as well as in combined therapies. Representative clinical
trials are listed in Table 2.
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Drug

Cancer
type(s)

Clinical
Trial

Co-therapy|

Outcome

AT-101/
Gossypol

SCLC

Phase 2

None

Not active in patients with recurrent
chemosensitive SCLC.[226]

NSCLC

Phase 2

Docetaxel

AT-101 plus docetaxel was well tolerated
with an adverse event profile
indistinguishable from the base docetaxel
regimen.[227]

SCLC

Phase 1/2

Topotecan

Relapsed progression - 17.4 weeks,
refractory progression - 11.7 weeks.[228]

CRPC

Phase 1/2

None

Evidence of single-agent clinical activity
was observed with prostate-specific
antigen declines in some patients.[229]

Metastatic
Breast
Cancer

Phase 1/2

None

Gossypol appears to affect the expression
of Rb protein and cyclin D1; negligible
antitumor activity against anthracycline
and taxane refractory metastatic breast
cancer.[230]

ABT-263/
Navitoclax

CLL

Phase 1

None

Low MCLI1 expression and high
BIM:MCL1 or BIM:BCL-2 ratios in
leukemic cells correlated with
response.[143]

SCLC

Phase 1

None

Changes in a surrogate marker of BCL-2
amplification (pro-gastrin releasing
peptide) correlated with changes in tumor
volume.[144]

Lymphoma

Phase 1

None

Navitoclax has a novel mechanism of
peripheral thrombocytopenia and T-cell
lymphopenia, attributable to high-affinity
inhibition of BCL-XL and BCL-2,
respectively.[231]

GX15-070MS/
Obatoclax
mesylate

Leukemia

Phase I

None

Well tolerated and these results support
its further investigation in patients with
leukemia and myelodysplasia.[232]

Solid
tumors

Phase I

Topotecan

Safe and well tolerated when given in
combination with topotecan.[233]

CLL

Phase I

None

Activation of Bax and Bak was
demonstrated in peripheral blood
mononuclear cells, and apoptosis
induction was related to obatoclax
exposure, as monitored by the plasma
concentration of oligonucleosomal
DNA /histone complexes.[234]
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Drug Cancer Clinical |Co-therapy|Outcome
type(s) Trial
Oblimersen |Breast Phasel |TAC Two of 13 patients showed a decrease of
(Genasense) |Cancer BCL-2 transcripts after 4 days of treatment
with oblimersen.[235]
CRPC Phase II |Docetaxel |The primary end points of the study were

not met: PSA response rate >30% and a
major toxic event rate <45% were not
observed with docetaxel-oblimersen.[236]
Breast Phase Il |TAC Oblimersen up to a dose of 7 mg/kg/day
Cancer administered as a 24-h infusion on days 1-
7 can be safely administered in
combination with standard TAC on day
5.[196]

HRPC Phase II |Docetaxel |Oblimersen combined with docetaxel is an
active combination demonstrating both an
encouraging response rate and an overall
median survival. [237]

HRPC — Hormone Refractory Prostate Cancer; Chronic lymphocytic leukemia — CLL; Small Cell Lung Cancer- SCLC;
Non-small cell lung cancer - NSCLC; Castrate-resistant prostate cancer - CRPC; TAC — docetaxel, adriamycin and
cyclophosphamide.

Table 2. Selective list of published BH3 mimetics clinical trials with and without combination therapy.

Using nuclear magnetic resonance-based screening and structure-based design, the BH3
mimetic, ABT-737, was developed and shown to possess greater affinity and ability to
inhibit BCL-2, BCL-xL and BCL-w, than MCL-1[141]. ABT-737 was initially developed by
screening a library of BH-3 like analogues with high binding efficiency to the hydrophobic
groove of BCL-xL. ABT-737 has been shown to synergistically enhance cell death in
combined treatments with chemotherapeutics and radiation[141]. An oral form of ABT-737,
called ABT-263 (Navitoclax), has also been developed and is also undergoing clinical trials
for lymphoma, leukemia, and small cell lung cancer[142-144].

