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Preface

Post-Translational Modification (PTM) is an elaborate process that occurs on a
protein after its translation by ribosomes is complete. PTMs of proteins are crucial
because they may alter the physical and chemical properties, such as folding,
stability, activity, localization, and molecular interaction, and consequently, the
functions of the targets. PTMs are mostly catalyzed by special enzymes that recog-
nize specific target sequences in specific proteins. To date, more than 400 different
types of PTMs have been currently identified, including phosphorylation, meth-
ylation SUMOylation, acetylation, ubiquitination, glycosylation, hydroxylation,
ADP-ribosylation, palmitoylation, citrullination, and other novel protein-bound
amino acid modifications. PTMs can be mainly grouped into reversible and irre-
versible categories according to their stability or transience. Most reversible PTMs
are usually associated with cellular signal transduction and gene regulation, which
are utilized as a switch to control the state of cells, being the resting or proliferating,
in normal cells. Some irreversible PTMs are also involved in cell apoptosis, cell
cycle, and cell differentiation, which may lead to abnormal pathogenesis or tumori-
genesis. There has been an increasing appreciation for the roles of PTMs in a wide
variety of cellular functions and diseases.

In this context, Chapters 1 and 2 describe the post-translational regulation of
cellular pathways, such as MAPK/ERK and PI3K/AKT signaling pathways in
cancers. Chapter 3 focuses on PTMs of histones in mesenchymal stromal cell fate
decisions. Chapters 4 and 5 describe the new findings in FEN1 and p300/CBP

by PTMs, respectively. In Chapter 6, the role of PRMT1 in tumorigenesis and
development is reviewed.

This book is a useful reference for those who are involved in basic and clinical
research of PTMs and all other related areas.

Shibo Ying
Hangzhou Medical College,
Hangzhou, China






Chapter1

Regulation of MAPK ERK1/2
Signaling by Phosphorylation:
Implications in Physiological and
Pathological Contexts

Dadnover Vargas-Ibarra, Mariana Velez-Vasquez
and Maria Bermudez-Munoz

Abstract

Protein phosphorylation represents a rapid and reversible post-translational
regulation that enables a fast control of protein activation that play key roles in cell
signaling. For instance, Mitogen Activated Protein Kinase (MAPK) pathways are
activated upon sequential phosphorylations, resulting in phosphorylation of cyto-
sol and nuclear targets. We focus here on MAPK ERK1/2 signaling that accounts for
diverse cellular responses such as cell cycle progression, proliferation, differentia-
tion, senescence, migration, formation of GAP junctions, cell adhesion, cell motil-
ity, survival and apoptosis. We review the role of protein phosphorylation in MAPK
ERK1/2 activation, in its regulation in time and space and how its dysregulation can
lead to tumorigenesis.

Keywords: phosphorylation, cell signaling, MAPK, ERK1/2, kinase, phosphatase,
cancet, inhibitors

1. Introduction: cell signaling regulation by phosphorylation

Among post-translational modifications, protein phosphorylation is the most
common. Vitellin was the first protein which phosphorylation was discovered, by
Phoebus Levene in 1906 [1, 2]. In 1954, Burnett and Kennedy reported the process
of enzymatic phosphorylation. Then, Edwin Krebs and Edmond Fischer described
how phosphorylation and dephosphorylation can take place and they demon-
strated how the process is governed by enzymes [3, 4]. In 1992, the Nobel Prize
in Physiology or Medicine was awarded jointly to Edmond H. Fischer and Edwin
G. Krebs for their discoveries concerning reversible protein phosphorylation as a
biological regulatory mechanism.

Phosphorylation is a reversible protein modification and results from the
addition of a phosphate group (PO,) to the polar group of amino acids. The most
common amino acids that are phosphorylated are serine (Ser), threonine (Thr) and
tyrosine (Tyr). Although phosphorylation of histidine and aspartate residues can
also occur, they are less stable than others. Phosphorylation of a protein can change
binding to other proteins: because each phosphate group has two negative charges,
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phosphorylation can cause a conformational change in the protein by attracting a
cluster of positively charged amino acid side chains. This can change the binding

of ligands on the protein surface and therefore its activity. On the other hand, the
addition of a phosphate group to a protein can be recognized by other proteins
having for instance SH2 and PTB domains, that then can attach to phosphorylated
proteins such as the cytoplasmatic tail of receptor tyrosine kinases (RTK). Finally,
phosphorylation can mask a binding site that otherwise holds two proteins together
and then can disrupt this interaction.

Enzymes that catalyze the addition of a phosphate group to a protein are
kinases; the reaction is unidirectional because of the large amount of free energy
released when the phosphates bonds are broken in ATP to produce ADP. The human
genome includes more than 500 protein kinases, and it is estimated that more than
one-third of the 10,000 proteins in a typical mammalian cell are phosphorylated at
any given time, many with more than one phosphate. Conversely, phosphatases are
enzymes that remove a phosphate group from a protein, having the opposite func-
tion of kinases. Dephosphorylation has more rapid kinetics than phosphorylation
by kinases. The human genome contains more than 200 phosphatases, classified
into different families including protein tyrosine phosphatases (PTP), the metal-
dependent protein phosphatase PPM, the phosphoprotein phosphatase (PPP) that
are pSer/pThr- specific, the dual specificity phosphatase (DUSP) family and the
PTEN family of lipid phosphatases [5].

Protein phosphorylation may occur at a single site that primes location for sub-
sequent phosphorylations or directly at multiples sites. Thus, a single protein kinase
or multiple kinases may act on the target protein, creating a synchronized cascade
of phosphorylations. These events participate in dynamic intracellular signaling
that enable cells to respond to extracellular stimuli and to adapt to internal changes.
Mitogen-protein activated kinases (MAPK) are conserved kinases in eukaryotes,
integrating cell signaling pathways that regulate processes such as cell proliferation,
cell differentiation and cell death, from yeast to humans. There are four indepen-
dent MAPK pathways: MAPK ERK1/2, ERK-5 (also referred to as BMK-1), c-Jun N-
terminal kinase (JNK), and p38 signaling families. MAPK modules contain 3-tier
kinases that are sequentially activated by phosphorylation. MAPK proteins are
designated from upstream to downstream signaling pathway: MAPK kinase kinase
(MAPKKK) phosphorylates MAPK kinase (MAPKK); MAPKK phosphorylates and
thus activates MAPK. We will focus on MAPK ERK1/2 signaling to illustrate how
a particular post-translational modification such as phosphorylation can regulate
a signaling pathway and how its dysregulation can be implicated in pathological
processes such as tumorigenesis.

2. MAPK ERK1/2 pathway: a cell signaling of sequential
phosphorylations

The Extracellular Signal-Regulated Kinases (ERK) have key roles in processes
like cell growth, cell proliferation and cell survival. In humans, there are three
isoforms of ERK: ERK-1, ERK-2 and ERK-5. Hereon we will concentrate on classical
MAPK ERK1/2 to comprehend how this signaling is regulated by phosphorylation.

In the canonical human MAPK ERK1/2 pathway there are three types of
MAPKKK (A-Raf, B-Raf and Raf-1 or C-Raf kinases), two MAPKK (MEK1, MEK?2)
and two MAPK ERK-1, ERK-2. Interestingly, MAPK ERK1/2 signaling is basically
regulated by phosphorylations. On the first level, Raf are serine/threonine-protein
kinases that phosphorylate human MEK on Ser-218 and Ser-222, producing their
activation. The Raf family of kinases includes three isoforms with high homology
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and a similar domain organization. On the second level, MEK1/2 are dual specific-
ity protein kinases that phosphorylate a threonine and a tyrosine residue in a Thr-
Glu-Tyr sequence located in ERK1/2, rendering them active. While human ERK-1
is phosphorylated on Thr-202 and Tyr-204, ERK-2 is phosphorylated on Thr-185
and Tyr-187 residues for activation. Phosphorylation of ERK1/2 by MEK1/2 leads
to the rearrangement of several polar contacts, which results in conformational
changes in neighboring structural elements (reviewed on [6]). Finally, ERK1/2 are
serine/threonine kinases that phosphorylate a wide variety of substrates in differ-
ent subcellular compartments including the Golgi apparatus, the mitochondrial
membrane, the cytoplasm and the nucleus.

MAPK ERK1/2 phosphorylate substrates in a short Pro-X- Ser/Thr-Pro consensus
motif (X representing any residue) and interactions with docking sites are impor-
tant for specificity. Two motifs have been described, the D- and F-motifs, that can
cooperate to enhance the substrate affinity of ERK and to set phosphorylation kinet-
ics [7]. ERK1/2 phosphorylate more than 600 proteins, leading to responses such
as cell cycle progression, proliferation, cytokinesis, transcription, differentiation,
senescence, cell death, migration, formation of GAP junctions, actin and microtu-
bule networks, neurite extension, cell adhesion and motility, survival and apoptosis
[8]. To ensure that these cell responses are adaptive to stimuli in space and time, a
fine regulation of MAPK signaling is thus necessary. Remarkably, control of ERK1/2
signaling is in part ensured by phosphorylations and dephosphorylations.

3. Regulation of MAPK ERK1/2 by kinases and phosphatases

The MAPK ERK1/2 has at least 3 tiers of regulation: the control of the phos-
phorylation and thus of the activity of Raf, MEK1/2 and ERK1/2. Additionally,
upstream signals from cell receptors to Raf and downstream targets of ERK1/2 play
an active role in regulating the MAPK ERK1/2 pathway. Interestingly, mechanisms
of MAPK regulation are based partly on the same mechanisms that activate this
pathway: phosphorylation events. In this section we specify how phosphorylation
can regulate MAPK ERK1/2 signaling from Raf to ERK1/2 by the activity of kinases
in feedback signals, and through dephosphorylation by phosphatases.

When RTK are activated by growth factors, their phosphorylated tyrosines
enable the coupling of adaptor proteins such as GRB2. This latter binds with SOS,

a guanine exchange factor that promotes the activation of Ras. From this level,
MAPK ERK1/2 signaling axis exerts feedback regulations through phosphoryla-
tions. Growth factor stimulation (like epidermal growth factor EGF) of the cell
induces the phosphorylation of four serine residues in a region encompassing
three proline-rich SH3-binding sites in the C-terminal domain of SOS1 [9]. These
phosphorylation events are realized by ERK1/2 and constitute a negative feedback
regulation that leads to a reduction in Ras activation. Kinetic simulation model
using parameters collected in living cells found that possibly more than four
phosphorylation sites decisively suppress SOS activity [10]. Indeed, SOS1 is also
phosphorylated by the ERK1/2 effector ribosomal S6 kinase 2 (RSK-2) on Ser1134
and Ser1161, leading to the recruitment of 14-3-3 and is thus a negative regulation
of ERK1/2 activity [11] (Figure 1 and Table1).

In platelets and nexus ERK1/2 is also activated downstream of the small GTPase
Rapl. RasGRP2 is the predominant guanine exchange factor that specifically
activates Rapl. RasGRP2, playing a similar role to SOS for Ras, is phosphorylated
by ERK1/2 on Ser394 located in the linker region implicated in its autoinhibition.
In this case, RasGRP2 phosphorylation results also in a negative feedback loop that
determines the amplitude and duration of active ERK1/2 [12]. Moreover, Rapl is
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|

—— Inhibition

—— Activation

Figure 1.

Representative phosphorylation events leading to activation and feedback signaling in the MAPK ERK1/2
pathway. Phosphorylation constitutes activation (ved arvows) or inhibition (black arrows) of proteins of
MAPK ERKz1/2 signaling. Specific details are provided in Table 1.

able to phosphorylate and activate B-Raf (but not C-Raf) [23]. Upon cell adhesion
and downstream of the small GTPase Rac, the serine/threonine-protein kinase
PAK1 phosphorylates the MEK proline-rich sequence (PRS), enhancing its interac-
tion with C-Raf [13] (Figure 1 and Table1).

Regarding Raf, it has been shown that mitogenic stimuli induce the phos-
phorylation of C-Raf by ERK1/2 on six residues, needing MEK signaling.
Hyperphosphorylation of these sites promotes the subsequent dephosphorylation
of C-Raf by PP2A and the return to the inactive state [20]. On the other side, Raf
interaction with MEK is also regulated by the inhibitor protein RKIP, which binds
to both proteins preventing their physical association. RKIP interferes with the
phosphorylation of MEK when bound to C-Raf. Association of RKIP with C-Raf
is regulated partly by phosphorylation: phosphorylation of RKIP on serine 153 by
PKC or putatively by ERK induces its dissociation from C-Raf [24, 25]. RKIP has
then an important role in generating a switch-like behavior of MEK1/2 activity [26].

MEK1/2 is also the target of feedback regulation in the ERK1/2 pathway. Indeed,
ERK1/2 phosphorylates MEK1 on Thr292, Thr286 and Thr386, resulting in reduced
MEK activity and thus constitutes a negative feedback for MAPK ERK1/2 signaling
[18, 19]. Moreover, MEK1 phosphorylation on Thr292 by ERK1/2 interferes with
MEK1 binding to ERK2 and reduces MEK1 phosphorylation on S298 by PAK, required
for the activation of MEK1 by cell adhesion [13-15] (Figure1 and Table1).

Another example of feedback regulation of MAPK ERK1/2 signaling by
phosphorylation is the case of the protein scaffold KSR1. In fact, KSR1 can be
phosphorylated in Thr256, Thr260, Thr274, Ser320, Ser443, Ser463 by ERK1/2 in
vitro and depends on MEK1/2 activity. These KSR1 phosphorylations interrupt its
association with B-Raf and MEK1/2, drive the release of KSR1 from the plasma
membrane, representing then a negative feedback of MAPK ERK1/2 activation
[16, 17] (Figure1 and Table1).
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Another regulation of MAPK activity is accomplished by phosphatases that
modulate later phases of ERK1/2 signaling. Ser/Thr phosphatases, protein tyrosine
phosphatase and dual-specificity Thr/Tyr phosphatases (DUSP) dephosphorylate
and thus inactivate ERK1/2. MAP Kinase Phosphatases (MKP) belong to DUSP
and represent specific phosphatases that principally regulate MAPK activity in
mammalian cells and tissues. While some DUSP dephosphorylate p38, JNK and
ERK1/2, others are specific for p38/JNK or for ERK1/2. In this latter case are found
cytoplasmic DUSP that inactivate ERK1/2 in the cytoplasm and include DUSP6/
MKP-3, a specific phosphatase that binds to ERK1 and ERK2, inactivating them.
This specificity is ensured by the fact that the interaction of DUSP6 with ERK1/2
is a requirement for the catalytic activation of the phosphatase through conforma-
tional changes [27, 28]. Interestingly, whilst inactivating ERK1/2, DUSP6 is in turn
regulated by ERK1/2. Indeed, stimulation with serum or PDGF-B alone can induce
a MEK-dependent phosphorylation of DUSP6 on Ser159, Ser174, and Ser197, which
is followed by the degradation of the phosphatase by the proteasome [21, 22]. We
have shown that another pathway involved in growth factor signaling, the PI3K/
mTOR signaling pathway, accounts for a part of the phosphorylation and degrada-
tion of DUSP6 induced by serum growth factors. Furthermore, specific agonists of
the mTOR pathway, such as amino acids or insulin/IGF-1 are also able to induce the
phosphorylation and degradation of DUSP6. Mutagenesis studies identified Ser159
within DUSP6 as the target of the mTOR pathway [29]. Thus, DUSP6 is a point for
double MAPK control: the phosphatase exerts a negative regulation for ERK1/2
activity but at the same time, ERK1/2 is able to phosphorylate DUSP6 and then
induces its degradation. DUSP6 appears therefore as a spot for fine ERK1/2 signal-
ing regulation in time. Moreover, DUSP6 is a branch-point for the crosstalk between
two major signaling pathways induced by growth factors, the MEK/ERK1/2
pathway and the PI3K/mTOR pathway. Notably, both pathways are frequently
overactivated in cancer cells. Thus, a regulation of MAPK ERK1/2 signaling in time
and space is necessary to warrant cell physiological responses and to avoid aberrant
signaling activation that facilitates pathological conditions.

4. Implications of phosphorylation in MAPK ERK1/2 regulation in time
and space

MAPK ERK1/2 signaling can determine excluding cell responses such as
proliferation and differentiation. Differences in cell responses upon MAPK ERK
signaling depend on the regulation of the pathway through protein interactions
by scaffolds and through inhibitory and adaptor proteins that enhance, decrease,
or redirect the flow of phosphorylation cascades. In this section, we will describe
how phosphorylation can be implicated in this type of MAPK ERK1/2 signaling
regulation. Scaffold proteins bind to multiple interacting proteins by interconnect-
ing them into a stable complex. This allows the rapid transmission of the signal.
Another role of scaffolds is to sequester sets of interacting proteins to limit interac-
tions with other proteins and minimize crosstalk between pathways that some
components may share. Scaffold proteins such as KSR1, p-Arrestin, paxillin and
IQGAP1 regulate the kinetics, amplitude, and localization of ERK1/2 signaling [30].
Ras-1 suppressor kinase (KSR1) is one of the best characterized scaffold proteins in
the ERK1/2 cascade. It has several different domains through which it can interact
with C-Raf, MEK1/2, and ERK1/2. In response to growth factors, KSR1 translocates
to the plasma membrane where it promotes the activation of MEK1/2 by present-
ing it to activated Raf. In the absence of stimulus, the ubiquitin-protein isopeptide
ligase family member IMP and the 14.3.3 protein prevent the function of KSR1.
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Mitogens induce the dephosphorylation of IMP at S392 by protein phosphatase-2A
(PP2A) and the degradation of the protein, which is sufficient to allow KSR1 to
translocate to the cell membrane [31]. Activated Ras also induces phosphorylation
of KSR1 at residues Thr260, Thr274, and Ser443 [16]. Then, while activated Ras
prevents the effects of 14.3.3 and IMP that inhibit KSR1 function, it also induces

its phosphorylation at Thr274, preparing KSR1 for degradation. KSR1 can then
regulate ERK1/2 activation kinetics and influence the biological fate of the cell. The
interaction and in particular the synchronization between these processes generates
a combinatorial control to modulate both the amplitude and the duration of ERK1/2
activity.

If scaffold proteins play a key role in regulating ERK1/2 signaling in subcellular
locations, different factors modulate the strength and the duration of ERK signaling
in time: the density of cell surface receptor and its different internalization pat-
terns, the surrounding extracellular matrix and the interaction between kinases and
phosphatases. The duration of the signal is critical in determining cell response to
ERK1/2 signaling. For instance, long-term ERK1/2 activation can cause differentia-
tion while short-term ERK1/2 activation can lead to cell division. This was initially
demonstrated in rat pheochromocytoma PC-12 cells, in which transient activation
of ERK1/2 by epidermal growth factor (EGF) or insulin peaks at 5 min and fells
back to near-background levels within 15 minutes, and results in cell proliferation.
On the other hand, sustained activation of ERK1/2 by nerve growth factor (NGF)
persists for more than 60 minutes and induces cell differentiation [32]. This type
of cell response according to duration of ERK1/2 signaling has been also reported
in fibroblasts, macrophages and T lymphocytes [33-35]. As this type of studies has
been made using mainly immunoblotting techniques to monitor ERK1/2 activation
dynamics, the use of new approaches gaining spatio-temporal resolution will be of
great interest to advance in the understanding of ERK1/2 signaling in time and in
subcellular localizations. For example, using Forster Resonance Energy Transfer
(FRET)-based ERK biosensors, Keyes et al. showed that EGF induces sustained
ERK1/2 activity near the plasma membrane in contrast to the transient activity
observed in the cytoplasm and in the nucleus. This supports the concept that
the spatial and temporal regulation of ERK1/2 activity is integrated by the cell to
control the specificity of signaling [36].