The BH3 mimetic (-)-gossypol is a natural polyphenol purified from the cottonseed. We
previously demonstrated that the (-)-gossypol significantly enhances the antitumor activity
of docetaxel chemotherapy in hormone-refractory prostate cancer patients with BCL-2/BCL-
XL/MCL-1 overexpression[145]. Mechanistically, we demonstrated that (-)-gossypol blocked
the interactions of BCL-2/Bcl-xL with Bax or Bad in cancer cells. (-)-Gossypol (AT-101) is the
first BCL-2/BCL-xL inhibitor entered clinical trial and is now in Phase IIb clinical trials for
hormone-refractory prostate cancer and many other types of cancer at multiple centers in
the United States. In addition, more potent and less toxic gossypol derivatives, such as
Apogossypolone and TW-37, are being developed[146-148].

BH3 mimetics are designed to inhibit anti-apoptotic BCL-2 proteins and demonstrate
significant therapeutic potential in clinical trials. Interestingly, BH3 mimetics induced
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toxicity independent of Bax/Bak suggesting the existence of an alternative route of cell death
induction[149]. BCL-2 has also been linked to a non-apoptotic cell death mechanism
associated with autophagy, usually known as a cell survival mechanism[150]. It was later
determined that BCL-2 and BCL-xL can bind the BH3 domain of tumor suppressor Beclinl
(BECN1) and inhibit autophagy (Figure 3)[151, 152]. This discovery revealed a new role for
anti-apoptotic BCL-2 protein family as anti-autophagic proteins. The following sections will
discuss autophagy and the role played by the BCL-2:Beclin 1 interaction for
inducing/inhibiting autophagy, and the mechanism of novel therapies, such as BH3
mimetics, aimed at disrupting the interaction in order to induce autophagy-associated cell
death.

8. Autophagy and autophagic cell death: background

Autophagy is a highly regulated catabolic process that functions as a cell survival
mechanism activated upon cellular stresses such as nutrient deprivation, starvation, hypoxia
and chemo/radiotherapy[153]. There are three primary types of autophagy, chaperone-
mediate autophagy, microautophagy and macroautophagy[154]. This chapter will focus on
macroautophagy, referred as autophagy further in the text. Activation of autophagy induces
the formation of autophagosomes that engulf damaged organelles or particles. Eventually,
the autophagsome fuses with the lysosome and degrades its interiors to provide cells the
nutrients such as amino acids or fatty acids necessary for cell metabolism[155]. Defective
autophagy machinery can lead to diseases such as neurodegenerative, liver, cardiac, and
muscle diseases, as well as a variety of cancers. Recent studies have reported that apoptosis-
resistant cancer cells can avoid chemo/radiotherapeutic-induced cell death by activating
autophagy [156-159]. Furthermore, apoptosis-associated proteins, such as NF-kB, p53,
UVRAG and the above-discussed BCL-2, have been shown to play dual regulatory roles in
both apoptosis and autophagy [160-162]. Paradoxically, activation of autophagy upon drug
treatments can induce cell death independent of or in parallel with apoptosis and
necrosis.[163]. Therefore, researchers are actively developing novel cancer therapies that aim
to promote cell death by modulating autophagy pathways.

8.1. Autophagy pathways

Autophagy can be activated by a variety of stimuli and signaling pathways. The classical
induction of autophagy occurs upon nutrient deprivation; however, autophagy can also be
induced by other factors, such as hypoxia, cytokines, hormones, genotoxic stress, p53
activation, and chemo/radiotherapy. Autophagy has also been attributed to tumor
suppression. This was first demonstrated in mice with allelic loss of Beclinl, a key protein
involved in inducing autophagy. Complete loss of the Beclinl resulted in death during early
embryogenesis whereas heterozygous loss of Beclinl resulted in formations of spontaneous
tumors [164, 165]. Autophagy involves a conserved family of proteins known as the
autophagy-related gene families (ATGs). The canonical autophagy pathway in mammals
occurs in a series of stages: initiation, nucleation, elongation, and degradation. All stages are
regulated by a core molecular machinery (Figure 4).