Studies on RTK receptors have shown that their activation kinetics and regu-
latory mechanisms also play a key role in the activation of the MAPK ERK1/2
pathway. For example, PC-12 cells that express few NGF receptors do not undergo
differentiation in response to NGF [37]. Moreover, changing the amount of recep-
tor occupation by decreasing the concentration of agonists alters the duration of
ERK1/2 signaling. The rate and degree of receptor internalization also contribute
to ERK signaling, not only as a checkpoint for signal termination, but may exhibit
additional signaling by the receptor-ligand complex from an internalized cellular
location [38].

5. Dysregulation of MAPK ERK1/2 signaling in human cancer

The MAPK/ERK signaling module is considered the most important oncogenic
driver of human malignancies [39]. Mutational oncogenic activation of the Ras/
Raf/MEK/ERK pathway occurs in a wide variety of cancers concerning approxi-
mately 34% of all human cancers. Activation of the ERK1/2 signaling pathway
promotes proliferation and has anti-apoptotic effects, increasing tumor invasion
and metastasis. The overexpression of the pathway can lead to cell transformation,
tumor proliferation, invasion, metastasis, extracellular matrix degradation and
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tumor angiogenesis. VEGF is an important pro-angiogenic factor and the most
powerful pro-vascular endothelial growth cytokine that promotes cell division and
vascular construction. The MAPK ERK1/2 signaling pathway can activate tran-
scription factors to enhance the transcription of VEGF, promoting the formation of
blood vessels and tumor angiogenesis [40, 41].

Aberrant activation of the Ras/Raf/MEK/ERK pathway may be driven by abnor-
mal receptor kinase activation or by oncogenic mutations of pathway components,
leading to tumorigenesis. Overactivation of Ras is observed in approximately 30%
of all human cancers but can be higher in some cancers like pancreas cancer (90%),
colon cancer (50%) and thyroid cancer (50%) [42, 43]. Mutations in Ras occurs
in codons 12, 13, 59 and 61, leading to its constitutive activation. Indeed, mutant
oncogenic Ras proteins are insensitive to GTP-catalyzed GTPase hydrolysis activa-
tor protein, resulting in a constitutively active GTP-bound Ras. K-Ras and N-Ras
are the most common mutated isoforms in human cancer, although H-Ras can also
be involved. K-Ras is involved in up to 96% of pancreatic ductal adenocarcinomas,
52% of colorectal carcinomas and 32% of lung adenocarcinomas [44].

Downstream of Ras, Raf can be activated by mutations that mainly affect B-Raf
isoform, the most potent activator of MEK1/2 compared with the other Raf iso-
forms (A-Raf and C-Raf). B-Raf can be mutated in 70% of melanomas, in 36-53%
of papillary thyroid cancer, in 30% of ovarian cancer and in 22% of colorectal
cancer [45]. The most common mutation of B-Raf is the change of a valine to a
glutamic acid in position 600 (V600E). Other B-Raf mutations in cancer are mainly
clustered in the activation segment or the so-called glycine-rich loop in B-Raf [46].
Oncogenic mutations of B-Raf lead to hyperactivity of its downstream effectors
MEK1/2 and ERK1/2. For cellular transformation to occur, two mutations in Ras/
Raf/MEK/ERK1/2 pathway can be needed: for instance, B-Raf and Ras mutations
can drive tumorigenesis for colorectal cancer (K-ras G13D; B-Raf G463V), for
ovarian cancer (K-ras G13D; B-Raf G463E), and for non-small cell lung cancer
(N-Ras Q61K; B-Raf L596V) [45].

Downstream of Raf, MEK1/2 can be highly phosphorylated in colorectal
cancer, gliomas, prostate cancer, breast cancer and head and neck cancer [47-51].
Constitutively active mutants of MEK-1 have higher basal activity than the wild-
type unphosphorylated MEK. Expression of these mutants in mammalian cells
lead to ERK1/2 activation in growth factor-deprived cells, cellular transforma-
tion and solid tumor growth in nude mice [33, 52, 53]. If mutant MEK can act as
oncogene, its frequency in human cancers appears to be rare [54]. Finally, MAPK
ERK1/2 are not frequently mutated. However, some mutations in ERK have been
described: ERK2 mutants were identified as rare cancer-associated gain- and loss-
of-function gene products: ERK2 D321N, ERK2 E322K, ERK2 L73P, ERK2 S151D
and ERK2 D319N [55-60]. While ERK2 D319N has not an increased basal kinase
activity, it shows an elevated sensitivity to low levels of signaling in vivo [55].

In human cancer cell lines, ERK2 E322K has constitutive phosphorylation [61].
Finally, ERK2 L73P and S151D mutations increase by 8-to-12-fold ERK2 activ-
ity alone, and both mutations have a synergetic action that increases by 50-fold
ERK2 activity [57]. Moreover, overexpression of ERK2-L73P/S151D can induce
growth arrest in prostate cancer cell lines [62]. Although ERK1/2 mutations are
rare, mutations that lead to overactivation of RTK, Ras, Raf and MEK can lead
to increased ERK1/2 signaling in cancer cells. Downstream of ERK1/2, both
cytoplasmic and nuclear targets can be upregulated in tumoral contexts. One of
the main cancer-associated ERK substrates is c-Myc, a transcriptional factor that
participates in cell cycle progression, becoming an oncogene. Phosphorylation
of c-Myc by ERK1/2 due to Ras activation keeps overexpressed this transcrip-
tional factor in various cancers [63]. Other important targets of ERK are the
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transcriptional factor Elk1, c-Fos and Jun. These two latter were identified as viral
oncoproteins and can play a role in tumorigenesis. Mutations that affect MAPK
ERK1/2 proteins can then promote protein hyperactivation that induces the
cascade of phosphorylation downstream events, favoring cell proliferation, cell
transformation and the emergence and progression of tumors. Currently, MAPK
inhibitors represent specific target treatments for cancers with overactivation of
this cell signaling pathway.

6. MAPK ERK1/2 inhibitors: possibility to regulate cell signaling
overactivation

Hyperactivation of Ras/Raf/MEK/ERK signaling pathway in human cancers
prompted the development of small molecule inhibitors that target its components
for use in cancer therapeutics (Table 2). Pharmacological inhibition of Ras has
been a major challenge. For instance, the affinity of Ras protein for GTP is extraor-
dinarily high and it is then very difficult to develop a competitive binding strategy.
Over the past few years, several groups discovered and developed small molecule
Ras modulators using protein structure-guided design approaches [80-82] and
exploring SOS as a target for Ras activation [83]. Cysteine-reactive inhibitors that
bind to the mutant K-Ras G12C, which is commonly found in cancer, have been
developed: SML-8-73-1 and SML-10-70-1 can selectively inhibit K-Ras G12C,
changing the nucleotide preference to favor GDP over GTP and thus blocking Ras
signaling [69, 84]. These compounds may be used in the future for additional K-Ras
mutations.

Sorafenib is an orally available compound that was initially developed as a C-Raf
inhibitor and was then identified as a multikinase inhibitor for B-Raf, VEGFR1/2/3,
Kit, PDGFR, RET, and FIt3. Sorafenib is currently approved by the FDA for renal
and hepatocellular carcinoma for its anti-angiogenic effects [84, 85]. For other
cancers like melanoma, sorafenib produced favorable responses in less than 5% of
patients in clinical trials [85, 86]. This low response rate can be due to the fact that
its activity against B-Raf V60OE mutants and wild-type enzymes is low. Subsequent
efforts have focused on targeting B-Raf for the treatment of B-Raf mutant mela-
noma. Vemurafenib and dabrafenib, two B-Raf V600E inhibitors, have achieved
benefits in clinical trials [87, 88]. Currently, vemurafenib is approved by the FDA
for metastatic and unresectable melanoma with B-Raf V600K mutation [89] and
dabrafenib for metastatic melanoma with B-Raf V600K-mutated [84, 88].
Although B-Raf inhibitors have achieved clinical benefit in the treatment of
cancer, all ATP-competitive Raf inhibitors including vemurafenib, dabrabenib,
and sorafenib can lead to paradoxical activation of the MAPK pathway in wild-
type B-Raf cells [90, 91]. Some reports suggest that insensitivity to Raf inhibitors
might be due to EGFR-mediated reactivation of MAPK signaling in B-Raf mutant
colorectal cancer [92]. Indeed, the combination of EGFR and B-Raf inhibitors
block the reactivation of MAPK signaling of B-Raf mutant in colorectal cancer cells
and iz vivo [93]. LGX818, TAK-632 and MLN2480 are other selective B-Raf V600E
inhibitors with a very slow inactivation rate, and thus may be beneficial for the
treatment of tumors that are resistant to other Raf inhibitors or for the treatment
of tumors with Ras mutations [66, 94].

Even though MEK1/2 mutations are rare in human cancers, MEK1/2 have
become an attractive drug target because these proteins are downstream of Ras
and Raf in the signaling pathway [95]. The first MEK1/2 inhibitor, PD098059,
is an allosteric inhibitor that acts on the not-phosphorylated form of MEK1 and
mutant MEK1 S217 and S221E [96]. The allosteric MEK inhibitor CI-1040 was
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the first small molecule to enter clinical trials. Although it had antitumor effects,
the development of this compound was stopped due to poor bioavailability and
lack of efficacy in phase II clinical trials [97]. Other highly selective inhibitors of
MEK1 and MEK?2 include selumetinib and trametinib [98-100]. This latter pre-
vents Raf-dependent MEK phosphorylation and activation. Other MEK inhibitors
in development include pimasertib [101], cobimetinib [102], rafametinib [103],
G-573, GDC-0623 [73], TAK-733 [104], RO5126766, RO4987655 [105, 106] and
MEK162 [107].

Because there are few ERK1/2 mutations in human cancers, this MAPK has
been only considered as a target in 35 clinical trials, compared with more than 300
clinical trials for the inhibition of Raf and MEK. Nonetheless, due to drug resistance
resulting from Raf and MEK1/2 inhibitors, ERK1/2 have become an interesting
target for inhibiting MAPK ERK1/2 signaling in cancer [46]. ERK1/2 inhibitors
can reverse overactivation of the MAPK pathway induced by upstream mutations,
including Ras mutations [84, 92, 108]. For instance, MAPK inhibition in B-Raf
V600E mutant metastatic melanoma provokes drug resistance and recovery of ERK
activity [109, 110]. Interestingly, selective removal of ERK1 or ERK?2 iz vitro can
induce melanoma cell death and enhances the action of B-Raf inhibitor [111].

One of the challenges in cancer treatment is developing drug resistance. The
mechanisms involved in resistance are complicated and include genetic mutations
that occur in target proteins like in MAPK signaling, loss of functions in the control
of MAPK signaling feedback, and abnormal tumor suppressor gene alterations
[112]. Yet, MAPK inhibitors represent good options for targeting cancer cells with
MAPK overactivation or MAPK ERK1/2 mutations. In the future, cell-specific
deliverance of MAPK inhibitors to tumoral cells should enhance their efficiency
and decrease side effects in patients.

7. Conclusions

MAPK are conserved kinases in eukaryotes, containing 3-tier kinases that are
sequentially activated by phosphorylation. This post-translational modification
plays an essential role in MAPK ERK1/2 signaling. Not only the activation but also
the regulation of this pathway is achieved through the actions of kinases and phos-
phatases, establishing positive and negative signaling feedbacks. Control of MAPK
ERK1/2 signaling in time and space is ensured by proteins such as scaffolds that are
themselves regulated by phosphorylation events. Changes in duration of ERK1/2
phosphorylation and thus activity, can result in different cell responses, can result
in different cell responses. Thus, a tight regulation of MAPK ERK1/2 signaling is
needed to guarantee adaptive cell responses. Aberrant activation of Ras/Raf/MEK/
ERK pathway can lead to tumorigenesis and MAPK inhibitors, already in clinical
use, represent good options for targeting cancer cells with MAPK overactivation or
MAPK ERK1/2 mutations.
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Appendices and nomenclature

DUSP dual specificity phosphatase

EGF epidermal growth factor

EMA European medicines agency

ERK extracellular signal-regulated kinases

FDA food and drug administration

FRET Forster resonance energy transfer

GRB2 growth factor receptor-bound protein 2

KSR1 Ras-1 suppressor kinase

MAPK mitogen-protein activated kinases

MAPKK MAPK kinase

MAPKKK MAPK kinase kinase

MKP map kinase phosphatase

mTOR mechanistic target of rapamycin

NGF nerve growth factor

NSCLC non-small cell lung cancer

PDGF-B platelet-derived growth factor subunit B

PDGFR platelet-derived growth factor

PI3K phosphatidylinositol 4,5-bisphosphate 3-kinase

PPM metal-dependent protein phosphatase

PPP phosphoprotein phosphatase

PRS proline-rich sequence

PTEN phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and
dual-specificity protein phosphatase

PTP protein tyrosine phosphatases

RTK receptor tyrosine kinase

RSK-2 ribosomal S6 kinase 2

SOS1 son of sevenless homolog 1
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the Activity of ERK/MAPK and
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Neuroblastoma Cancer
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Abstract

Pathogenesis of cancer is a multi-step process containing a number of cellular
alterations such as post-translational dysregulation of intracellular signaling
proteins. These alterations control several functions in carcinogenesis such as
angiogenesis, metastasis, evading growth suppressors, and sustaining prolifera-
tive signaling. Data of various studies has demonstrated that Phosphatidylinositol
3-kinase (PI3K/AKT) and Mitogen-activated protein kinase (ERK/MAPK)
pathways are both abnormally activated in many cancer types, including neuro-
blastoma. ERK/MAPK and PI3K/AKT signaling pathways that are regulated by
sequential phosphorylation upon extracellular stimulation have many important
functions in cell cycle, migration, proliferation and apoptosis. Besides their aber-
rant phosphorylation/activation, there is a crosstalk between these two pathways
resulting in an anti-apoptotic effect. In this chapter, carcinogenetic abnormalities in
post-translational regulation of the activity of ERK/MAPK and PI3K/AKT path-
ways in neuroblastoma and other cancers will be summarized. In addition, several
crosstalk nodes between two pathways will be briefly explained. All these concepts
are not only crucial for thoroughly understanding the molecular basis of carcino-
genesis but also choosing the appropriate molecular targets for effective diagnosis
and treatment.

Keywords: Neuroblastoma, carcinogenesis, intracellular signaling, phosphorylation,
ERK/MAPK, PI3K/AKT

1. Introduction

Cancer pathogenesis is mainly characterized by the accumulation of genetic,
epigenetic, and post-translational alterations particularly in cellular signaling
pathways leading to the manifestation of the cancer hallmarks such as enabling
replicative immortality, sustaining proliferative signaling, activating invasion and
metastasis, and inducing angiogenesis. Most of these alterations in the signaling
pathways are observed on those that control cell growth, proliferation and death,
cell fate and motility such as ERK/MAPK and PI3K/AKT pathways [1]. Under nor-
mal conditions, cell signaling process works as a regulated cascade, and as a result
of these regulated signaling, healthy tissue structure is maintained, and cellular
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functions are properly performed. However, in case of carcinogenesis, a multistep
progress including various abnormalities in epigenetic and post-translational
modifications of the components of these signaling pathways (e.g., acetylation,
methylation, phosphorylation, ubiquitination, sumoylation etc.) occurs that trig-
gers tumorigenic growth [2].

In carcinogenesis, three types of gene groups, oncogenes, tumor-suppressor
genes, and stability genes are the primary sources for oncogenic mutations. As a
result of these mutations, genes are over-expressed/silenced, or mutated proteins
with dysregulated functions are produced. However, examining the carcinogen-
esis in detail revealed that mutated genes are not the only responsible for cancer
development, and hence focusing on intracellular signaling pathways rather than
individual genes is more significant. Several mutations may also be observed in
different components of these signaling pathways, and most of these mutations are
known to be common for different cancer types [3].

On the other hand, ERK/MAPK and PI3K/AKT signaling pathways have cross
talking nodes which post-translationally affect their activity and control many of
the important cellular functions such as cellular metabolism, cell growth, division,
death, differentiation, and movement. However, this crosstalk becomes severely
disturbed in many cancers, including neuroblastoma, resulting in rapid disease
progression and poor prognosis [4-6].

Neuroblastoma is one of the most common pediatric cancers that arises from
immature sympathetic nervous system precursors and localizes in adrenal gland
or sympathetic ganglia [7]. Neuroblastoma tumors have a very high degree of
heterogeneity, ranging from more favorable to highly aggressive tumors with high
lethality. In neuroblastoma, as in many types of cancer, ERK/MAPK and PI3K/
AKT pathways in particular are notable in terms of their contribution to oncogenic
transformation and severity of the disease [8, 9].

Therefore, in this chapter, function of ERK/MAPK and PI3K/AKT signaling in
different cancers, as well as in neuroblastoma will be summarized. Then their aber-
rant and oncogenic interaction with each other and with other cellular components
will be discussed.

2. ERK/MAPK signaling pathway in cancer

ERK/MAPK is a highly conserved signaling pathway in the evolutionary process
that provides signal transduction via Receptor Tyrosine Kinases (RTKs). MAPKs
regulate important cellular functions (e.g., cell cycle, proliferation, migration etc.)
through phosphorylation of specific serine/threonine regions of target proteins [10,
11]. Four MAPK cascades have been identified in mammalian cells: Extracellular
signal-regulated kinase (ERK, classical MAPK), C-Jun N-terminal kinase/stress-
activated protein kinase (JNK/SAPK), p38 MAP kinase, and ERKS5 [12]. Among
them, ERK/MAPK is the most important signaling cascade in tumor development.
MAPK enzymes in all eukaryotic cells are found at the junctions of mitogenic stimuli
received by different receptors. In response to received stimuli, the signal is trans-
ferred intracellularly to the small oncogenic G-protein Ras and then to the Raf (MEK
kinase) protein. Activated Raf protein activates MEK1/2 (MAPK/ERK kinase or
MAP kinase kinase) signal protein which then phosphorylates and activates ERK1/2
ultimately regulating essential cellular events such as gene expression, mitosis, cell
viability, apoptosis, motility, differentiation, and cellular metabolism [13].

In addition to phosphorylation/dephosphorylation, positive and negative regula-
tion of ERK/MAPK signaling involves other types of post-translational modifica-
tions as well. Among them, post-translational modifications of Ras protein such
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as farnesylation and methylation are intriguing for providing fully active Ras. Ras
protein activation requires a serial post-translational modifications that allow Ras
to localize to the plasma membrane [14]. The first post-translational modification is
farnesylation of the Ras carboxylterminal peptide CAAX through covalent bind-
ing of a farnesyl isoprenoid lipid by cytosolic farnesyltransferase enzyme. Then,
Ras converting enzyme 1 (Rcel) cleaves AAX tripeptide to generate a free cysteine
residue. Finally, a methyl group is covalently attached to this cysteine residue by
isoprenylcysteine-O-carboxyl methyltransferase (ICMT) to facilitate the transfer of
Ras to the plasma membrane [15].

On the other hand, ERK/MAPK signaling may be downregulated by post-
translational modifications including ubiquitination, SUMOylation, and acetyla-
tion/deacetylation reactions, In a study, it was shown that Ras- or MEK-mediated
ERK activation is attenuated by SIRT1 through deacetylation of the dual specific
phosphatase for MAPK, MKP1 which results in the inhibition of cellular prolifera-
tion and transformation. They revealed that binding affinity of deacetylated MKP1
to ERK is increased subsequently leading to the inactivation of ERK [16].

In addition, ERK1/2 protein may be inactivated by its degradation through
Ubiquitin-Proteasome System (UPS). This process is mediated by an upstream
MAP3K, MEKK1 bearing ubiquitin ligase activity, that triggers ERK ubiquitination
[17, 18]. Another member of ERK/MAPK pathway, c-Raf, is also degraded by the
UPS under certain conditions. Hsp90 is a chaperone responsible for the stability
and function of c-Raf protein, and Hsp90 degradation promotes destabilization and
degradation of c-Raf by UPS. In a study, it was identified that the antitumor effect
of the antibiotic benzoquinone ansamycin geldanamycin is a result of its binding to
Hsp90 which triggers its degradation [19].

Firthermore, the ERK/MAPK signaling may be downregulated by SUMOylation
of MEK (MAPK-ERK kinase). SUMOylated MEK loses its interacting ability with
ERK which ends up with the blocking of ERK activation. Oncogenic Ras prevents
this process in carcinogenesis by disrupting the SUMO E3-ligase activity of MEKK1
MAPKKK [20].

The ERK/MAPK signaling pathway is one of the main oncogenic pathways and
overactivated approximately 30% of human tumors [21]. The ERK/MAPK path-
way, particularly when activated by growth factors and mitogens has the strongest
correlation with cancer. Carcinogenic abnormalities including over-expressing/
activating mutations of RTKs, constant production of activating ligands, and Ras/
Raf mutations trigger the continuous activation of the ERK/MAPK pathway which
indicates that carcinogenic dysregulation of this pathway may occur at different
levels (Table 1) [24].

There is a large body of evidence describing the contribution of ERK/MAPK
signaling to cancer progression. In a study, it was shown that the expression of
MKP-1 which is the negative nuclear regulator of ERK/MAPK signaling is increased
in normal ovarian surface epithelium and benign cystadenomas compared to
invasive carcinomas and tumors with low malignancy potential and borderline
tumors. The level of MKP-1 expression in tumor tissues of patients with stage III/
IV disease was found to be significantly lower compared to patients with stage I/II
disease which is in contrast to the results indicating a significantly higher expres-
sion of phosphorylated-ERK1/2 (p-ERK1/2) in stage III/IV tumors compared with
that in stage I/II tumors. These data point out to a negative correlation between
MKP-1 and p-ERK1/2 expression in the same ovarian cancer tissue which empha-
sizes the significance of the abnormal expression of MKP-1 and its effect on ERKs
phosphorylation in the development of ovarian cancer [25].

Moreover, in another study with colon tissue, they showed that in colon cancer,
tubular adenoma, and villous adenoma, MEK phosphorylation rates were 76, 30
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Type of mutations in MAPK signaling pathway Rate of mutations in different cancers
EGFR over-expression Most carcinomas (>50%)
ERBB?2 over-expression Breast (30%)

Pancreas (90%)

Lung adenocarcinoma (35%) (non-small cell)

Thyroid; follicular (55%)

Thyroid; undifferentiated papillary (60%)

RAS mutation Seminoma (45%)

Melanoma (15%)

Bladder (10%)

Liver (30%)

Kidney (10%)

Myelodysplastic syndrome (40%)

Acute myelogenous leukemia (30%)

BRAF mutation Melanoma (66%)

Colorectal (12%)

MEK or ERK mutation Melanoma (3-8%)

Colorectal (3%)

Table 1.
Mutation rates in MAPK signaling pathway of different cancers [22, 23].

and 40%, respectively. However, the phosphorylation of MEK in normal colonic
mucosal cells was scarcely detectable [26]. In addition, in a study examining ERK/
MAPK pathway’s function in cellular growth and differentiation in colon carcinoma
of mice by Sebolt-Leopold et al., oral intake of MEK inhibitor provide inhibition of
tumor growth in the rate of 80% [27].

As in other types of cancer, aberrant signaling of ERK/MAPK pathway is
crucial for neuroblastoma cancer since it leads to reduced therapeutic efficacy [28].
Nevertheless, there is limited number of studies focusing on the role of abnormal
ERK/MAPK signaling in neuroblastoma cancer. In one study, it was shown that this
signaling pathway is responsible for the transformation of neuroblastoma cells and
gaining resistance to chemotherapy [29]. In this study, they incubated SKNSH neu-
roblastoma cell lines with increasing concentrations of doxorubicin or MDL 28842
for long-term to establish drug resistant SKNSH cell lines. Then they analyzed
the levels of epidermal growth factor receptor (EGFR) expression and epidermal
growth factor (EGF)-induced EGFR tyrosine phosphorylation and determined that
they were both lower in drug-resistant SKNSH cells compared with their wild-type
counterparts. In addition, in doxorubicin treated SKNSH cells, MAPK activation
and nuclear translocation were found to be decreased in response to EGF. These
results reveal that chemotherapeutic drug resistance in human neuroblastoma cell
lines is in close association with low levels of growth factor signaling through the
MAPK pathway.

While continuous activation of the ERK/MAPK signaling pathway promote the
transformation of normal cells into tumor cells, inhibition of the ERK/MAPK signal-
ing can restore tumor cells to their non-transformed state in vivo and in vitro [27].

In our laboratory, we examined the effect of ERK/MAPK inhibition on the SH-SY5Y
neuroblastoma cell viability. Results of MTS cell viability analysis showed that the
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viability of SH-SY5Y neuroblastoma cells upon treatment with the specific MEK1/2
inhibitor U0126 was significantly decreased. This result indicates a close link between
ERK/MAPK pathway and carcinogenesis in SH-SY5Y neuroblastoma cells [30].

On the other hand, iron chelators have also been used to inhibit the ERK/MAPK
signaling pathway and it has been shown in prostate cancer cells that they are able
to regulate the ERK/MAPK signaling by reducing ERK1/2 phosphorylation [13, 31].
Based on the results of these studies, we examined the anti-proliferative effects of
iron-chelating salicylidene acylhydrazide group synthetic compounds ME0053,
MEO005 and ME0192 in SH-SY5Y neuroblastoma cells by analyzing the effects of
these compounds on ERK/MAPK and PI3K/AKT activities. The results indicated
that these iron-chelators caused a significant decrease in MEK1/2 expression and
AKT phosphorylation in neuroblastoma cells [24]. These results are promising for
alleviation of the ERK/MAPK activation by utilizing different iron chelators to
prevent cancer.

Furthermore, current studies have shown that non-steroidal drugs contain-
ing salicylic acid (SA) decrease mortality through mitogenic MEK1/2 protein, an
important member of ERK/MAPK signaling in many cancers putting a spotlight on
SA as a potential inhibitor of MEK1/2 signaling in the prevention of carcinogenic
progression [32-34]. In our laboratory, we studied with a salicylic acid analog
acibenzolar-S-methyl to analyze its effects on MEK1/2 signaling in SH-SY5Y neuro-
blastoma cells and we showed that acibenzolar-S-methyl negatively affects MEK1/2
signaling causing apoptotic death of SH-SY5Y neuroblastoma cells [35]. Besides, in
one study conducted with A549 human lung cancer cells, SA has been demonstrated
as a suppressor of this vital signaling pathway by inhibiting the binding of c-Raf to
Ras protein, disrupting phosphorylation state of c-Raf and thereby damaging the
MAPK signaling [36]. The great number of protein kinases modulated by salicylate
may be explanatory for the question ‘what is the apoptotic mechanism of salicylate
in cancer?’ [36, 37].

Moreover, in an effort to suppress ERK/MAPK signaling in neuroblastoma,
Woodfield et al. [38] hypothesized that inhibiting ERK/MAPK signaling through
the novel MEK1/2 inhibitor binimetinib may be effective in neuroblastoma mod-
els. For this purpose, they analyzed the response of binimetinib-sensitive and
binimetinib-resistant neuroblastoma cells from tissue samples and neuroblastoma
cell lines by examining total and phosphorylated MEK and ERK levels. They
demonstrated that both primary neuroblastoma tumor cells and cell lines showed
significant levels of total and phosphorylated MEK and ERK, while binimetinib
treatment caused complete loss of phosphorylated ERK. However, resistant cells
showed negligible effects on ERK and MEK phosphorylation. They also showed
that Ras-GTPase activating protein (RasGAP) NF1 expression was in correlation
with responses to binimetinib, suggesting a potential role for NF1 and ERK/MAPK
signaling in neuroblastoma differentiation, drug resistance and relapse [38].

Even though it is well known that ERK/MAPK signaling inhibition results in
apoptotic death in many cancers, in certain types of cancer such as melanoma,
suppressing this signal may inversely contribute to cancer formation by creating an
anti-apoptotic effect [37]. This contradiction draws attention to the heterogeneous
and unique nature of the molecular basis of cancer emphasizing the vitality of thor-
oughly understanding of molecular and cellular mechanisms of each cancer type.

3. PI3K/AKT signaling pathway in cancer

Similar to the ERK/MAPK pathway, PI3K/AKT signaling pathway is activated by
the interaction of a growth factor with a RTK that regulates basic cellular functions
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such as growth, proliferation, cellular metabolism, cytoskeletal organization,
survival and apoptosis in normal cells [39]. PI3K, is a member of lipid kinase, is
divided into three classes: classes I, II, and III according to its specific substrates
and structures. The Class I PI3Ks which are composed of p55 and p85 regulatory
subunits (p85a, p55a, p50a, p85b, p55g) and p110 catalytic subunit (p110a, p110b,
p110d) is the most frequently associated class with cancer [40]. In normal cel-

lular conditions, PI3K is activated by growth factors, cytokines, and hormones.
Following this activation, PI3K triggers the phosphorylation reaction of PtdIns (4,5)
P2(PIP2) to produce PtdIns (3,4,5) P3(PIP3).

The most important downstream effector protein of PI3K is a serine/threonine
kinase AKT/protein kinase B (PKB) that regulates several mechanisms in cell
survival and cell cycle progression [41]. In order to activate AKT signaling, the
AKT protein is subjected to successive phosphorylation through Thr308 and Ser473
residues. Semi-active form of AKT protein is achieved by Thr308 phosphorylation,
while a sequential phosphorylation on Ser473 region at the C-terminal end by PDK2
(phosphoinositide dependent protein kinase 2) leads to full activation of AKT.
Activated AKT leaves the membrane and translocates to the cytoplasm and nucleus.
Here, by phosphorylating a wide range of target proteins such as MDM2, mTOR,
GSK3p and BAD, it causes cellular responses such as cell proliferation, survival,
growth, DNA repair and suppression of apoptosis [28].

The negative regulator of the PI3K/AKT signaling pathway is the Phosphatase
and Tensin homolog protein (PTEN), which has been defined as a tumor suppressor
and is frequently affected by mutations in cancers. PTEN’s substrate is PIP3, one
of the PI3K products. PTEN inhibits the PI3K/AKT pathway activity by reducing
the amount of PIP3, converting PIP3 back to PIP2 via dephosphorylation [42].
PTEN stability and activity is post-translationally regulated by Protein Inhibitor
of Activated STAT xa (PIASxa) which is a SUMO E3 ligase for PTEN. PIASxa
SUMOylates and stabilizes PTEN protein, thereby negatively regulates PI3K/AKT
signaling and leads to GO/G1 cell cycle arrest, and cell proliferation inhibition [43].

Moreover, ubiquitination is another way of post-translational regulation of
PI3K/AKT pathway. p85 subunit of PI3K is ubiquitinated and degraded by trosine-
phosphorylated c-Cbl E3 ligase which ultimately leads to downregulation of PI3K/
AKT signaling [44, 45]. Besides p85 ubiquitination, both caspase- and proteasome-
dependent AKT degradation may downregulate PI3K/AKT signaling in case of
vascular endothelial growth factor (VEGF) deprivation, mTOR inhibition, or
TNF-a treatment [46, 47].

AKT signaling controls metabolic processes either directly, by regulating
metabolic enzymes through phosphorylation, or indirectly, by regulating a number
of transcription factors. Metabolic enzyme phosphorylation provides short-term
changes in the metabolic pathways, while controlling gene expression through the
phosphorylation of transcription factors allows for longer-term changes in intracel-
lular metabolic pathways.

Even though AKT is primarily a survival kinase, it also enhances cell prolifera-
tion. Cyclin D-1 is a cell cycle regulator which is responsible for G1 to S phase
progression. GSK3p phosphorylates cyclin D-1, enabling its transport from nucleus
to the cytoplasm for degradation and thereby inhibiting cell cycle. AKT triggers cell
proliferation not only by inhibiting this GSK3p kinase activity through phosphory-
lation, but also by downregulating cyclin dependent kinase inhibitors KIP1 (p27)
and CIP1 (p21) [48-50].

Besides cell proliferation, the PI3K/AKT pathway has also been shown to be
functional in physiologic and pathologic angiogenesis in animal models [51, 52]. In
tumors, PI3K/AKT pathway exerts its pro-angiogenic effects through upregulating
HIF-1a, thereby activating VEGF [53]. HIF-1, a heterodimeric protein with a and
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subunits, is an activator of VEGF transcription [54]. Moreover, there is data indicat-
ing a HIF-1a-independent pathway for PI3K-mediated VEGF upregulation through
phosphorylation and activation of endothelial nitric oxide synthase by AKT [55, 56].
Aberrant regulation and activation of the PI3K/AKT pathway is frequent in
numerous human malignancies playing a pivotal role in both cancer progression
and drug resistance. PI3K/AKT activation is mainly a consequence of the loss of
tumor suppressor gene PTEN [57, 58], oncogenic activation of PIK3CA [59, 60] and
over-activation by a number of growth factors such as IGF-1, VEGF or EGF [61-63].
Loss-of-function mutations in the PTEN gene are extremely common among
sporadic glioblastomas, melanomas, prostate cancers, and endometrial carcinomas.
PTEN is negative regulator of the PI3K/AKT signaling pathway that dephosphory-
lates PIP3. Mutated PTEN leads to increased level of PIP3 that trigger continuous
phosphorylation of AKT, thereby leading to continuous activation of the PI3K/AKT
signaling pathway. Hyper-activated AKT promotes the survival of cancer cells by
causing increased level of cell proliferation and resistance to apoptosis [64, 65].
Although it is obvious that PI3K/AKT also contributes to development of
neuroblastoma, its molecular mechanism is poorly understood. Johnsen et al. [66]
suggested a link between PI3K/AKT pathway and neuroblastoma through over-
activated AKT which appears to be closely related to the disease outcome. In other
studies, PI3K/AKT pathway activation was identified as a predictor of poor outcome
in neuroblastoma, supporting the afore-mentioned study results and making it a
clinically important therapeutic target [67-69]. In one of these studies, they ana-
lyzed the effect of small molecule PI3K inhibitors on chemosensitivity in neuro-
blastoma cell lines and primary cultured neuroblastoma samples. The results of
the study showed that PI3K inhibitors, (PI103 for this study), work synergistically
with certain chemotherapeutics (Doxorubicin, Etoposide, Topotecan, Cisplatin,
Vincristine and Taxol) to drive neuroblastoma cells through apoptosis. PI1103 elicits
this function by cooperating with chemotherapeutics to decrease the PI3K-mediated
inhibitory phosphorylation of pro-apoptotic BimEL, thereby turning the situation
in favor of pro-apoptotic Bcl-2 proteins to trigger apoptosis. Thus, targeting PI3K/
AKT presents a promising strategy to sensitize neuroblastoma cells for chemother-
apy-induced apoptosis [67].
On the other hand, in a study with a murine model of neuroblastoma, they
showed that inhibiting PI3K/AKT signaling prevents tumor progression through
an effect on oncogenic Mycn protein stability by inactivating GSK3p [70].
Furthermore, AKT phosphorylation has been detected in different neuroblastoma
cell lines such as SK-N-SH, SH-SY5Y, SK-N-BE, SH-EP, and IMR-32. Studies related
with neuroblastoma cell lines revealed that activated AKT cause poor prognosis and
the use of inhibitors specific to the PI3K/AKT signaling pathway leads cancer cells to
apoptosis [67, 71]. In another study, SH-SY5Y neuroblastoma cells were exposed to
interferon-f resulting in the downregulation of AKT and subsequent apoptosis [72].

4. Pathological interaction of ERK/MAPK and PI3K/AKT signaling
pathways in neuroblastoma

Although the usual signaling networks of hormone, cytokine, and growth factor
receptors present PI3K/AKT and ERK/MAPK as two independent pathways, there
are several inter-pathway cross talk nodes as well as certain regulatory molecules
that can simultaneously act on both pathways which together determine the fate
of the cell [13, 31]. Based on this information, it can be stated that it is possible for
the PI3K/AKT and ERK/MAPK pathways to affect each other either negatively or
positively at different signal propagation stages (Figure1).
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Figure 1.
Interactions of PIBK/AKT and ERK/MAPK pathways.

Examining the mutual talking points of these signaling pathways reveals that
the activated RAS protein appears to have a binary switch function triggering both
ERK/MAPK and PI3K/AKT pathways [61, 73]. Another important cross talk is the
induction of Raf and MEK by PI3K. Cross talk interactions caused by PI3K activa-
tion and mediated by PDK1 activate the ERK/MAPK pathway, while AKT and
downstream effectors, mTOR and p70S6K, negatively affect ERK/MAPK signaling
[28]. On the other hand, active ERK can influence the PI3K/AKT pathway in differ-
ent interaction routes. One mechanism involves modulation of the ERK-mediated
phosphorylation levels at serine and threonine residues of certain AKT members
(Figure 1) [74]. Moreover, Tuberous Sclerosis Complex 2 (TSC2) can be phosphor-
ylated by either PI3K/AKT pathway or ERK/MAPK pathway, that allows for mTOR
activation which is a component of PI3K/AKT signaling [75].