Drug Resistance and Molecular Cancer Therapy: Apoptosis Versus Autophagy

Figure 4. Cross-talk between apoptosis and autophagy. Autophagy takes place in a series of stages;
initiation, nucleation, elongation, and degradation. Autophagy can be activated by a variety of stimuli
and signaling pathways, including nutrient deprivation, hypoxia, p53 genotoxic stress, suppression of
mTOR, or chemo/radiotherapy, followed by activation of AMPK. ULK1, ATG13, ATG101, FIP200
protein complex forms and mediates autophagy initiation. ATG13 mediates ULK1 phosphorylation of
FIP200 and activates the ULK complex. Subsequently, the ULK complex localizes to the ER and initiates
pre-autophagosome formation. The vesicle nucleation involves the core complex consisting of PI3KIII,
p150, ATG14L, Beclinl and AMBRA1. ATG14L induces a translocation of the PI3KIII complex to the site
of autophagosome formation and initiates the formation of the phagophore. Phagophore elongation
into an autophagosome requires ATG12, LC3-1, and two ubiquitin-like protein conjugation systems. The
first system involves ATG7 and ATG10 conjugation of ATG12 into the ATG16L-ATG12-ATGS5 complex.
The second conjugation system involves LC3-I modification by ATG7 and ATG3 into LC3-II and inserts
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into the autophagosome membrane. Finally, the autophagosome fuses with the lysosome and contents
within the autophagosome are degraded. Beclinl can interact with autophagy machinery at the ER and
induce autophagy. In addition, Beclinl can bind to anti-apoptotic BCL-2 family of proteins, preventing
BCL-2 binding to BAX or BAK monomers, therefore inducing apoptosis. Beclinl can also be cleaved by
caspase 3 to form Beclin1-C which inhibits autophagy. However, Beclinl-C can induce apoptosis by
localizing to the mitochondria facilitiating the release of apoptotic factors.

A protein complex consisting of unc-51-like kinase 1(ULK1, homolog of yeast ATG1),
ATG13, ATGI101 and a scaffolding protein FIP200 (ortholog of yeast ATG16) mediates
autophagy initiation (Figure 4)[166]. In nutrient-rich environment, an upstream regulator
called mammalian target of rapamycin (mTOR) phosphorylates ATG13 and ULK1 to inhibit
the initiation of autophagy. Following starvation or cellular stress, mTOR is inhibited and
dissociates from the ULK1 complex. Then, ATG13 mediates ULK1 to phosphorylate FIP200
and activates the ULK complex[167]. Subsequently, the ULK complex localizes to the
endoplasmic reticulum (ER) and initiates pre-autophagosome formation [168]. The vesicle
nucleation involves the core complex consisting of Class III phosphatidylinositol 3-kinase
(PI3KIII/ homolog of yeast Vps34), p150 (Vps15), ATG14L, Beclinl (ATG6), and activating
molecule in Beclin 1-regulated autophagy (AMBRA1)[165, 169]. ATGI14L induces a
translocation of the PI3KIII complex to the site of autophagosome formation and initiates the
formation of an isolated membrane, also known as the phagophore[170]. A recent study
revealed that PI3KIII lipid kinase activity produces and accumulates phosphatidylinositol 3-
phosphate (PI3P) at the ER to induce a high membrane curvature that attracts ATG14L
binding. Bound to the ER, ATG14L produces more PI3Ps and recruits other parts of the core
complex. Recruitment of these proteins induces phagophore elongation [171, 172].
Phagophore elongation into an autophagosome requires ATG12, ATG8/LC3-I, and two
ubiquitin-like protein conjugation systems. The first system involves an El-like ATG7 and
an E2-like ATG10 conjugation of ATG12 to ATG12-ATG5 that interacts with ATGI6L to
form the ATG16L-ATG12-ATG5 complex[173-176]. The second conjugation system involves
the cytosolic protein isoform known as the LC3-I (ATG8) to undergo modification by ATG7
and E2-like ATG3 into LC3-phosphatidylethanolamine (LC3-II), an important biomarker for
autophagy([177, 178]. The ATG16L complex acts as an E3-like enzyme to promote lipidation of
cytosolic LC3-I into LC3-1I and correctly localizes LC3-1I onto the autophagosome formation
site to help form the membrane [179]. Finally, the autophagosome fuses with the lysosome and
contents within the autophagosome are degraded. This final step requires the endosome
marker, RAB7, and a lysosomal membrane protein, LAMP2, however, the exact mechanism
involved in the fusion of autophagosome and lysosomes is still unclear [180, 181].

8.2. Autophagy induction

Activation of autophagy is regulated by multiple molecular pathways depending upon the
stimuli (Figure 4). As mentioned above, mTOR is activated under nutrient-rich environment
thereby suppressing autophagy. Starvation of growth factors and certain amino acids
represses class I PI3K signaling to promote cell survival via autophagy induction [182, 183].
PI3KI forms the substrate PI3P which leads to activation of the PKB/AKT protein that
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inhibits a heterodimer complex involving the tuberous sclerosis complexes 1 and 2 (TSC1
and TSC2). The TSC2 protein suppresses mTOR activity via activation of a Ras family small
GTPase called Ras homolog enriched in brain (Rheb) [184]. Tumor suppressor phosphatase

and tensin homolog (PTEN) dephosphorylates the PI3K product PI3P, thereby suppressing
AKT signaling. Loss of PTEN occurs in multiple cancers including brain, breast, and
prostate cancer [185]. Additional aberrant signaling of PI3KI can result in cancers that
exhibit mutated amplification of upstream receptor tyrosine kinase, such as HER2 in gastric
cancer or PDGFR and EGFR in glioblastoma [186, 187]. Under metabolic stress, such as high
AMP level, hypoxia and cytosolic calcium level increase, AMP-activated protein kinase
(AMPK) can mediate autophagy by negatively regulating mTOR and inducing the
dephosphorylation of ATG13 and ULK1 [188-190]. Alternatively, AMPK has been found to
activate autophagy by direction phosphorylation of ULK1 [191].

The tumor suppressor protein p53 plays a more complicated role and can induce as well as
inhibit autophagy, based upon subcellular location and cellular context. Upon exposure to
DNA-damaging agents, nuclear p53 can induce autophagy by transcriptionally activating
damage-regulated autophagy modulator (DRAM)[192]. DRAM activates target proteins
Sestrinl and Sestrin2, which subsequently activate AMPK thereby inhibiting mTOR and
inducing autophagy [193]. In addition, nuclear p53 can up-regulate ULK1 transcriptionally
and directly activate autophagy[194]. Cytoplasmic p53 has the opposite effect and can
actually inhibit autophagy[195]. High mobility group box 1 (HMGBI1) is a Beclinl-
interacting accessory protein that assists in autophagy activation. p53 has been discovered to
form a complex with HMGBI in the cytoplasm resulting in the inhibition of autophagy and
induction of cell death (22345153)[87]. Loss or knockdown of p53 increases the binding of
HMGBI1 to Beclinl and mediates cytosolic localization of the complex to the ER [87].
Subsequently, HMGB1 mediates the Beclinl-PI3KIII complex formation and initiates
autophagosome production.