Investigating their interaction in terms of carcinogenesis, it is apparent
that their abnormal interaction has an incontrovertible effect particularly on
the aggressive progression of different types of cancers. In one of the studies
examining their interaction in cancer, the role of the ERK/MAPK pathway in
the control of self-renewal and tumorigenicity of glioblastoma cancer stem-like
cells (CSLCs) was investigated in relation to the PI3K/AKT pathway. When they
inactivated MEK1/2 using chemical inhibitors or siRNA, both cell line- and
patient derived glioblastoma CSLCs were shown to lose their spherical form and
differentiate into neuronal and glial lineages. Further, this observed effect of
MEK inactivation was enhanced by using a dual inhibitor (NVP-BEZ235) of PI3K
and mTOR suggesting that inactivating either ERK/MAPK or PI3K/AKT pathway
leads to activation of the other, implying the presence of a mutual inhibitory
cross talk between them [4].
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In another study emphasizing the importance of concomitant inhibition of
both pathways in terms of preventing the contributing effect of their cross talk
on carcinogenic progression, a mouse model co-expressing the activated forms
of AKT and Ras in the liver of mouse was utilized. They showed that continu-
ously and simultaneously activated ERK/MAPK and PI3K/AKT signaling causes
accelerated liver tumor development through activation of mTOR. In order to
reveal the exact role of mTOR activation in AKT/Ras induced hepatocellular
carcinoma, they treated AKT/Ras mice with mTOR inhibitor Rapamycin, and
they found out that Rapamycin significantly prevented tumor formation in the
liver of AKT/Ras mice. However, Rapamycin withdrawal resulted in rapid recur-
rence of hepatocellular carcinoma arising from the residual lesions in the liver of
AKT/Ras mice through upregulation of ERK and its downstream effectors, Mnk1
and eIF4E in the lesions. Simultaneously suppressing PI3K/AKT and ERK/MAPK
pathways was shown to significantly inhibited the growth of AKT/Ras cells in
vitro, indicating that there is apparently a sophisticated interaction between these
two pathways [5].

As in glioblastoma and hepatocarcinoma, cross talk between the PI3K/AKT and
ERK/MAPK pathways contribute to carcinogenesis in rhabdomyosarcoma which
is a rare cancer type of soft tissue. Since there is a multifaceted cross talk and a
reciprocal compensation between them, blocking both pathways concomitantly in
order to have a synergistic inhibitory effect on rhabdomyosarcoma progression was
found to be more effective both in vivo and in vitro [6].

Although the effect of their aberrant cross talk is evident in many cancers,
there is not sufficient number of studies conducted with neuroblastoma cell lines
or primary neuroblastoma cells to investigate their oncogenic interaction in this
cancer. On the other hand, ERK/MAPK and PI3K/AKT pathways, in addition to the
interactions between their different components, can be affected by other proteins
that are not members of these pathways [21]. However, the effect of these interac-
tions on the emergence of cancer, especially of neuroblastoma, is not yet known.
At this point, there are data that strengthen the possibility that one of the proteins
likely to have an effect on PI3K/AKT and ERK/MAPK signaling pathways is the
Speedy/RINGO protein, which is an unconventional cell cycle regulator and plays a
very important role in many cancers [76].

Speedy/RINGO binds to its partner Cyclin-dependent kinase 2 (CDK2) and
controls G1-S phase transition in the cell cycle [73]. In order to elicit this function,
unlike classical cyclins, Speedy/RINGO does not require phosphorylation, and it is
also resistant to phosphorylating inhibition by cell cycle inhibitors such as p21Cipl
and p27Kipl [24]. Because of these properties, Speedy/RINGO can inhibit apoptosis
and sustain cancerous cell division by overriding many cell cycle checkpoints [77,
78]. There are various studies conducted with neuroblastoma and breast cancer
cells showing the contribution of Speedy/RINGO over-expression together with its
partner CDK2 to the carcinogenic process [79, 80].

Apart from these studies, Speedy/RINGO protein has also been shown to have an
interaction with ERK/MAPK signaling pathway in a study investigating the tumor
formation in breast tissue [81]. In this study, they determined that activating ERK/
MAPK pathway resulted in Speedy/RINGO over-expression, and inhibiting this
signaling decreased Speedy/RINGO expression. Besides, with another study, it was
shown that Speedy/RINGO over-expression leads to the increased activity of its
partner proteins, CDK2 and Cyclin A [82]. On the other hand, studies with mouse
embryonic stem cell indicated that the Cyclin A2 and CDK?2 take part in AKT over-
phosphorylation and activation (Figure 1) [83].

Considering the results of all these studies has led us to raise the question that
“could there be an either direct or indirect three-way interaction between these
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three players, Speedy/RINGO, ERK/MAPK and PI3K/AKT pathways in neuro-
blastoma cells?”. To analyze this interaction, Speedy/RINGO gene expression

was silenced by siRNA in SH-SY5Y neuroblastoma cells in order to determine its
effect on the activity of ERK/MAPK and PI3K/AKT pathways. Results showed that
silencing Speedy/RINGO in neuroblastoma cells significantly decreased MEK1/2
expression in ERK/MAPK pathway, and AKT Thr308 and Ser473 phosphorylations
in PI3K/AKT pathway. Afterwards, ERK/MAPK signaling was blocked by a specific
MEK1/2 inhibitor (U0126) in order to examine the effect of ERK/MAPK inhibition
on Speedy/RINGO expression and PI3K/AKT signaling activity in SH-SY5Y cells.
As a result, inhibiting ERK/MAPK signaling significantly reduced the expression of
Speedy/RINGO and its partners CDK2 and Cyclin A as well as AKT phosphoryla-
tion suggesting a reciprocal interaction between Speedy/RINGO and ERK/MAPK
and PI3K/AKT signaling pathways [30].

As previously mentioned in this chapter, iron homeostasis is in close relation
with the regulation of ERK/MAPK and PI3K/AKT signaling activity. There are a
growing number of studies demonstrating the strong effect of iron chelators on
these two pathways particularly in prostate cancer [13, 31, 84]. Based on the results
of these studies, we have investigated the effects of iron-chelating salicylidene
acylhydrazide compounds (ME0053, ME0055 and ME0192) on the ERK/MAPK,
PI3K/AKT pathways as well as on Speedy/RINGO expression for the reason that
it is likely to be one of the effectors of these two pathways [24]. In this study, it
was observed that both MEK1/2 activity and AKT phosphorylation on Thr308
and Ser473 sites were decreased together with a significant decrease in Speedy/
RINGO expression emphasizing the effect of different metabolic processes such
as iron homeostasis on the post-translational regulation of the members of these
two pathways as well as on their interaction with other effector molecules such as
Speedy/RINGO.

5. Conclusions

ERK/MAPK and PI3K/AKT pathways are very striking in terms of their
contribution to carcinogenesis in many cancers. In this chapter, we have sum-
marized the function of abnormal ERK/MAPK and PI3K/AKT signaling and
their cross talk in cancer with an emphasis on neuroblastoma, and discussed
their provoking action on the onset, progression, and severity of the disease. All
afore-mentioned studies in this chapter will pave the way for better understand-
ing of the aberrant post-translational regulation of oncogenic ERK/MAPK and
PI3K/AKT pathways with an ultimate effort for fine-tuning of treatment modali-
ties for cancer.
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Chapter 3

Epigenetic Control of
Mesenchymal Stromal Cell Fate
Decision

Huaoli Ying, Ruolang Pan and Ye Chen

Abstract

Mesenchymal stem cells (MSCs) are progenitors of connective tissues, which
have emerged as important tools for tissue engineering owing to their differentia-
tion potential in various cell types. The therapeutic utility of MSCs hinges upon
our understanding of the molecular mechanisms involved in cellular fate decisions.
Thus, the elucidation of the regulation of MSC differentiation has attracted increas-
ing attention in recent years. A variety of external cues contribute to the process of
MSC differentiation, including chemical, physical, and biological factors. Among
the multiple factors that are known to affect cell fate decisions, the epigenetic
regulation of MSC differentiation has become a research hotspot. In this chapter, we
summarize recent progress in the determination of the effects of epigenetic modifi-
cation on the multilineage differentiation of MSCs.

Keywords: mesenchymal stromal cells, post-translational modifications,
differentiation, cellular fate decision, epigenetic regulation

1. Introduction

Mesenchymal stromal cells (MSCs) are progenitors of connective tissues,
initially characterized as plastic adherent, fibroblastic cells, with the potential to
differentiate into many types of cells, including predominantly osteoblasts (cells
that secrete the matrix of the bones), chondrocytes (cells embedded in the lacunae
of the cartilage matrix), and adipocytes (fat-storing cells), under appropriate con-
ditions. MSC studies have progressed rapidly since the initial report of human MSC
isolation from bone marrow. MSCs have been shown to reside within the connective
tissues of most organs. Owing to their ease of isolation and unique characteristics,
MSCs have been widely regarded as potential candidates for tissue engineering and
repair. Further, the fate decision of MSCs has also piqued the interest of scientists.
During the last two decades, various signaling molecules important to MSC differ-
entiation have been identified, and the epigenetic regulation of MSC differentiation
has recently become a research hotspot.

The transformation process of MSCs from a self-renewing state to a specific
lineage is always accompanied by changes in cell morphology and function, which
are largely determined by the differential expression of genes. Specifically, genes
related to self-renewal are turned off, and transcription of cell type-specific genes
is activated. Epigenetic regulation refers to the phenotypic change through gene
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differential expression without DNA sequence alteration, including four main cat-
egories: [1] DNA methylation, [2] histone modifications, and [3] chromatin remod-
eling (nucleosome positioning); and [4] non-coding RNAs. It has been widely
reported that epigenetic and post-translational modifications have a broad and
far-reaching influence on MSC differentiation at multiple levels. Here, we provide
an overview of the recent findings regarding the roles of epigenetic modification in
the fate decision of MSCs.

2. DNA methylation

DNA methylation is an important epigenetic modification referring to the addi-
tion of a methyl (-CH3) group to the fifth carbon atom of a cytosine ring to form
5-methylcytosine (5-mC). The process is catalyzed by enzymes known as DNA
methyltransferases (DNMTs). DNA methylation was the first epigenetic mark to be
discovered, and it plays an important role in normal human growth, development,
aging, tumorigenesis, and other genetic and epigenetic diseases. This epigenetic
mark has the ability to turn genes on or off and can be inherited through cell divi-
sion. Recent studies have suggested that methylation and demethylation of specific
genes, such as Runx2, osteopontin (Opn), distal-Less homeobox 5 (DIx5), osterix,
collagen type 2 (Col2), and Col10, play key roles in the multi-lineage differentiation
of MSCs.

2.1 Osteogenic differentiation of MSCs and DNA methylation

According to numerous studies, DNA methylation is dynamically involved in the
osteogenesis of MSCs. Generally, it may be considered that DNA methylation has
arepressor role in the promoter regions with CpG islands, blocking gene expres-
sion. During osteogenic differentiation, demethylation was observed at specific
CpG regions in the promoters of osteogenic lineage-specific genes, such as RUNX2,
DLX5, SP7, SPP1 OPN, COX2, alkaline phosphatase (ALP), and osteocalcin (OCN),
and the expression of these genes was sequentially increased, whereas the expres-
sion of pluripotent genes and hypermethylated promoters was downregulated.

Villagra et al. observed a significant hypermethylation at the osteocalcin gene
locus in undifferentiated MSCs, and the CpG methylation of the osteocalcin pro-
moter significantly decreased upon osteogenesis induction [1]. Dansranjavin et al.
reported that the differentiation of MSCs was accompanied by a reduced expression
of stemness genes such as LIN28, via the hypermethylation of their promoter regions
[2]. Arnsdorf et al. reported a protocol to promote MSC osteogenic differentiation by
applying a mechanical stimulus [3]. According to their results, mechanical stimula-
tion causes the release of Dnmt3b from bone-specific genes, thus leading to promoter
demethylation and upregulated gene expression. Yang et al. found that the depletion
of demethylase Tetl and Tet2 may hinder the demethylation of the P2rX7 promoter,
resulting in a decrease in the osteogenic differentiation capacity of MSCs [4].
Furthermore, the involvement of DNA methylation in the osteogenic differentiation
of MSCs has been supported by differentiation studies using demethylating agents.
For example, Zhou et al. reported that pretreatment with 5-aza-2"-deoxycytidine
(5-ADC) drives the osteogenic differentiation of MSCs by enhancing the expression
of osteogenic genes (such as DIx5) associated with the demethylation of the CpG
shore [5]. Abnormal changes in the methylation modification mechanism in osteo-
genic differentiation are associated with the occurrence and development of many
common skeletal diseases. Garcia-Ibarbia ez al. analyzed hip fracture samples from
patients with osteoporosis and found that the activity of the Wnt signaling pathway
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in osteoblasts was reduced. The methylation statuses of Fzd10, Thi1x, Csnkle, Wnt8A,
Csnklall, and Sfrp4 were also observed to be significantly different from those found
in normal bone tissues [6]. Another study explored the differences in gene-wide
DNA methylation patterns in osteoporosis and osteoarthritis. The results showed
that there was a total of 241 Cpg sites with significant differences in the methylation
status. Bioinformatic analysis showed that the sites of difference were mostly related
to cell osteogenic differentiation and skeletal embryonic development, especially the
homeobox family genes [7]. Sun et al. reported that abnormal CpG island hyper-
methylation of the ABCB1 gene promoter was correlated with glucocorticoid (GC)-
associated osteonecrosis of the femoral head (ONFH) in patients [8].

2.2 Adipogenic differentiation of MSCs and DNA methylation

Adipogenesis is highly regulated by a sequential cascade of transcriptional
events. Key transcriptional factors controlling adipogenesis include several
CCAAT/enhancer-binding protein (C/EBP) family members, including C/EBPa,
B, and 8, and the nuclear receptor peroxisome proliferator y (PPARy). On the
other hand, a number of negative transcriptional factors have also been identified,
including GATA2/3, chicken ovalbumin upstream promoter transcription factor
(COUP-TF), interferon regulatory factors (IRFs), and Wnt family proteins.

Barrand et al. showed that the promoters of stemness genes (OCT4, NANOG, and
SOX2) were hypermethylated in adipose-derived MSCs [9]. In addition, the promot-
ers of adipogenic genes, including leptin (LEP), PPARY2, fatty acid-binding protein 4
(FABP4), and lipoprotein lipase (LPL), are hypomethylated in these undifferentiated
MSCs, as revealed by Noer et al [10]. It was reported by Fujiki ez al. and Melzner et al.
that the promoters of PPARy2 and LEP were progressively demethylated along with
the terminal differentiation of adipocytes [11, 12]. Studies also revealed that the levels
of the DNA methyltransferase 1 (DNMT1) gene transcript increased at the beginning
of adipogenesis and then decreased [13], while the levels of DNMT3a and DNMT3b
transcripts increased during differentiation [14]. Wnt signaling is a key determinant
of the fate between adipogenic and osteogenic differentiation. Chen et al. proved that
the methylation level of the Wnt10a 5-region was markedly reduced in MSCs after
5-Aza-dC treatment, which likely significantly inhibited adipogenesis and promoted
osteogenesis [15].

2.3 Chondrogenic differentiation of MSCs and DNA methylation

DNA methylation and demethylation status also influence MSC chondro-
genic differentiation. DNA methylation at specific CpGs has been shown to
influence genes such as MMP13, IL1, iNOS, chondromodulin, collagen 9, and
GDF5 in chondrocytes. Similarly, induction of COL10A1 expression during
chondrogenesis of MSCs is correlated with the demethylation of two CpG sites
in the COL10A1 promoter. In addition, Kim et al. also showed an elevated extent
of DNA methylation in the SOX9 promoter in damaged chondrocytes of osteo-
arthritis (OA) patients compared to the observation in normal chondrocytes
[16]. More recently, Barter et al. characterized the DNA methylation changes
during the chondrogenesis of MSCs using an Infinium 450 K methylation array.
A chondrocyte-specific methylation profile was established by comparison with
cartilage and non-cartilage tissue methylation profiles, and they also identified
significant changes in DNA hypomethylation at many key cartilage gene loci
during chondrogenic differentiation, including COL11A2, SOX9, and ACAN
[17]. Further studies analyzing these epigenetic changes during chondrogenesis
are needed.
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3. Histone epigenetic modification

Histone modification, a common form of epigenetic regulation, refers to
post-translational modifications that are added to the N-terminal tail of histones.
Histone modification has been shown to play important roles in regulating cell-
specific gene expression. So far, more than sixty different residues on core histones
(H2A, H2B, H3, H4) with potential to be modified have been reported. These
modifications made to histones, including acylation, methylation, phosphoryla-
tion, ubiquitination, and sumoylation, can impact gene expression by altering the
chromatin structure or recruiting histone modifiers. Histone proteins function
to package DNA, which wraps around the eight histones, into chromosomes. In
general, it has been well established that histones on the promoter regions of
master transcription factors associated with MSC cell fate commitment, such as
RUNX2 and OSX in osteogenic differentiation, PPARG and CEBPA in adipogenic
differentiation and SOX9 in chondrogenic differentiation, are dynamically modi-
fied (Table1). In response to appropriate developmental and/or differentiation
signals, histone modifications act in diverse biological processes such as transcrip-
tional activation/inactivation, chromosome packaging, and DNA damage/repair.
Furthermore, different types of modifications may have synergistic or antagonistic
effects to regulate specific gene expression.

3.1 Histone acetylation modification

Histone acetylation is an epigenetic modification characterized by the addi-
tion of an acetyl group (COCHj) to histone proteins, specifically to lysine residues
within the N-terminal tail. Histone acetylation is one of the most common epigen-
etic modifications, which leads to the neutralization of the positive charge on the
histone proteins, weakening their interaction with DNA, and finally promoting the
opening of chromatin structure and activating gene transcription. On the other
hand, histone deacetylation is related to chromatin transcription inhibition. The
level of histone acetylation is mainly regulated by histone acetylase (HAT) and
histone deacetylase (HDAC).

The degree of histone acetylation of related regulatory genes can reflect the
maintenance of stemness and the differentiation status of MSCs. During the process
of osteogenic differentiation, the expression of osteogenic genes (such as RUNX2,
OSX, and ALP) gradually increases in MSCs, while the expression of stemness-
related genes (such as OCT4 and SOX2) is significantly decreased. These changes
in gene expression were found to be closely related to H3K9Ac and H3K14Ac, which
can be used as marks of gene activation. The regulatory roles of histone acetylases in
osteoblast differentiation have been increasingly recognized. According to previous
and existing studies, HDAC1, HDAC6, HDACS, and SIRT1 play important roles
in the differentiation of MSCs. For example, Wang et al. found that inhibiting the
expression of histone deacetylase 1 (HDAC1) can effectively enhance the osteogenic
differentiation, gene expression, and the bone formation activity of bone mar-
row MSCs under mechanical stimulation [25]. Lu et al. showed that HDAC1 has a
negative correlation with cardiac cell differentiation of MSCs under a myocardial
microenvironment. During this process, the expression of HDAC1 in MSCs was
significantly decreased in a time-dependent manner. In addition, their data proved
that the knockdown of HDAC1 promoted the directed differentiation of MSCs
into cardiac cells [26]. Several studies have shown that the expression of HDAC6
is reduced during osteogenic differentiation, and HDAC6 negatively regulates the
expression of OC, osteopontin (OPN), BSP2, OSX, and ALP partly by binding to
the RUNX2 C-terminus and adjusting RUNX?2 activity [27-29]. Fuet al. reported
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Involved Factor Mechanism Result Reference
epigenetic
histone
modification
Histone HDAC inhibitor Stimulate the Arrest the cell [18]
deacetylation transcription of cycle at the G2/M
P21cipy/war through check point,
enhancing the H3 and inhibit adipogenic,
H4 acetylation chondrogenic,
and neurogenic
differentiation;
promote
osteogenesis
Histone Knockdown Insufficient to INHIBIT adipogenic [19]
acetylation of PCAF increase H3K9 differentiation and
(histone H3K9 acetylation at promote osteogenic
acetyltransferase) promoters of BMP2, differentiation in
BMP4, BMPR2B, and MSCs; reduce the
Runx2 bone formation both
in vitro and in vivo
Histone GCNS5 knockdown Insufficient to inhibit Inhibits osteogenic [20]
acetylation NF-«B signaling differentiation of
by mediating MSCs
the proteasomal
degradation of p65
(acetyl K310)
Histone SIRT1 knockout Insufficient to Reduce [21]
deacetylation deacetylate f-catenin differentiation
to promote its towards osteoblasts,
accumulation in the and chondrocytes
nucleus
Histone Overexpression of Decrease H3K4me3 Inhibit [22]
demethylation KDMS5A levels on promoters osteogeninsis; lead
of Runx2 by to osteoporosis
demethylating
H3K4me3
Histone GYa inhibitor Unclear (correlate Impair the [23]
methylation with PPARy and C/ proliferation but the
EBPa expression) anti-proliferative
effect is not
sustained; increase
adipogenic potential
and decrease
osteogenic potential
of MSCs
Histone Downregulation Insufficient to recruit Cellular senescence [24]
methylation of BMI1 and stabilize PRC2
which trimethylate
H3K27
Histone Downregulation Insufficient to Cellular senescence [24]
methylation of EZH2 trimethylate H3K27
as catalytic subunit of
PRC2 and keep a high
extent of H3K27me3
to suppress p16™ A
induced senescence
Table 1.