8.3. Beclin1:BCL2 interaction regulates autophagy/apoptosis switch

As discussed above, Beclin1 is a critical inducer of autophagy. Interestingly, Beclin1 is also a
BH3-only protein and therefore interacts with anti-apoptotic BCL-2 family members via its
BH3 domain [151, 196]. BCL-2 binding of Beclinl at the ER prevents Beclinl from
assembling the pre-autophagosomal structure mediated by the Beclinl/PI3KIII complex
(Figure 3 and 4)[196, 197]. Therefore, BCL-2 anti-apoptotic proteins have dual pro-survival
roles by preventing both apoptosis and autophagy-associated cell death that makes these
proteins ideal chemotherapeutic targets.

The expression of BCL-2 and/or Beclinl is critical for regulating the switch between
autophagy and apoptosis. Down-regulation of Beclinl also contributes to tumorigenesis,
evident in hepatocellular carcinoma, brain, colorectal, and gastric cancer [198-200]. Low
expression of Beclinl results in insufficient removal of damaged organelles. Deficient
Beclinl causes cell transformation through the accumulation of reactive oxygen species and
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genotoxic stress, [165]. Furthermore, it was shown that inhibiting BCL-2 in breast cancer
cells via siRNA knockdown did not induce apoptosis as expected but observed a form of
autophagic cell death [201]. The autophagic cell death was the result of combinatorial
treatment with doxorubicin that lead to increased expression of Beclin1[201]. Therefore,
maintaining adequate levels of Beclinl is important to override BCL-2 inhibition of
autophagy-related cell death. Evidently, BCL-2 and Beclinl expressions are important
determinants for identifying the proper chemotherapy or combination treatments that
would provide the greatest therapeutic benefit.

Autophagy regulatory proteins can promote or inhibit the BCL-2:Beclinl interactions. As
previously mentioned, AMBRA1 is a key regulator in initiating autophagy by binding to
Beclinl. In presence of autophagic stimulus, ULK1 phosphorylates AMBRA1, which results
in AMBRAI1 dissociation from the Dynein motor complex [202]. After dissociation,
AMBRAL translocates to the ER, binds to Beclinl in the autophagy initiation complex and
results in the induction of autophagy [202]. Moreover, a recent study demonstrated that
BCL-2 localized to the mitochondria can also bind AMBRAlwhereas ER-localized BCL-2
does not [203]. The BCL-2:AMBRAI interaction at the mitochondria is down-regulated
during autophagy and apoptosis. Therefore, BCL-2 can regulate Beclinl-induced autophagy
by directly binding to Beclinl, as well as by sequestering AMBRALI, the activator of Beclinl
at the mitochondrion [203].

BCL-2/Beclinl complex can be disrupted by otherBCL-2 and Beclinl binding partners. As
discussed above, HMGBI1 can bind to Beclinl and initiate autophagy. Inhibition of HMGB1
decreases autophagy and increases apoptosis[204]. For example, a study has shown that
deletion or deactivation of HMGB1 in mouse embryonic fibroblasts reduces LC3-I
expression. In response to starvation, cells lacking HMGB1 cannot initiate autophagy and
undergo apoptotic cell death[205]. Additionally, HMGB1 bound to Beclinl has also been
found to induce the phosphorylation of BCL-2 which disrupts the BCL-2:Beclinl complex.

Autophagy can also be inhibited by Beclinl cleavage. Chemotherapy-induced and
mitochondria-mediated apoptosis was shown to induce Beclinl cleavage by caspase 8 to
form Beclin1-C. This event renders defective Beclinl activity and autophagy pathway [206].
Furthermore, the C-terminus of cleaved Beclinl can acquire pro-apoptotic ability by
translocation to the mitochondria and inducing release of apoptotic factors [207]. This
demonstrates a novel therapeutic approach to induce apoptosis by inhibiting autophagy.