Histone modification in MSC differentiation and aging.
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that the pharmacological inhibition of HDAC8 by the HDAC inhibitor, valproic acid
(VPA), increased the levels of H3K9Ac and significantly enhanced the expression
of the osteogenesis-related genes RUNX2, osterix, OCN, OPN, and ALP. Similarly,
knockdown of HDACS8 enhanced the osteogenic differentiation of MSCs [30].
Furthermore, SIRT1, an NAD + -dependent deacetylase, also acts as a key regula-
tor of MSC differentiation. The decrease in its activity reduces the expression of
the stemness factor Sox2, which leads to the degradation of the self-renewal and
differentiation ability of MSCs [31]. It was reported that SIRT1 knock-out MSCs
showed reduced differentiation toward osteoblasts and chondrocytes in vitro,

but showed no difference in proliferation or apoptosis. Petra et al. showed that
SIRT1 deacetylates f-catenin to promote its accumulation in the nucleus, leading
to the transcription of genes for MSC differentiation [21]. Additionally, epigenetic
research has shed light on the effects of histone acetylation on adipogenesis and
chondrogenesis. Chemically distinct HDAC inhibitors have been shown to prevent
adipocyte differentiation [32]. It has been reported that SIRT2 acts as an important
regulator of adipocyte differentiation through the deacetylation of forkhead box
protein O1 (FOXO1), peroxisome proliferator-activated receptor gamma (PPARY),
and CCAAT/enhancer binding protein § (C/EBPp) [33, 34]. Nakade et al. showed
that Jun dimerization protein 2 (JDP2) plays a key role as a repressor of adipocyte
differentiation by regulating the expression of C/EBPS via the inhibition of histone
acetylation [35]. In addition, SIRT1 can also promote the cartilage differentiation
process of MSCs by activating the deacetylation of Sox9 and NF-kB [36].

3.2 Histone methylation

Histone methylation is another common post-translational modification by
which methyl groups are transferred to the amino acids of histone proteins that
make up the nucleosomes. Histone methylation can occur at various sites in histone
proteins, primarily on lysine and arginine residues, and it can be governed by
multiple positive and negative regulators, even at a single site, to either activate or
repress transcription. Histone methylation is regulated by histone methyltrans-
ferase (HMT) and histone demethylase (HDM), which can be monomethylated,
dimethylated, or trimethylated.

The increase in methylation usually promotes the affinity of histones to DNA
and increases the degree of transcriptional inhibition, such as H3K9 methyla-
tion and H3K27 methylation. H3K9 dimethylation and trimethylation are typical
repressive histone modifications that mediate the formation of heterochromatic
regions. It was reported that the knockdown of ESET, a H3K9 methyltransferase,
causes an aberrant expression of Runx?2 and finally leads to the impairment
of osteogenic differentiation and bone defects in mice. On the other hand, the
knockdown of EHMT1, a H3K9 specific methyltransferase, resulted in decreased
H3K9me2 levels on the promoters of Runx2, thereby upregulating transcription
in mouse tissues. With respect to the adipogenic differentiation of MSCs, it was
found that the enrichment of H3K9mel and H3K9me?2 on the promoters of C/EBP
and PPARy was negatively associated with adipogenic differentiation. Lowering
the H3K9 methylation levels in these regions by either H3K9 demethylase or HMT
inhibitors ultimately promoted adipogenic differentiation. In addition, H3K9me3
levels in the promoter region of Sox9, as well as its target genes Col241 and aggre-
can, were found to be negatively correlated with the chondrogenic differentiation
of MSCs. H3K27 methylation is another heterochromatic histone modification
associated with transcriptional repression. H3K27me3 on the promoters of Wnt
family genes, including Wnt1, Wnt6, Wnt10a, and Wnt10b, was increased dur-
ing osteogenesis. Knockdown of the H3K27me3 demethylases such as KDM4B
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Figure 1.
The mechanisms of histones modification.

and KDMB6B attenuated osteogenesis. Moreover, H3K27me3 demethylases have
also been reported to facilitate the adipogenic and chondrogenic differentiation
of MSCs. Hemming et al. found that high expression of the enhancer of zeste
homolog 2 (EZH2), a histone methyltransferase catalyzes the tri-methylation of
chromatin H3K27, promotes the adipogenic differentiation of MSCs, and inhibits
the osteogenic differentiation, while demethylase KDM6A has the opposite effect.
In contrast to H3K9 and H3K27 methylation, methylation of H3K4 is associated
with an active transcription state. It has been reported that H3K4me3 levels are
negatively associated with osteogenesis. HDMs, such as KDM5A and KDM5B,
which specifically demethylate H3K4, were found to influence MSC osteogenic
differentiation. A recent study also reported that silencing of Ashil, an H3K4
methyltransferase, promotes adipogenesis while suppressing osteogenesis and
chondrogenesis (Figure 1).

4. Chromatin remodeling

Chromatin remodeling is the dynamic modification of chromatin architecture,
which is an important mechanism for regulating gene expression. In eukaryotes,
DNA is tightly wound into a complex called chromatin. Chromatin remodeling
allows the access of tightly condensed DNA to various regulatory factors, such as
transcription factors and components of DNA replication, so that specific genes can
be expressed. The basic mechanism of chromatin remodeling depends on the three
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dynamic properties of nucleosomes: reconstruction, enzyme-induced covalent
modification, and repositioning. In addition, the aforementioned histone modifica-
tion is another important aspect of chromatin remodeling. Aberrations in chroma-
tin remodeling proteins are associated with various human disorders and diseases.
The major activities involved in nucleosome structure alterations use the energy
supplied by ATP hydrolysis to affect nucleosomes. These enzymes are called ATP-
dependent chromatin (or nucleosome) remodeling factors. The system involves four
subfamilies of ATP-dependent chromatin remodeling complexes, namely switch/
sucrose non-fermentable (SWI/SNF), nucleosome remodeler deacetylase (NuRD),
INOS8O, and imitation switch (ISWT).

Several studies have demonstrated that functional SWI/SNF machinery plays
an important role in regulating MSC tri-lineage differentiation by interacting with
tissue-specific transcription factors and crosstalk with cell signaling pathways.
Brahma-associated factor (BAF) complex subunits have been implicated in MSC
osteo-lineage commitment. For example, depletion of BRG1 leads to constitutive
osteo-lineage gene expression [37]. BRM negatively regulates osteocalcin expression
[38]. Loss of the classical BAF restricted subunit Pbrm1/Arid2/Brd7 leads to reduced
osteogenesis without compromising adipogenesis [39]. It has also been reported
that SWI/SNF-dependent chromatin remodeling is involved in MSC adipogenic
differentiation. BRG1 overexpression was associated with promoted adipogenic
differentiation, which was associated with a marked increase in the differentiation
markers PPARy and LPL [40]. BAF45A was identified as an important regulator of
adipogenic differentiation in human MSCs [41]. In addition, other ATP-dependent
chromatin remodelers, such as chromodomain helicase DNA binding (CHD)
proteins, are also involved in MSC lineage commitment. CHD4 was reported to be
implicated in chondrogenesis. Simon et al. reported that CHD1 is required for the
induction of osteoblast-specific gene expression, extracellular-matrix mineraliza-
tion, and ectopic bone formation in vivo [42]. CReMM plays a role in mediating the
transcriptional response to hormones that coordinate osteoblast function [42, 43].
It was proved by Kumar et al. that metastasis-associated gene 1(MTA1) negatively
regulates osteo-lineage gene expression [44]. Together, chromatin remodeling plays
an important role in MSC lineage commitment.

5. Non-coding RNAs

The RNA world is divided into two classes: 1) RNAs that have coding potential
(mRNAs) and 2) RNAs without coding potential, referred to as non-coding RNAs
(ncRNAs). Although mRNAs have been extensively studied, ncRNAs span more
than 98% of DNA transcripts. In the past, these molecules were considered as “evo-
lutionary junk” but increasing evidence suggests that these molecules spatiotem-
porally regulate protein-coding gene expression in several molecular mechanisms.
With improved RNA-sequencing techniques, in recent years, there have been great
advances in identifying and understanding ncRNAs. Epigenetic ncRNAs, including
microRNAs (miRNAs), small interfering RNAs (siRNAs), piwi-interacting RNA
(piRNA), and long noncoding RNAs (IncRNA), have been reported to play key roles
in the regulation of various diseases and biological processes, including cellular
differentiation, proliferation, apoptosis, gene regulation, and cancer development.

5.1 Long non-coding RNA

IncRNA is a novel class of noncoding RNAs longer than 200 nt, which can regu-
late gene expression at the transcriptional and post-transcriptional levels. LncRNAs
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are mainly located in the cell nucleus or cytoplasm, affecting the status and fate of
cells through different post-transcriptional mechanisms. Nuclear IncRNAs guide
chromatin modifiers, such as DNA methyltransferase, histone methyltransferase,
and heteronuclear ribosome protein, to a specific genetic locus and induce chroma-
tin structure remodeling, which in turn regulates gene expression either positively
or negatively. Cytoplasmic IncRNAs can either block the functional site or alter the
structure and modification of specific proteins, thereby regulating the function
and stabilization of these proteins, and ultimately alter the fate and function of
cells. During the last decade, multiple studies have demonstrated that IncRNAs are
widely involved in growth and development by controlling the fate of cells, includ-
ing MSCs.

Studies have demonstrated the importance of IncRNAs in bone regeneration and
bone formation. Many IncRNAs regulating the osteogenic differentiation of MSCs
have been identified, including ANCR, AK141205, AK028326, DANCR, MALAT1,
MEG3, MORD, and POIR; these either promote or inhibit osteogenic differentiation
through diverse pathways. For example, MALAT1 promotes OSX expression and the
osteogenesis of MSCs by sponging miR-143, and MALAT1 can be used as a biomarker
for the detection of osteoporosis [45]. MEG3 inhibited bone morphogenetic protein
2 (BMP2) through interaction with hnRNPI, which plays an active role in mRNA
splicing, and finally suppresses osteogenic differentiation [46]. Exosome-transferred
IncRNA, RUNX2 antisense RNA 1 (RUNX2-AS1), decreases the expression of
RUNX2 in MSCs by forming an RNA duplex with RUNX2, consequently suppressing
osteogenesis [47]. MEG3 has also been shown to promote osteogenic differentiation
in MSCs via the BMP4 signaling pathway [48]. Moreover, IncRNAs are associated
with osteogenesis through the regulation of classical signaling pathways, including
the Wnt/p-catenin pathway, p38 mitogen-activated protein kinase (MAPK) path-
way, Notch signaling pathway, and nuclear factor-kB (NFkB) signaling pathway.
Currently, few studies have focused on IncRNA expression and their functions in
the chondrogenic and adipogenic differentiation of MSCs. Xiao et al. reported that
adipogenic differentiation-induced noncoding RNA (ADINR) was significantly
upregulated in MSCs after adipogenic induction. Knocking out ADINR significantly
inhibited the ability of MSCs to differentiate into adipocytes. A mechanistic study
revealed that ADINR positively regulates the expression of the transcription factor
C/EBPa [49]. Wang et al. reported that the expression of the IncRNAs ZBED3-AS1
and CTA-941F9.9 was significantly upregulated during the differentiation process of
MSCs toward cartilage [50].

5.2 MicroRNA

MicroRNAs are the most abundant class of small ncRNAs with a length of
21-25 nt, and have been studied extensively. miRNAs are also involved in the
epigenetic regulation of genes in both the cytoplasm and nucleus through different
mechanisms. Their main action is the negative regulation of gene expression by
specifically binding to a target mRNA through base complementary pairing and
inducing its degradation or the inhibition of its translation.

Accumulating evidence indicates that miRNAs play an important role in the
maintenance of stemness and differentiation of MSCs (Table 2). As mentioned
above, lineage differentiation of MSCs is a complex biological process. For example,
MSCs differentiate into osteogenic progenitor cells and subsequently osteoblasts,
and then gradually become mature bone cells along with a variety of extracel-
lular matrix mineralization. This process involves a large number of secretory and
transcription factors. In addition, the differentiation and maturation of MSCs also
involves signaling pathways such as WNT, BMP, and PI3K/Akt. The key effector
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Involved Mechanism Result Reference
miRNA
miR-23a targets LRP5 and subsequently suppress Inhibit osteogenesis of MSCs [51]
the Wnt/f-catenin signaling pathway
miR-26a in BMSCs: targets GSK3f mainly and Inhibit osteogenesis of [52]
activates Wnt/f-catenin signaling ADSCs and promote
pathway; osteogenesis of BMSCs
in ADSCs: targets Smad1 mainly and
inhibits BMP signaling pathway
miR-30c reduces Runx2 protein Inhibit osteogenesis of MSCs [53]
miR-34c
miR-133a
miR-135a
miR-137
miR-204
miR-205
miR-217
miR-338
miR-20b Activate the BMPs/Runx2 signaling Promote ostegenesis [54, 55]
pathway at four levels, which consists of
repressing PPAR, Bambi and Crim1
miR-29b activates the AKT/p-catenin signaling Promote osteogenesis of [56]
pathway by inhibiting PTEN expression hADSCs
miR-196a targets HOXC8 (a negative regulator Inhibit proliferation and [57]
of SMAD1) promote osteogenesis of
hDASCs
miR-17-5p Represses the Wnt signaling pathway Promote adipogenesis of [58, 59]
effector Tcf712 BM-MSCs
miR-21 Alters SMAD3 phosphorylation without [59, 60]
affecting total levels of SMAD3 protein
and modulate TGF-f signaling pathway
miR-143 Directly represses MAP2K5 (a key [59, 61]
member of the MAPKK family in the
MAPK signaling pathway)
miR-30a Targets Runx2 Promote adipogenesis [62]
miR-30d
miR- unknown In a high level in [62]
642a-3p adipogenesis
Table 2.

miRNA and MSCs differentiation.

molecules in these pathways can be regulated by miRNAs, which in turn affects
MSC fate decisions. Recently, various miRNAs, including miR-20b, -29b, -30a-5p,
-142-3p, -196a, -210, -746-5p, -2861, -3960, -335-5p, etc., have been reported to
enhance osteogenic differentiation, whereas miR -23a, -26a, -30c, -34b, -34c,

-125, -133a, -135a, -137, -141, -148, -200a, -204, -205, -206, -217, and -338 could
impede osteogenic differentiation, and miR-143, -24, -31, -30c, and -642a-3p are
involved in regulating adipogenesis. Oskowitz et al. reported that silencing of Dicer
or Drosha, two key enzymes in the miRNA biogenesis pathway, inhibits both the
osteogenic and adipogenic differentiation of MSCs [63]. Some miRNAs have been
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reported to act as switches for MSCs to differentiate into different lineages. For
example, the miR-17 cluster of the miRNA family, miR-17-5p, miR-106a, and miR-
20a, are downregulated when the cell undergoes osteogenic differentiation and is
upregulated during adipocyte differentiation [64]. Miyaki et al. also demonstrated
that the expression of miR-140 increased during chondrocytic differentiation
along with the expression of Sox9, Aggercan, and Col2A1 [65]. In addition, recent
research has found that miRNAs can form a competitive endogenous RNA regula-
tion network with IncRNAs and circRNAs. Some research groups have started
paying more attention to this regulatory network, which will further improve our
understanding of the role of ncRNAs in MSC maintenance and differentiation.

6. Conclusions

“Epigenetics” was first used to define the complex interactions between the
genome and the environment that are involved in the development and differen-
tiation of organisms. Nowadays, the term refers to heritable alterations in gene
expression that are not mediated at the DNA sequence level. Accumulating evidence
has suggested that the processes of epigenetic modifications are crucial and largely
responsible for the variable activation and repression of specific genes at specific
time points during the lifespan of stem cells, allowing for the terminally differenti-
ated phenotype. With the advances in biological and experimental technologies,

a variety of epigenetic modifications involved in the cell fate determination of
MSCs have been discovered in recent years. In addition to the types of epigenetic
modifications introduced in the article, some researchers have suggested the role of
histone phosphorylation, ubiquitination, and other modifications in the differen-
tiation of MSCs. On this basis this information, drugs that effectively regulate these
modifications have been developed to provide precise differentiation conditions
for MSCs and make them more effective in clinical treatment. The disadvantage of
epigenetic therapy using small molecule drugs is the lack of specificity, which needs
to be further studied. In summary, epigenetic modifications play an important
regulatory role in the cell fate determination of MSCs, but the precise function of
these modifications in different MSC types, as well as the associated underlying
mechanisms, remain to be thoroughly investigated. In-depth research in this field
would provide important reference data for the differentiation mechanism research
and clinical application of MSCs.

Acknowledgements
The authors were supported by the National Key Research and Development

Program of China (2020YFA0113003, 2018YFC1004803) and the Fundamental
Research Funds for the Central Universities.

Conflict of interest

The authors declare no competing financial interests.

51



Post-Translational Modifications in Cellular Functions and Diseases

Author details

Haoli Ying"?, Ruolang Pan’ and Ye Chen™**

1 Institute of Genetics and Division of Medical Genetics and Genomics, The
Children’s Hospital, Zhejiang University School of Medicine, Hangzhou, Zhejiang,
China

2 Zhejiang Provincial Key Laboratory of Genetic and Developmental Disorders,
Hangzhou, Zhejiang, China

3 Key Laboratory of Cell-Based Drug and Applied Technology Development in
Zhejiang Province, Hangzhou, Zhejiang, China

*Address all correspondence to: yechency@zju.edu.cn

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

52



Epigenetic Control of Mesenchymal Stromal Cell Fate Decision

DOI: http://dx.doi.org/10.5772/intechopen.97086

References

[1] Villagra A, Gutirrez ], ParedesR,

Sierra ], Puchi M, Imschenetzky M, et al.

Reduced CpG methylation is associated
with transcriptional activation of the
bone-specific rat osteocalcin gene in
osteoblasts. ] Cell Biochem. 2002;

[2] Dansranjavin T, Krehl S, Mueller T,
Mueller LP, Schmoll HJ, Dammann RH.
The role of promoter CpG methylation
in the epigenetic control of stem cell
related genes during differentiation.
Cell Cycle. 2009;

[3] Arnsdorf EJ, Tummala P, Kwon RY,
Jacobs CR. Mechanically induced
osteogenic differentiation - The role
of RhoA, ROCKII and cytoskeletal
dynamics. J Cell Sci. 2009;

[4] Yang R, Yu T, Kou X, Gao X, Chen C,
Liu D, et al. Tetl and Tet2 maintain
mesenchymal stem cell homeostasis

via demethylation of the P2rX7
promoter. Nat Commun [Internet].

2018;9(1). Available from: http://dx.doi.

org/10.1038/s41467-018-04464-6

(5] Zhou GS, Zhang XL, Wu JP,
Zhang RP, Xiang LX, Dai LC, etal.
5-Azacytidine facilitates osteogenic
gene expression and differentiation
of mesenchymal stem cells by
alteration in DNA methylation.
Cytotechnology. 2009;

[6] Garcia-Ibarbia C, Delgado-Calle]J,
Casafont I, Velasco J, Arozamena J,
Pérez-Nufiez MI, et al. Contribution
of genetic and epigenetic mechanisms
to Wnt pathway activity in prevalent
skeletal disorders. Gene. 2013;

[7] Delgado-Calle J, Ferndndez AF,
Sainz J, Zarrabeitia MT, Safiudo C,
Garcia-Renedo R, et al. Genome-wide
profiling of bone reveals differentially
methylated regions in osteoporosis and
osteoarthritis. Arthritis Rheum. 2013;

[8] Sun Z, Yang S, Ye S, Zhang Y,
XuW, Zhang B, et al. Aberrant CpG

53

Islands’ hypermethylation of ABCB1
in mesenchymal stem cells of patients
with steroid-associated osteonecrosis. J
Rheumatol. 2013;40(11):1913-20.

[9] Barrand S, Collas P. Chromatin
states of core pluripotency-associated
genes in pluripotent, multipotent and
differentiated cells. Biochem Biophys
Res Commun. 2010;

[10] Noer A, Serensen AL, Boquest AC,
Collas P. Stable CpG hypomethylation
of adipogenic promoters in freshly
isolated, cultured, and differentiated
mesenchymal stem cells from adipose
tissue. Mol Biol Cell. 2006;

[11] Fujiki K, Kano F, Shiota K,

Murata M. Expression of the peroxisome
proliferator activated receptor y gene

is repressed by DNA methylation in
visceral adipose tissue of mouse models
of diabetes. BMC Biol. 2009;

[12] Melzner I, Scott V, Dorsch K,
Fischer P, Wabitsch M, Briiderlein S,

et al. Leptin gene expression in human
preadipocytes is switched on by
maturation-induced demethylation of
distinct CpGs in its proximal promoter. J
Biol Chem. 2002;

[13] Stachecka J, Lemanska W, Noak M,
Szczerbal I. Expression of key genes
involved in DNA methylation during
in vitro differentiation of porcine
mesenchymal stem cells (MSCs) into
adipocytes. Biochem Biophys Res
Commun. 2020;

[14] Nomura Y, Hara ES, Yoshioka Y,
Nguyen HT, Nosho S, Komori T, et al.
DNA Methylation-Based Regulation
of Human Bone Marrow-Derived
Mesenchymal Stem/Progenitor Cell
Chondrogenic Differentiation. Cells
Tissues Organs. 2020;207(3-4):115-26.

[15] Chen YS, Wu R, Yang X, Kou S,
MacDougald OA, YuL, et al. Inhibiting



Post-Translational Modifications in Cellular Functions and Diseases

DNA methylation switches adipogenesis
to osteoblastogenesis by activating
Wntl0a. Sci Rep. 2016;

[16] Kim K II, Park YS, Im G II. Changes
in the epigenetic status of the SOX-9
promoter in human osteoarthritic
cartilage. ] Bone Miner Res. 2013;

[17] Barter MJ, Bui C, Cheung K,

Falk J, Gomez R, Skelton AJ, et al.
DNA hypomethylation during MSC
chondrogenesis occurs predominantly
at enhancer regions. Sci Rep. 2020;

[18] Lee S, Park JR, Seo MS, Roh KH,

Park SB, Hwang JW, et al. Histone
deacetylase inhibitors decrease
proliferation potential and multilineage
differentiation capability of human
mesenchymal stem cells. Cell Prolif. 2009;

[19] Zhang P, Liu Y, Jin C, Zhang M,

Lv L, Zhang X, et al. Histone H3K9
Acetyltransferase PCAF Is Essential for
Osteogenic Differentiation Through
Bone Morphogenetic Protein Signaling

and May Be Involved in Osteoporosis.
Stem Cells. 2016;

[20] Zhang P, Liu, Jin C,

Zhang M, Tang F, Zhou Y. Histone
Acetyltransferase GCN5 Regulates
Osteogenic Differentiation of
Mesenchymal Stem Cells by Inhibiting
NF-xB. ] Bone Miner Res. 2016;

[21] Simic P, Zainabadi K, Bell E,
Sykes DB, Saez B, Lotinun S, et al.
SIRT1 regulates differentiation of
mesenchymal stem cells by
deacetylating p-catenin. EMBO Mol
Med. 2013;

[22] Wang C, Wang ], Li], Hu G,
Shan S, Li Q, et al. KDM5A controls
bone morphogenic protein 2-induced
osteogenic differentiation of bone
mesenchymal stem cells during
osteoporosis. Cell Death Dis. 2016;

[23] Khanban H, Fattahi E, Talkhabi M.
In vivo administration of G9A inhibitor

54

A366 decreases osteogenic potential of
bone marrow-derived mesenchymal
stem cells. EXCLI J. 2019;

[24] Jung JW, Lee S, Seo MS, Park SB,
Kurtz A, Kang SK, et al. Histone
deacetylase controls adult stem cell
aging by balancing the expression of

polycomb genes and jumonji domain
containing 3. Cell Mol Life Sci. 2010;

[25] Wang J, Wang CD, Zhang N,

Tong WX, Zhang YF, Shan SZ, et al.
Mechanical stimulation orchestrates
the osteogenic differentiation of human

bone marrow stromal cells by regulating
HDAC1. Cell Death Dis. 2016;

[26] Lu DF, Yao Y, SuZZ, Zeng ZH,
Xing XW, He ZY, et al. Downregulation
of HDAC1 is involved in the
cardiomyocyte differentiation from
mesenchymal stem cells in a myocardial
microenvironment. PLoS One. 2014;

[27] Yan GQ, Wang X, Yang F,

Yang ML, Zhang GR, Wang GK, et al.
MicroRNA-22 Promoted Osteogenic
Differentiation of Human Periodontal
Ligament Stem Cells by Targeting
HDACS. J Cell Biochem. 2017;

[28] Manzotti G, Torricelli F, Donati B,
Sancisi V, Gugnoni M, Ciarrocchi A.
HDACs control RUNX2 expression in
cancer cells through redundant and cell
context-dependent mechanisms. ] Exp
Clin Cancer Res. 2019;

[29] Ozaki T, Wu D, Sugimoto H,
Nagase H, Nakagawara A. Runt-related
transcription factor 2 (RUNX2) inhibits
p53-dependent apoptosis through the
collaboration with HDAC6 in response
to DNA damage. Cell Death Dis. 2013;

[30] FuY, Zhang P, GeJ, Cheng]J,

Dong W, Yuan H, et al. Histone
deacetylase 8 suppresses osteogenic
differentiation of bone marrow stromal
cells by inhibiting histone H3K9
acetylation and RUNX2 activity. Int ]
Biochem Cell Biol. 2014;



Epigenetic Control of Mesenchymal Stromal Cell Fate Decision

DOI: http://dx.doi.org/10.5772/intechopen.97086

[31] Yoon DS, Choi Y, Jang Y, Lee M,
Choi WJ, Kim SH, et al. SIRT1 directly
regulates SOX2 to maintain self-renewal
and multipotency in bone marrow-

derived mesenchymal stem cells. Stem
Cells. 2014;

[32] Catalioto RM, Maggi CA,
Giuliani S. Chemically distinct HDAC
inhibitors prevent adipose conversion
of subcutaneous human white
preadipocytes at an early stage of the
differentiation program. Exp Cell
Res. 2009;

[33] Wang F, Tong Q. SIRT?2 suppresses
adipocyte differentiation by
deacetylating FOXO1 and enhancing
FOXOT’s repressive interaction with
PPARYy. Mol Biol Cell. 2009;

[34] Jing E, Gesta S, Kahn CR. SIRT2
Regulates Adipocyte Differentiation
through FoxO1 Acetylation/
Deacetylation. Cell Metab. 2007;

[35] Nakade K, Pan J, Yoshiki A, Ugai H,
Kimura M, Liu B, et al. JDP2 suppresses
adipocyte differentiation by regulating
histone acetylation. Cell Death

Differ. 2007;

[36] Choi SM, Lee KM, Ryu SB, Park Y],
Hwang YG, Baek D, et al. Enhanced
articular cartilage regeneration with
SIRT1-activated MSCs using gelatin-
based hydrogel. Cell Death Dis. 2018;

[37] Nguyen KH, Xu F, Flowers S,
Williams EAJ, Fritton JC, Moran E. SWI/
SNF-Mediated Lineage Determination
in Mesenchymal Stem Cells Confers

Resistance to Osteoporosis. Stem
Cells. 2015;

[38] Flowers S, Nagl NG, Beck GR,
Moran E. Antagonistic roles for BRM
and BRG1 SWI/SNF complexes in
differentiation. ] Biol Chem. 2009;

[39] Sinha S, Biswas M, Chatterjee SS,

Kumar S, Sengupta A. Pbrm1 Steers
Mesenchymal Stromal Cell Osteolineage

55

Differentiation by Integrating PBAF-
Dependent Chromatin Remodeling and
BMP/TGF- Signaling. Cell Rep. 2020;

[40] Napolitano MA, Cipollaro M,
Cascino A, Melone MAB, Giordano A,
Galderisi U. Brgl chromatin remodelling
factor is involved in cell growth

arrest, apoptosis and senescence of rat
mesenchymal stem cells. J Cell Sci. 2007;

[41] van de Peppel J, Strini T,

Tilburg J, Westerhoff H, van Wijnen AJ,
van Leeuwen JP. Identification of Three
Early Phases of Cell-Fate Determination
during Osteogenic and Adipogenic
Differentiation by Transcription Factor
Dynamics. Stem Cell Reports. 2017;

[42] Baumgart SJ, Najafova Z, Hossan T,
Xie W, Nagarajan S, Kari V, etal. CHD1
regulates cell fate determination by
activation of differentiation-induced
genes. Nucleic Acids Res. 2017;

[43] Marom R, Shur I, Hager GL,
Benayahu D. Expression and regulation
of CReMM, a chromodomain helicase-
DNA-binding (CHD), in marrow
stroma derived osteoprogenitors. J Cell
Physiol. 2006;

[44] Kumar A, Salimath BP, Schieker M,
Stark GB, Finkenzeller G. Inhibition of
metastasis-associated gene 1 expression
affects proliferation and osteogenic
differentiation of immortalized

human mesenchymal stem cells. Cell
Prolif. 2011;

[45] Gao'Y, Xiao F, Wang C, Wang C,
Cui P, Zhang X, et al. Long noncoding
RNA MALAT1 promotes osterix
expression to regulate osteogenic
differentiation by targeting miRNA-
143 in human bone marrow-derived
mesenchymal stem cells. J Cell
Biochem. 2018;

[46] LiuY, Zeng X, Miao ], Liu C,
Wei F, Liu D, et al. Upregulation of
long noncoding RNA MEG3 inhibits
the osteogenic differentiation of



Post-Translational Modifications in Cellular Functions and Diseases

periodontal ligament cells. J Cell
Physiol. 2019;

[47]1 Li B, Xu H, Han H, Song S,
Zhang X, Ouyang L, et al. Exosome-
mediated transfer of IncRUNX2-AS1
from multiple myeloma cells to
MSCs contributes to osteogenesis.
Oncogene. 2018;

(48] Chen S, JiaL, Zhang S, Zheng Y,
ZhouY. DEPTOR regulates osteogenic
differentiation via inhibiting MEG3-
mediated activation of BMP4 signaling
and is involved in osteoporosis. Stem
Cell Res Ther. 2018;

[49] Xiao T, Liu L, Li H, Sun Y, Luo H,
LiT, etal. Long noncoding RNA
ADINR regulates adipogenesis by
transcriptionally activating C/EBPa.
Stem Cell Reports. 2015;

[50] Wang L, LiZ,Li Z,

Yu B, Wang Y. Long noncoding RNAs
expression signatures in chondrogenic
differentiation of human bone marrow
mesenchymal stem cells. Biochem
Biophys Res Commun. 2015;

[511 LiT, Li H, Wang Y, Li T, Fan ],
Xiao K, et al. MicroRNA-23a inhibits
osteogenic differentiation of human
bone marrow-derived mesenchymal
stem cells by targeting LRP5. Int ]
Biochem Cell Biol. 2016;

[52] SuX, Liao L, Shuai, Jing H,

Liu S, Zhou H, et al. MiR-26a functions
oppositely in osteogenic differentiation
of BMSCs and ADSCs depending on
distinct activation and roles of Wnt
and BMP signaling pathway. Cell Death
Dis. 2015;

[53] Zhang Y, Xie RL, Croce CM,
Stein JL, Lian JB, Van Wijnen AJ, et
al. A program of microRNAs controls
osteogenic lineage progression by

targeting transcription factor Runx2.
Proc Natl Acad Sci U S A. 2011;

[54] Zhang Z], Zhang H, Kang Y,
Sheng PY, Ma YC, Yang ZB, etal.

56

MiRNA expression profile during
osteogenic differentiation of human
adipose-derived stem cells. ] Cell
Biochem. 2012;

[55] He ], Zhang ] fang, Yi C, Lv Q,
Xie W dong, Li ] na, et al. miRNA-
mediated functional changes through

co-regulating function related genes.
PLoS One. 2010;

[56] Xia T, Dong S, Tian J. miR-29b
promotes the osteogenic differentiation
of mesenchymal stem cells derived from
human adipose tissue via the PTEN/
AKT/p-catenin signaling pathway. Int ]
Mol Med. 2020;

[57] Kim Y], Bae SW, Yu SS, Bae YC,

Jung JS. miR-196a regulates proliferation
and osteogenic differentiation in
mesenchymal stem cells derived from
human adipose tissue. ] Bone Miner

Res. 2009;

[58] Tian L, Song Z, Shao W, DuWW,
Zhao LR, Zeng K, et al. Curcumin
represses mouse 3T3-L1 cell adipogenic
differentiation via inhibiting miR-17-5p
and stimulating the Wnt signalling
pathway effector Tcf712. Cell Death

Dis. 2017;

[59]1 An X, MaK, Zhang Z, Zhao T,
Zhang X, Tang B, et al. MiR-17, miR-
21, and miR-143 Enhance Adipogenic
Differentiation from Porcine Bone

Marrow-Derived Mesenchymal Stem
Cells. DNA Cell Biol. 2016;

[60] Jeong Kim Y, Jin Hwang S, Chan
Bae, Sup Jung J. MiR-21 regulates
adipogenic differentiation through

the modulation of TGF-p signaling in
mesenchymal stem cells derived from
human adipose tissue. Stem Cells. 2009;

[61] Chen L, Hou]J, Ye L, ChenY, Cui ],
Tian W, et al. MicroRNA-143 regulates
adipogenesis by modulating the
map2k5-erk5 signaling. Sci Rep. 2014;

[62] Zaragosi LE, Wdziekonski B,
Brigand KL, Villageois P,



Epigenetic Control of Mesenchymal Stromal Cell Fate Decision
DOI: http://dx.doi.org/10.5772/intechopen.97086

Mari B, Waldmann R, et al. Small RNA
sequencing reveals miR-642a-3p asa
novel adipocyte-specific microRNA
and miR-30 as a key regulator of human
adipogenesis. Genome Biol. 2011;

[63] Oskowitz AZ, Lu ], Penfornis P,
Ylostalo J, McBride ], Flemington EK,
et al. Human multipotent stromal cells
from bone marrow and microRNA:
Regulation of differentiation and
leukemia inhibitory factor expression.
Proc Natl Acad Sci U S A. 2008;

[64] Li H, Li T, Wang S, Wei J,

Fan], Li], etal. MiR-17-5p and miR-
106a are involved in the balance
between osteogenic and adipogenic
differentiation of adipose-derived
mesenchymal stem cells. Stem Cell
Res. 2013;

[65] Miyaki S, Nakasa T, Otsuki S,
Grogan SP, Higashiyama R, Inoue A,
et al. MicroRNA-140 is expressed in
differentiated human articular
chondrocytes and modulates
interleukin-1 responses. Arthritis
Rheum. 2009;

57






Chapter 4

The Function of FEN1 is Regulated
by Post-Translational Modification

Zhenxing Wu, Xiaofen Mo, Chengbo Lang and Jinjing Luo

Abstract

Flap endonuclease 1 (FEN1) is a multifunctional DNA branching nuclease.
Post-translational modifications (PTMs) exist in this protein widely, including
phosphorylation, methylation, acetylation, ubiquitination and small ubiquiti-
nation modification (SUMO). Here, we make a summary for those PTMs studies
on FENI, to illustrate relationships between mutations of those amino acids
and their functions alteration of FEN1. Numerous evidences have confirmed
that dysfunction of FEN1 would lead to genome instability, and then induce a
variety of chromosome-related diseases ultimately, including tumors. On one
hand, interaction partner also stimulates FEN1 nuclease activity, to further
ensure an effective role in the processing of different DNA structures; on the
other hand, PTMs may regulate protein-protein interactions and FENT’s cellular
localization.

Keywords: FEN1, post-translational modification, mutation

1. Introduction

Flap endonuclease 1 (FEN1) is one of the member of the 5" nuclease superfamily
with specific structure [1]. It could participate in Okazaki fragment maturation,
removal of RNA primers in delayed strand replication, maintenance of telomeres,
long base excision repair etc [2-8]. Therefore, we believe that the nuclease activity
of FEN1 is to maintain genome stability, and it is a necessary condition for normal
cell cycle progression. However, if FENI1 is activated on inappropriate time, it would
result in interrupting the cell cycle and then cause DNA damage. Therefore, func-
tion of FEN1 must be performed at a precise location within a suitable protein com-
plex in appropriate time. Dysregulation of FEN1 activity may lead to destruction of
genetic information encoded in DNA and disrupt cell cycle. Studies have found that
the expression of endogenous FEN1 increases in the G1 phase, reaches a peak in the
S phase, and then drops sharply in the subsequent G2/M phase [9]. A large number
of experiments have shown that FEN1 could undergo methylation [10], phosphory-
lation [11], SUMOylation [12, 13] and ubiquitination, a series of post-translational
modifications (PTMs), finally FEN1 may degrade through the proteasome pathway
in the G2/M phase [14].
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2.PTMs of FEN1
2.1 Methylation and phosphorylation of FEN1

In order to complete lagging strand DNA synthesis, mammals need to efficiently
and accurately process up to 50 million Okazaki fragments in each cell cycle, and
researchers have found that FEN1 plays an important role [15, 16]. Henneke et al.
found that methylation and phosphorylation are important signals for the binding
and dissociation of FEN1 and proliferating cell nuclear antigen (PCNA) replicas
[11, 17]. Methylation promotes FEN1 binding to PCNA. Interacting with PCNA,
Pol-8, replication protein A and DNA ligase I, FEN1 removes RNA primers during
DNA replication [18], and then be phosphorylated, resulting in disassociation from
DNA complex and entering the next step [19].