8.4. Inducing autophagy-associated cell death using BH3 mimetics

This chapter has previously discussed the therapeutic benefits of using BH3 mimetics to
induce apoptosis by preventing anti-apoptotic BCL-2 proteins from binding to pro-apoptotic
proteins, BAX/BAK. Upon the discovery that Beclinl was a novel autophagic BH3-only
protein, BH3 mimetics have been utilized to induce autophagy[208]. ABT737 was the first
BH3 mimetic reported to induce apoptosis and autophagy by inhibiting anti-apoptotic
action of BCL-2 or BCL-xL[208]. At first the findings were counterintuitive; how could a
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drug induce both apoptotic cell death and autophagic cell survival? As discussed above,
BH3 mimetics appeared to kill cells in a BAK/BAX-independent manner suggesting that
apoptotic cell death was not the only mechanism for BH3 mimetic-induced cell death[149]. It
was later determined that BH3 mimetics could induce autophagy-associated cell death,
especially in apoptosis-resistant cells [209].

We recently investigated the effect of the natural BH3-mimetic (-)-gossypol in apoptosis-
resistant prostate cancer cells with high levels of BCL-2 versus prostate cancer cells with low
BCL-2 expression[210]. (-)-Gossypol induced similar levels of total cell death in both
prostate cancer cell lines. However, the dominant mode of cell death depended upon the
expression of the anti-apoptotic BCL-2 family of proteins[210]. BH3 mimetics induced
apoptotic cell death in prostate cancer cells with low BCL-2 expression. Conversely, prostate
cancer cells with high BCL-2 expression died via modulation of the autophagy pathway
[210]. Furthermore, overexpressing BCL-2 decreased the level of (-)-gossypol-induced
autophagy, possibly due to the stoichiometric abundance of BCL-2 sequestering Beclinl and
inhibiting autophagy induction. The data demonstrate that BH3 mimetics can be utilized to
kill cells with both high and low BCL-2, therefore, enhancing the ability to overcome
chemo/radioresistance.

BH3 mimetics induce autophagy by disrupting the BCL-2:Beclinl inhibitory complex as well
as additional autophagy pathways. BH3 mimetics, ABT-737 and HA14-1, also stimulate
other pro-autophagic pathways and hence activate the nutrient sensors Sirtuinl and AMPK,
inhibit mTOR, deplete cytoplasmic p53, and trigger the IKK Kinase[211]. Activation of
autophagy was independent of reduced oxidative phosphorylation or reduced cellular ATP
concentrations. Furthermore, induction of autophagy by ABT-737 and HA14-1 was
completely inhibited by knockdown of Beclinl or PI3KIII. This suggests that BH3 mimetics
can interfere with multiple pathways, eliciting a coordinated effort to induce autophagy-
associated cell death.

9. The role of autophagy in therapy resistance

A number of therapeutic strategies have been developed to target autophagy in cancer cells.
Similarly with apoptosis-resistance, autophagy-associated resistance to chemotherapy has
become a challenging variable in the successful treatment of patients. For example, in
human lung cancer cells treated with EGFR tyrosine kinase inhibitors (TKI), gefitinib and
erlotinib, autophagy contributed to cell survival[212]. Inhibition of EGFR suppresses PI3KI
activity and results in downstream activation of the ULK complex[212]. Other studies have
shown that autophagy contributes to chemotherapy resistance through its cytoprotective
mechanism. For example, chronic myeloid leukemia treated with imatinib, glioblastoma
multiforme treated with temozolomide, colorectal cancer treated with 5-FU, and breast
cancer treated with both tamoxifen and trastuzumab have all shown resistance that is
associated with increased autophagy[213]. Recent studies have shown that cytotoxic agents
and starvation may play a role in activating autophagy via HMGB1[214]. Increased
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expression of HMGB1 during treatment with doxorubicin, cisplatin, and methotrexate in
osteosarcoma patients has been found to facilitate chemotherapy resistance by promoting
the formation Beclin1/PI3KIII complex. In addition, HMGB1 also antagonizes drug-induced
cell death in leukemia, colon cancer, and prostate cancer by up-regulating autophagy but
the exact mechanism remains unclear[214].