2.2 SUMO3 modification of phosphorylated FEN1

After completing the DNA synthesis of the lagging strand, phosphorylated
FEN1 is dissociated from the DNA complex [19]. Hietakangas et al. and Mohideen
etal. [20, 21] speculated that it was modified by SUMO3, and they used SUMO3
to measure the SUMOylation for phosphorylated FEN1 iz vitro, and compared it
with the unphosphorylated FEN1. Results showed that SUMOylation efficiency
of phosphorylated FEN1 was significantly higher than that of unphosphorylated.
Guo et al. co-transfected HeLa cells with a plasmid encoding His-SUMO3 and
WT FEN1, S187A mutant (phosphorylated deficient) or S187D mutant (sustained
phosphorylated) for FEN1’s phosphorylation study [19]. Compared with WT
FEN1, S187A prevented FEN1 from undergoing SUMOylation, while S187D was the
opposite. Henneke et al. treated the cells with Olomoucine, SUMO3 modification of
WT FEN1 and S187D FEN1 was inhibited significantly [20]. Those indicated that
SUMO3 modification of FENI1 is regulated by the phosphorylation of FEN1 at S187
(Figure1A).

2.3 Degradation of FEN1 mediated by SUMO3

Small ubiquitin-related modifier (SUMO) molecule is a newly discovered
ubiquitin-like molecule, which participates in protein PTMs and plays an important
role [22]. Mammals have SUMO1, SUMO2 and SUMO3, these 3 paralogs passed
through 2 different enzymes, SUMO activating enzyme E1 and E2 [23, 24]. To
test whether FEN1 degradation is related to SUMOylation or not, SUMO1, 2 and 3
overexpressing level for FEN1 was determined. It has been found that overexpres-
sion of SUMO3 led to a sharply decrease in FEN1, which indicated that SUMO3
modification is related to FEN1 degradation. SUMO3 modification site on FEN1
was identified as lysine 168 (K168). To confirm this, mutated K168R and WT FEN1
were subjected to SUMOylation in vitro. WT was SUMOylated, while K168R was
not (Figure 1A). Then it was found that c-Myc-WT FEN1 was SUMOylated in cells,
while SUMOylation of K168R was not. These showed that K168 is the main SUMO3
modification site of FEN1. Further research found that K168R resists its degrada-
tion of FEN1 in G2/M phase, further confirming that degradation of FEN1 requires
SUMO3 modification at K168.

2.4 UBE1/UBE2M/PRP19 complex ubiquitinated FEN1

Ubiquitination is a universal signal pathway for ubiquitin-proteasome degra-
dation for proteins [25]. After its ubiquitinated, FEN1 could be recognized as a
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Figure 1.

( a% PTMs programmed mutation sites. Up is discovered modification sites. Down is predicted modification
sites. A stands for acetylation; P stands for phosphorylation; M stands for methylation; U stands for
ubiquitination; S stands for SUMOylation. (b) Model of sequential modifications to degrade FEN1. FEN1 is
phosphorylated in late S phase, then dissociation from PCNA and the DNA replication fork. Once released
from the DNA replication fork, phosphorylated FEN1 is then SUMOylated, which triggers ubiquitination by
PRP19 and its degradation ultimately.

degradation target. Researchers determined that FEN1 is ubiquitinated iz vitro and
in vivo. Mass spectrometry showed that mutation of K354R abolished the ubiq-
uitination of FEN1 (Figure 1A), which confirmed K354 is the ubiquitination site
indeed. Ubiquitination is similar to SUMOylation, both processes involve sequen-
tial reaction steps mediated by a set of enzymes [25, 26]. Only E1 (SAE1/SAE2)
and E2 (Ubc9) have been found for SUMOylation. However, it was reported that
there are dozens of proteins involved in ubiquitination [27], and 138 interacting
proteins then have been identified, including UBE1 [28], UBE2M [29], PRP19

[30] and UBQLN4 [31], which have been previously determined to play a role in
ubiquitination pathway. It was reported that UBE1 has E1 ubiquitin-activation
activity, UBE2M has E2 ubiquitin-binding activity, PRP19 has E3 ligase-activity,
and UBLNQ4 may play a role in de-ubiquitination. It has also been found that the
consumption of UBQLN4 had no effect on its ubiquitination, while consump-
tion of UBE1 and UBE2M eliminated its ubiquitination, while consumption of
PRP19 showed that FENT’s ubiquitination was significantly reduced. Purified
UBE1, UBE2 and PRP19 were also tested, indicating that they could lead to FENT’s
ubiquitination i vitro.

2.5 FEN1is degraded through the ubiquitin-proteasome pathway during G2/M

It has been showed that endogenous FENT’s expression increased during G1
phase, reached a peak in S phase, and then dropped sharply in G2/M phase, which
indicated that FEN1 was differentially regulated during cell cycle progression.
MG132 (Carbobenzoxyl-leucinyl-leucinyl- leucinal), the proteasome inhibitor,
was used for study. Results showed that the level of FEN1 in G2/M phase increased,
while the level in S phase did not change significantly, suggesting that degradation
is regulated by the proteasome pathway (Figure 1B) [32].

2.6 Acetylation of FEN1

Hasan et al. found that the transcriptional co-activator P300 histone acetyltrans-
ferase could acetylate Lys354, Lys375, Lys377 and Lys380 residues of FEN1 [33].
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Acetylation of FEN1 reduced the DNA binding ability and nuclease activity signifi-
cantly, and then inhibited the interaction between FEN1 and 9-1-1 complex (Rad9/
Rad1/Husl cell cycle checkpoint complex) [34], however, binding ability to PCNA
was not affected [35]. Lys80, Lys267, Lys375, have been found as 3 acetylating sites
[36]. Strangely, Lys80 and Lys267 were not found in previous studies, and functions
of these new sites were still unclear. New acetylation sites, such as Lysl25, Lys252,
Lys254 and Lys314, have also been identified then [37]. It showed that acetylation
levels of K125A and K252/K254A mutants decreased significantly, indicating that
these sites were key sites for FEN1s acetylation. In addition, the proportion of G1
phase for K125A and K252/K254A increased significantly. K252/K254A mutant cells
were more sensitive to UV induced DNA damage [37]. These indicated that acety-
lating modification of those sites plays a role in maintaining the normal physiologi-
cal state of cells and their genomic stability.

2.7 Succinylation of FEN1

It has been found some succinylation modifications sites in FEN1 [38]. Lys200,
Lys354 overlapped with some of identified acetylation sites, indicating that both
were succinylation and acetylation modification sites for FEN1. As succinylation
of lysine is more complex than acetylation, this modification may induce greater
changes in chemical properties, structure and function of FEN1 [39]. Acetylation
and succinylation of lysine are very important in gene transcription, cell metabo-
lism, and DNA damage response. In addition, overlap of these modification sites
for acetylation and succinylation indicated that there may be some complementary,
synergistic or antagonistic effect between those modifications.

3. Summary

PTMs occur sequentially in the degradation process of FEN1, and each PTM is
necessary for the next reaction. The absence or inhibition of any step would prevent
FEN1 from degrading successfully. Researchers have also found that overexpression
of WT FENI caused 25% cells closed to tetraploidy, while 65% in K354A; just only
5% in parental HeLa cells. It could be concluded that overexpression of FEN1 makes
the chromosomal number in disorder. High FEN1 levels were usually observed in
cancer cells. In addition, FENT’s overexpression has been observed in a variety of
cancers, which is a sign for poor prognosis.

Sequential PTMs of FEN1 in the cell cycle process, is the separation of
methylated FEN1 from PCNA, first undergoes phosphorylation, though
demethylation reaction after methylated FENT1 has still not been illustrated.
Phosphorylation induces FEN1 to undergo SUMO3 modification, and SUMO3
modification further stimulates ubiquitination. Finally, FEN1 is degraded
through the proteasome pathway. Any residues of these PTMs have been
mutated, degradation of FEN1 would be hindered. Therefore, there must be a
precise regulation mechanism to ensure that FEN1 could function at suitable
time. Numerous evidences have confirmed that the dysfunction of FEN1 would
lead to instability of the genome, and induce a variety of chromosome-related
diseases ultimately, including tumors. Interaction partners stimulate nuclease
activity to further ensure an effective role of FEN1 in the processing of DNA
structures, and PTMs also may regulate protein-protein interactions and FEN1’s
localization in cells. In the future, it is believed that more mechanisms of FEN1
PTMs’ function would be discovered, to understand cancers development better,
and it also would benefit mankind clinically.
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Chapter 5

p300/CBP Methylation is Involved
in the Potential Carcinogenic
Mechanism of Lung Cancer

Yu Zhang, Wei Shen, Jin Zou and Shibo Ying

Abstract

p300/CBP is involved in the expression of a wide range of genes, both as a histone
acetyltransferase (HAT) and as a coactivator of transcription factors. p300/CBP is
the specific substrate of CARM1, and its KIX domain and GBD domain are the main
sites methylated by arginine methyltransferase 4 (PRMT4/CARM1). p300/CBP plays
an important role in lung cancer, which is a cell cycle disease. More importantly, the
methylation of p300/CBP by CARMI affects the progression of lung cancer through
the cAMP-PKA pathway, p53 pathway and ER pathway. The structure, function,
methylation modification sites, methylation-related enzymes, genes associated with
lung cancer and the possible mechanisms of p300/CBP action are reviewed.

Keywords: p300/CBP, methylation, CARMI, signal transduction pathway, EMT,
lung cancer

1. Introduction to the p300/CBP protein
1.1 Structure and function of p300/CBP

The p300/CBP molecule has at least eight functional domains. The nuclear
receptor scope (RID) mainly interacts with the nuclear receptor and has a cysteine-
histidine-rich domain (a CH domain), namely, the CH1 domain, also known
as transcription articulation zinc finger domain 1 (TAZ1). The CH2 domain in
RID includes the RING and PHD domains. The RING domain is an E3 ligase that
mediates the transfer of ubiquitin to substrates by binding an E2 ubiquitin binding
enzyme [1]. The PHD domain is a zinc finger domain that identifies the methylated
state of histones. The CH3 domain includes ZZ ZZ-type zinc finger domain (ZZ)
and transcription cohesive device zinc finger domain 2 (TAZ2). The HAT domain
of p300/CBP is the structural basis of the transcription complex bridge formed
by multiple transcription factors and functions as an acetylase. The structural
failure of RING-HAT connections or RING domain, and particularly the loss of
the RING domain, usually results in significant increases in the automatic acetyla-
tion of p300/CBP and in the acetylation of p53 [2]. The bromine domain binds
to acetylated histones and transcription factors in nucleosomes. The deletion or
mutation of the bromine domain does not eliminate HAT domain activity but
interferes with substrate targeting and transcriptional activity [3], and bromine
domain inhibitors have been shown to reduce the expression of G protein signal
regulators (RGS4) [4]. The KIX domain is a CREB-binding site and the main motif
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modified by CARM1 methylation. Steroidal hormone receptor coactivator 1 (SID)
mainly mediates protein-protein interactions, and many cell and viral proteins bind
to this region, which is also the domain of the srC-1 interaction [5]. In glutamine-
and proline-rich domains in the N-terminus and C-terminus have transactivation
domains (TA domains), and their main function is activating transcription.

1.2 Major methylation sites of p300/CBP and related enzymes

As early as 2005, it was reported that three arginine methylation sites were found
in the GBD domain (GRIP1-binding domain) in the C-terminus of p300, Arg-2056;
Arg-2088; and Arg-2142. Among these residues, Arg-2142 is the most important
site, and the methylation of Arg-2142 strongly inhibits the interaction between
p300 and GRIP1 [6]. In subsequent studies, the importance of Arg-754 methyla-
tion in the p300-KIX domain in the cell response to DNA damage was gradually
discovered, and Arg-754 in CBP is analogous to one of the three arginine residues in
p300 mentioned above. The KIX domain of p300/CBP is not only the binding site of
CREB but also the main site of CARM1 methylation modification, and studies have
confirmed that CARM1 can be methylated to modify p300/CBP molecules both
in vivo and in vitro, with Arg-754 being the main site for CARM1 methylation. It has
been found that the methylation of Arg-754 can recruit the p53-binding region of
BRCAL1 to the p21 promoter, initiating the activation of p53 and, subsequently, p21
in response to DNA damage [7].

It has also been reported that the methylation site of CBP-KIX, Arg-580, is highly
methylated by CARM1 iz vitro, and Arg-600 of the CBP-KIX domain (equivalent to
Arg-580 of p300-KIX) is located on the outer surface of the KIX-KID complex. Its
methylation blocks the activation of CREB by blocking the interaction between KIX
and the CREB kinase-induced domain (KID)[8]. In addition, CBP protein residues
Arg714, Arg742 and Arg768 are the main methylation sites of CARM1 in vitro, and
R742 is the main methylation site of CARM1 iz vivo [9].

2. Expression of p300/CBP and CARM1 in lung cancer
2.1 The role of high p300/CBP expression in lung cancer tissues

Highly expressed p300 significantly enhances the ability of cancer cells to invade
and migrate in non-small cell lung cancer (NSCLC). If the p300 gene is knocked
out, the invasion and invasion ability of the cancer cells is significantly reduced,
which may be related to the increased ZEB1 activity caused by the formation of
the p300-Smad complex and further induction of the EMT [10]. CBP is highly
expressed in lung cancer cells and tumor tissues. CBP acetylation is associated with
cleavage and polyadenylation specificity factor subunit 4 (CPSF4) in the gene pro-
moter region and synergically regulates downstream gene transcription and tumor
cell proliferation. This association between CBP and the CPSF4 and its synergistic
effect on the activation of human telomerase reverse transcriptase (hTERT) expres-
sion may contribute to the involvement of CBP in the mechanism promoting lung
cancer growth [11, 12].

2.2 CARM1 is highly expressed in lung cancer tissues
Silencing CARM1 expression significantly reduced the apoptosis rate of lung

cancer cells and significantly promoted the migration of lung cancer cells, while the
overexpression of CARMI1 significantly increased the apoptosis rate of lung cancer
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cells and reduced the migration of lung cancer cells, suggesting that CARM1 may
attenuate the development of lung cancer [13]. Notably, a recent study found that
the overexpression of CARMI1 leads to methylated H3R17me2a and H3R26me2a at
the core promoter region of the gene encoding the cell cycle protein E2 (CCNE2),
activating CCNE2 expression at the height of the cell cycle, which facilitated the
G1/S phase transition and promoted cell proliferation and colony formation. The
overexpression of CCNE2 is often observed in lung cancer tissues, and the tumor-
promoting effect of CARM1 in NSCLC has been shown by iz vitro experiments [14].
Since CARM1 and PRMT1 are highly expressed in lung cancer tissues and
expressed at low levels in normal tissues, CARM1 distribution was significant.
Increased keratin expression and neurometalloprotein B receptor (NMBR) expres-
sion were observed in CARM1-knockout cancer cells, demonstrating that CARM1
expression is associated with lung cancer differentiation and staging [15].

3. Carcinogenic mechanism involves p300/CBP methylation
3.1 p53 pathway and p21"2"/¢™"! activation mechanism

p21 is a member of the KIP/CIP family of cyclin-dependent kinase (Cdk)
inhibitors (CKIs) and inhibits the action of all Cdk complexes throughout the cell
cycle by occupying the ATP-binding site of the Cdk complex; therefore, it is also
known as cyclin inhibitory protein 1 (p21"AF/CIF1),

When DNA is damaged, the expression of the p53 gene is induced, and then, p53
induces p21"AF/C™"! expression. The methglation of Arg-754 in the P300-KIX domain
is essential for p53 activation of p21"A*“™™1 First, p53 recruits CARM1-methylated
p300 before it recruits BRCA1 and then mediates the interaction between the p21
promoter and the })53—binding region to initiate the activation of p53 and of p21 [7].
Activated P21WAFVC™PL cyclin, Cdk and proliferating cell nuclear antigen (PCNA)
combine to form the cyclin-Cdk-p21-PCNA tetramer complex, which prevents the
cell proliferation signal from effectively being transmitted, and the damaged cell is
arrested in the G; phase, inducing transcription of the DNA repair gene GADD45. If
a damaged cell remains stagnated in the G, phase, p53 is induced to activate the apop-
totic gene Bax and thus initiate cell apoptosis (Figure 1a). It has also been reported
that the expression of p21"*F/“""! was directly upregulated p300/CBP-induced
acetylation of KLF6 [16]. Peroxisomal proliferative factor receptor y (PPAR-y) also
directly upregulated p21"**/“"™" expression in lung cancer cells.

3.2 cAMP-PKA pathways

As one of the most common signaling pathways of G protein-coupled recep-
tors, the cAMP-PKA pathway plays a very important role in the regulation of cell
activity. Many signaling molecules, such as glucagon, adrenaline and corticotropin,
are regulated by this pathway. Under normal physiological conditions, adenylate
cyclase (AC) is activated after the ligand binds specifically to the receptor, and AC
converts intracellular ATP into cAMP, which is an intracellular second messenger.
cAMP activates cAMP-dependent protein kinase A (PKA), and the free C-subunit
of PKA encounters a specific serine residue (Ser133) site in the kinase-induced
domain of cAMP reactive element-binding protein (CREB) which is phosphorylated
within the nucleus to recruit p300/CBP molecules [17]. Through p300/CBP acetyla-
tion, which promotes general transcription factors (such as TFIIB) binding with
the target gene promoter, target gene expression is regulated. Activated CREB hasa
wide range of cytological effects, including iz vitro participation in the regulation of

69



Post-Translational Modifications in Cellular Functions and Diseases

Ligands Estrogen

S| m—
" N
cAIMP I

PKA 2 = " ER N pemememe—————

e eren s [ CRE
~ 0L _:_cardnoganir.«fact

n AN

Gsubunits: /)\ VNS U ViU —ECarclnoganIcal‘fect:

I I

l / E 1
lin/Cdi/p21/PCNA d

== 3BDICBP) ﬂcv; n y t\ e compound | :

¢) A ASNSNS V’ —: Antlcani:eretfect :

\S’ . : |

i

CREB : |

I I

I

PN NSASNSANSNS

Figure 1.

a: fogoo/ CBP methylation by CARM1 blocks the ER pathway by inhibiting the formation of core transcription
complexes; b: P300/CBP methylutzon by CARMz1 blocks cAMP-PKA-CREB activation; c: P300/CBP
methylation by CARMz is beneficial to p53-dependent p21 activation. | (ved): inhibition; - (green):
promotion. AC: adenylate cyclase; ATP: Adenosine triphosphate; cAMP: adenosine cyclophosphate; PKA:
protein kinase A; SRC-3: stevoid receptor coactivator-3; ER: estrogen receptor; Cdk: cyclin-dependent kinases;
PCNA: proliferating cell nuclear antigen; CREB: cAMP-vesponse element binding protein; CRE: cAMP
response element; P: phosphorylation; Me: Methylation.

cell migration/invasion, cell proliferation, cell survival, Warburg effect induction,
etc. It is involved in the immune response, tumorigenicity, vascular growth and
tumor progression in vivo [18]. However, p300/CBP-KIX was modified by CARM1
methylation, which blocked the activation of CREB and induced apoptosis by
preventing the combination of KIX and KID [8] (Figure 1b).