Not only does autophagy contribute to chemotherapy resistance, it also plays a role in
radiotherapy resistance. Investigators exposed radioresistant MDA-MB-231 cells to ionizing
radiation at different doses and found increasing levels of LC3-11, a hallmark of autophagy
activation. This indicates that activation of autophagy may protect these cells from
radiation-induced cell death[215]. In addition, researchers found upregulation of autophagy
in radiosensitive HBL-100 cells after inhibition of mTOR by rapamycin. In further
experiments, inhibition of autophagy by 3-methyladenine (3-MA) resulted in reduced cell
survival and displayed a radiosensitizing effect[215]. From these experiments, researchers
deduced that cancer cells use autophagy as an escape mechanism from apoptosis to
overcome radiotherapeutic stress via degradation of IR-induced cellular damage.

10. Re-sensitization of cancer cells to treatment by autophagy inhibition

To counter autophagy in cancer resistance, novel cancer therapies uses target inhibition of
autophagy for re-sensitizing cancer cells to drug treatments. Researchers have used
autophagy inhibitors such as 3-MA, LY294002, wortmannin to inhibit the PI3K [158, 216]. 3-
MA contributes to autophagy suppression by down-regulating the PI3KI/Akt/mTOR
signaling pathway. Surprisingly, the autophagy inhibitor 3-MA has been found to induce
autophagy and contribute to cell survival when used for a prolonged period[217]. This
controversial phenomenon is most likely due to the dual effect of 3-MA on PI3KI and
PI3KIIL. 3-MA blocks Class 1 permanently, but only temporarily Class III PI3K. Thus,
treatment with 3-MA should only be considered under specific conditions such as limited
treatment periods. Other types of autophagy inhibitors include LC3 knockdown by siRNA,
which decreased breast cancer resistance to trastuzumab and increased cell death in CML in
combination with imatinib[156, 218]. Chloroquine (CQ) and Hydroxychloroquine (HCQ) are
the most successful autophagy inhibitors that suppress the autophagic lysosomal protease
activity to promote the accumulation of autophagic vacuoles that often leads to apoptotic
and necrotic cell death[219, 220]. Phase I and II clinical trials are ongoing using HCQ or CQ
in combination with treatment such as docetaxel in prostate cancer, tamoxifen in breast
cancer, and gemcitabine in pancreatic cancer[221].

Inhibiting autophagy poses another potential problem since anti-autophagic therapeutic
drugs reduce tumor-specific immune response thereby limiting the therapeutic success[222].
Activated autophagy in glioblastoma cells treated with EGF toxin has been found to release
HMGBI that binds to and activates Toll-like receptor 4 (TLR4). Activated TLR4 increases T-
cell mediated anti-tumor response to eliminate the malignant cells[223]. Deactivating
autophagy decreases the release of HMGBI, leaves tumor cells unattended by the host
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immune system, and results in increased resistance[224]. Although inhibiting autophagy is
effective, researchers must take its adverse side effects into consideration.

11. Concluding remarks

As this chapter has outlined, chemo/radioresistance is a key contributor to decreased
patient survival. In order to develop more effective cancer therapies and improve
treatment outcome, more research is required to delineate this complicated biological
mechanism. Furthermore, the ability of cancer cells to acquire heterogeneous genetic and
epigenetic alterations across tumors elicits deregulation of cell death-associated signaling
pathways in a variety of ways. Cancer cells are smart to quickly figure out ways to
overcome a treatment that targets any particular cellular signaling pathway. Therefore,
designing novel drugs and enhancing therapeutic strategies must simultaneously target
multiple pathways and mechanisms. Using IAP antagonists that target multiple cell
survival pathways, as well as BH3 mimetics that can overcome anti-apoptotic BCL-2
proteins to induce both apoptosis and autophagy-related cell death can improve survival
and quality of life for cancer patients. The complexity of tumor biology and drug
resistance suggests that we need to design treatment strategy based on the
genetic/signaling profiles of the patient in order to provide the safest and most effective
cancer therapies tailored to a particular patient, the ultimate goal of the personalized
medicine.
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