In addition, LKB1 is the target of mutational inactivation in sporadic cancers,
especially NSCLC. LKB1 is mutated in approximately 20%-30% of NSCLC cases,
making it the third most common genetic change site after P53 and K-RAS. The
inactivation of LKBI and subsequent activation of cyclic adenosine reactive
element-binding protein (CREB)/CREB regulating transcription coactivator
(CRTC) induced LINC00473. LINC00473 is a nuclear gene that interacts with
NONO, which is a component of the cyclic adenosine signaling pathway, to pro-
mote CRTC/CREB-mediated transcription. LINC00473 is critical for maintaining
the growth and survival of lung cancer cells [19]. Methylation of the p300/CBP-KIX
domain blocks the activation of CREB and may also affect the expression of CRTC-
mediated LINC00473, thereby blocking the progression of lung cancer.

3.3 The estrogen receptor (ER) pathway

Many steroid hormone receptors are expressed on the surface of lung cancer
cells, including estrogen receptor (ER). When ligands (such as estrogen) diffuse
into cells or undergo in situ synthesis and when ERs are induced to form homolo-
gous or heterologous dimers, these dimers combine with nuclear DNA enhancer
ERE estrogen response elements (EHRs) and recruit steroid receptor auxiliary
activation factor-3 (SRC-3). The study found that the ER compound needs two
SRC-3 to form an initial stable ERE/ERa/SRC-3a/SRC-3b/p300 core complex. This
is a key step in establishing the core ER coactivator complex and recruiting the p300
protein to the ER genomic binding site [20].
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In subsequent studies, sequential recruitment and transcriptional activation
models of the coactivators of ER were proposed: each ER monomer recruits one
SRC-3, two SRC-3 molecules work together to lock one p300 molecule safely
into the ER complex, and then, histone H3 acetylation is initiated. Next, CARM1
binds to the complex, where it can easily methylate its substrates SRC-3, p300,
and histones. Due to the proximity of SRC-3b to ER, SRC-3a and p300, the bind-
ing of CARM1 to the ER complex results in the release of SRC-3b, and CARM1
occupies the site vacated by SRC-3b. Second, the combination with CARM1 leads
to further conformational changes of p300. This structural change caused by
the sequential coactivator recruitment process further alters the activity of p300
acetyltransferase and the activity of CARM1 HMT on histone H3. The synergis-
tic effect of CARM1 and p300 enhances the acetylation of histone H3K18 and
the methylation of H3R17 and promotes the synergistic activation of target gene
transcription [21].

After CARM1 methylation modifies p300, the interaction between SRC and p300
is inhibited [6]. CARM1 also methylates SRC-3 and destabilizes the SRC-3/CARM1
complex [22] (Figure 1c). Thus, the assembly of the core ER coactivator complex
(ERE/ERa/SRC-3a/SRC-3b/p300) is destroyed, and the effect of the ER pathway is
blocked.

4. Discussion

As a histone acetyltransferase, p300/CBP participate in various carcinogenic signal
transduction pathways through its acetylation function. Methylated p300/CBP may
selectively block the transcriptional activation of cAMP-PKA and steroid-dependent
pathways [23], but after CARM1 methylation modifies p300/CBP, the transmission of
signaling pathways is blocked in cancer, which seems to be conducive to the suppres-
sion of the transfer of signaling and the expression of signaling pathway components,
such those in the ER pathway. The methylation of p300/CBP induced by inhibiting the
interaction between SRC and p300 blocks the formation of the ERE/ERa/SRC-3/p300
core complex, resulting in the inhibition of cell proliferation and cell growth. In the
P53-p21 pathway, p21 recruitment by p53 is mediated by p300/CBP that has been mod-
ified by CARM1 methylation, which results in cell cycle blockade and DNA repair. In
the cAMP-PKA pathway, methylated p300/CBP blocks the activation of CREB, which
in turn blocks the function of CREB and inhibits cell proliferation and migration.
Moreover, we speculate that the high expression of p300/CBP in lung cancer tissue
may be the result of CARM1 methylation of p300/CBP, mediating the activation of
cancer suppression-related signaling pathways and blocking cancer-related signaling
pathways. However, the high expression of CARM1 can promote CCNE2 activation
and accelerate the progression of lung cancer through the methylation of histones.
Therefore, inhibiting the histone methylation of CARM1 and increasing the methyla-
tion of p300/CBP are new ideas for novel targets and the treatment of lung cancer.

5. Conclusion

CARM1 may promote the apoptosis of cancer cells and inhibit the metas-
tasis of cancer cells through the methylation of p300/CBP. The mechanism for
inhibiting the occurrence of lung cancer may involve blocking the activation of
oncogenic signaling pathways and mediating the activation of tumor suppressor
signaling pathways.
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Chapter 6

The Role of Protein Arginine
Methyltransferase 1 in
Gastrointestinal Cancers

Jin Zou, Wei Shen, Yu Zhang and Shibo Ying

Abstract

Mammals can produce nine kinds of arginine methylation enzymes that can
be divided into three types (I, II, and III) according to their catalytic activity.
Arginine methyltransferase 1 (PRMT1), as the first discovered arginine methyl-
transferase type I, has been reported to be involved in cell signal transduction,
DNA damage repair, RNA transcription and other processes. Its imbalance or
abnormal expression is also involved in cancer metastasis. PRMT1 is highly
expressed in gastrointestinal tumors and promotes tumor biomarkers expres-
sion, chemotherapy resistance and tumorigenicity to promote cancer progres-
sion, while downregulation of PRMT1 expression can inhibit the migration and
invasion of related tumor cells or promote tumor cells apoptosis and inhibit the
progression of cancer. Therefore, PRMT1 may be a cancer therapeutic target. In
this paper, arginine methylase 1 expression in various types of gastrointestinal
tumors, the tumorigenic mechanism and the role of PRMT1 in tumorigenesis and
development were reviewed.

Keywords: PRMT1, gastrointestinal cancers, arginine methylation

1. Introduction
1.1 Protein arginine methylation

Arginine methylation is a common type of protein posttranslational modifica-
tion (PTM) that preserves arginine’s positive charge but reduces its hydrogen
bonding capacity because each methyl group removes a hydrogen atom. Moreover,
methylation increases the hydrophobicity of the side chain, thus facilitating the
interaction with the aromatic ring [1]. Arginine methylation leads to changes in
gene expression by altering the nucleoprotein-DNA interaction. Arginine can occur
monomethylation (MMA), symmetric dimethylation (SDMA) and asymmetric
dimethylation (ADMA) under the catalysis of different protein arginine methylases
(PRMTs). At present, the methyl arginine identified in eukaryotes mainly occurs in
three types: o-N°-methylarginine (MMA), o-N® N®-asymmetric dimethyl arginine
(aDMA) and »-N€,N ¢ -symmetric dimethyl arginine (sDMA) [2, 3]. Protein
arginine methylation affects many important biological pathways and plays a key
role in DNA damage signal transduction, pre-mRNA splicing, mRNA translation,
cell signal transduction and cell fate determination [3].
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1.2 Protein arginine methyltransferase

PRMT catalyzes the transfer of methyl from s-adenosine methionine (SAM) to
arginine arc nitrogen atoms to produce s-adenosine homocysteine and methylargi-
nine in histones and non-histones [3]. PRMT of histone methylation and histones,
according to their different catalytic activities, can be divided into type I (PRMT1,
PRMT2, PRMT3, PRMT4/CARM1, PRMT6 and PRMTS), type II (PRMT5 and
PRMT9) and type III (PRMT7). PRMT is a highly conserved gene product that plays
a major role in normal body development and disease. In most cases, the expression
of PRMT was upregulated. Maladjustment or abnormal expression of PRMT influ-
ences the development of cancer, especially the overexpression of PRMT1, PRMT4
and PRMTS5, which has been confirmed in many malignant tumors [4, 5]. PRMT is
associated with a variety of diseases, such as tumors, cardiovascular diseases, viral
infections, and autoimmune diseases [6]. Studies have shown that PRMT can be a
potentially interesting therapeutic target [5].

1.3 Protein arginine methyltransferase 1

As arginine methylation is closely related to various tumors, more and more
researchers are beginning to study the relationship between PRMT and cancer,
especially PRMT1. PRMT1, PRMT3, PRMT6 and PRMTS were all highly expressed
in arginine methyltransferase, but the expression of PRMT1 was significantly
upregulated [7]. PRMT1 was the first arginine methylase discovered and is the
major type I enzyme in mammals [8, 9]; furthermore, PRMT1 is responsible for
monomethylation and more than 80% of ADMA modifications [5]. As PRMT1
activity was lost, the MMA and SDMA levels increased significantly [10]. The
expression of PRMT1 in cancer cells of various tissues was significantly higher than
that in nonneoplastic cells [11], and the expression level in embryonic nerve tissues
was the highest [12]. PRMT1 has been found to be overexpressed or abnormally
spliced in malignant tumors such as those of the breast, prostate, lung, colon,
bladder and leukemia. Previous studies have also found that PRMT1 is an Important
adjustment factor of epithelial-mesenchymal transition (EMT) [13, 14]. In contrast
to the PRMT5 symmetrical methylated histone H4R3me2s involved in transcrip-
tional inhibition, the PRMT1 asymmetrically methylated histone H4R3me2a
recruits the p300/cAMP-binding-protein (p300/CBP) related factor complex,
enhances histone H3 acetylation in lysines 9 and 14, promotes transcription factors
binding, and participates in transcriptional activation [3, 7]. H4R3 methylation
causes p300 to acetylate the H4 tail, while PRMT1 inhibits acetylation of the H4
tail [15]. Studies have shown that only PRMT1 and EGFR 2 (D2) coincubated with
colon cancer methylation screening tests produced strong methylation signals
in vitro [16]. PRMT3 overexpression does not regulate HBV transcription, while
PRMT1 overexpression leads to HBV transcriptional inhibition [17]. This paper
mainly describes the role of PRMT1 in gastrointestinal tumorss.

2.PRMT1in cancers

2.1 PRMT1 in esophageal cancer

In 2015, Virendra Singh et al. reported for the first time that PRMT1 was
involved in the transition from low to high degree of tumor formation in esophageal
cancer (EC) When ESCC was poorly differentiated, moderately differentiated and
then well differentiated, the expression of PRMT1 decreased [7]. PRMT1 was found
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in 89.5% of ESCC patients and in only 46.3% of adjacent normal tissues, and the
expression level of PRMT1 in ESCC cell lines was significantly upregulated com-
pared with that in normal esophageal epithelial cell lines [18]. The overexpression
of PRMT1 led to the proliferation of OV6 + ECA109 and TE1 cells, while the down-
regulation of PRMT1 reduced the tumorigenicity and tumor growth of OV6+ cells.
Xenotransplantation of NOD/SCID mice showed that PRMT1 expression enhanced
the tumorigenicity of OV6 + ESCC cells in vivo [18]. Further studies showed that
PRMT1 inhibited H3K9 methylation by catalyzing H4R3me2a methylation and
promoted acetylation of H3 lysine residues, which enhanced chromatin activity
and resulted in increased ESCC transcription [7]. PRMT1 upregulated histone
H4R3me2a expression, promoted TIC markers, stem cell-like properties, chemo-
therapy resistance, and oncogenic expression, and increased PRMT1 expression in
ECSS samples. In addition, RNA-seq transcriptome analysis showed that PRMT1
overexpression led to activation of the Wnt/f-catenin and Notch signaling pathways
[18]. In conclusion, as a new effector, the PRMT1 expression level is closely related
to abnormal clinicopathological features and poor patient prognosis, and PRMT1
may be a reliable diagnostic and therapeutic target for esophageal cancer.

2.2 PRMT1in gastric carcinoma

Currently, PRMT1 and FOXO1 are mainly expressed in the nucleus of gastric
cancer (GC) cell lines, and FOXO1 expression is correlated with the PRMT1 level.
PRMT1 may regulate chemotherapy sensitivity and apoptosis of GC cells by activat-
ing the tumor suppressors FOXO1 and BAD [19]. Interestingly, PRMT1 inhibited
drug resistance and nuclear accumulation of p-FOXO1 and p-BAD in GC cell lines,
and the recurrence rate of GC in patients with low expression of PRMT1 after adju-
vant chemotherapy was significantly higher than GC in patients with high expres-
sion of PRMTT1. Cisplatin and 5-flu-orouracil sensitivities were inhibited by RNA
interference with PRMT1 downregulation in GC cells [19]. After that, other studies
suggested that PRMT1 overexpression in GC cells had the effect of “migration-pro-
liferation”, which could promote the migration and invasion and inhibit the prolifer-
ation of tumor cells, while PRMT1 knockdown had the opposite effect [13]. PRMT1
is a novel regulator of EMT that is reported to enhance migration and invasion by
Hippo signaling and promote EMT. PRMT1 can reduce the expression of E-cadherin,
the epithelial marker of GC, and increase the expression of the interstitial markers
N-cadherin, Vimentin, Snail and Catenin [13]. In conclusion, evaluating the expres-
sion of PRMT1 in GC is an effective predictor of poor prognosis and recurrence after
adjuvant chemotherapy. However, in view of its dual functions, caution should be
taken prior to utilizing PRMT1 as a potential drug target for GC.

2.3PRMT1 in colorectal cancer

Colorectal cancer (CRC) is a common malignant tumor in the gastrointestinal
tract. PRMT1 is overexpressed in colorectal adenoma, carcinoma and adenocarci-
noma, and the expression level of PRMT1 in colon cancer samples is higher than
normal colon and rectal samples [20]. Compared with normal tissue, the expression
of the PRMT1-v1 variant was significantly increased in colon cancer tissue and
increased as normal tissue progressed to adenoma and eventually to cancer. In other
words, the higher the degree of malignancy, the higher the expression of the variant.
The Cox proportional hazard regression model and Kaplan-Meier method showed
that patients with high expression of PRMT1-v1 variants had a higher probability of
recurrence or death and a lower survival probability [21]. After PRMT1 was knocked
out, the proliferation of HCT116 cells was significantly inhibited, and the apoptosis
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rate was increased. Treating HCT116 cells with downregulated PRMT1 with sodium
propionate inhibited the mTOR signaling pathway to induce cell apoptosis, thereby
inhibiting cell growth and proliferation [20]. PRMT1 methylates epidermal growth
factor receptor (EGFR) in the extracellular region of the endoplasmic reticulum/
Golgi body, enhancing ligand binding and receptor activation before transport to the
cell membrane. PRMT1 mainly methylates the EGFR extracellular domain at R198
and R200; enhances the binding to EGF and the subsequent receptor dimerization
and signal transduction activation; enhances the receptor function of CRC cells;
promotes the growth of EGFR-dependent cells; and reduces cell resistance to cetux-
imab. When PRMT1 is knocked out, the EGFR methylation signal is reduced [16]. In
conclusion, PRMT1 can be considered a useful therapeutic marker for the treatment
of CRC, and the development of new methods to downregulate the expression of
PRMT1 is of great significance for the prognosis and treatment of CRC.

2.4 PRMT1in hepatocellular carcinoma

Increasing evidence shows that PRMT1 expression in clinical hepatocellular
carcinoma (HCC) samples and cell lines is significantly higher than adjacent normal
liver tissue, and high PRMT1 expression is closely related to poor prognosis and
recurrence of HCC. PRMT1 upregulation in HCC cell lines promoted cell prolifera-
tion, colony formation and migration iz vitro, while the knockdown of the PRMT1
gene inhibited that role [14, 22]. Bingshou Li et al. found that the high expression of
PRMT1 was associated with the low expression of miR-503. MiR-503 can inhibit the
invasion and migration of HCC cells by targeting the 3’-UTR of the PRMT1 gene,
resulting in downregulation of the mRNA and protein expression of PRMT1 [23].
Further studies found that PRMT1 knockdown resulted in increased hepatocyte
proliferation and decreased Hnf4a expression. In the absence of PRMT1, JMJD6
causes the Hnf4a promoter to undergo arginine demethylation, leading to the
significant downregulation of Hnf4a expression and the promotion of hepatocyte
proliferation. Knockout of JMJD6 restored Hnf4a expression and inhibited hepa-
tocyte proliferation in PRMT1-knockout mice [24]. In addition, PRMT1 can also
increase STAT3 phosphorylation through high expression and activate the STAT3
signaling pathway to promote iz vitro and in vivo metastasis of HCC cells, while
cryptotanshinone, a STAT3 inhibitor, inhibits STAT3 phosphorylation and inhibits
HCC proliferation and migration [22]. Similar to PRMT1 in GC, PRMT1 is also asso-
ciated with EMT in liver cancer. The expression of PRMT1 downregulated TGF-f1,
p-Smad2 and p-Smad3; significantly reduced expression of the interstitial markers
Vimentin, Snail and N-cadherin; and upregulated the expression of the epithelial
marker E-cadherin. PRMT1 overexpression leads to the opposite effect. Therefore,
PRMT1 may promote EMT in HCC cells through the TGF-p1/Smad pathway [14].
PRMT1 is also a negative adjustment factor of HBV transcription. Studies have
shown that overexpression of PRMT1 in HepG2 cells results in inhibition of 60%
HBYV transcription, and low expression of PRMT1 significantly increased HBV tran-
scription by 1.6-fold. In vivo animal models, PRMT1 activity was further reduced in
HBV-replicating cells. HBx binding to PRMT1 may facilitate HBV replication [17].
In conclusion, PRMT1 may be a new therapeutic target for liver cancer prognosis,
which is of great significance for improving therapeutic strategies for HCC patients.

2.5PRMT1in pancreatic cancer
In 2018, Zhibin Lin et al. found that PRMT1 was abnormally upregulated in

permanent pancreatic cancer (PC) cell lines and human pancreatic tumors com-
pared with nonneoplastic pancreatic epithelial tissues, but the effect of PRMT1
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upregulation on tumor cells is controversial. In PANC-1 and SW1990 cells,

PRMT1 overexpression did not affect the proliferation or invasion of PC cells [25].
Interestingly, the latest research data show that PRMT1 has a protumor effect and
that inhibiting PRMT1 inhibits tumor growth iz vivo and in vitro. PRMT1 expres-
sion is upregulated in human pancreatic ductal adenocarcinoma (PDAC) and
promotes the growth and carcinogenesis of PC cells both iz vivo and in vitro and is
associated with higher tumor grade, higher invasivity, and poorer prognosis [26, 27].
PRMT1 downregulation significantly inhibited tumor proliferation and invasion

in vitro and in vivo. Further studies found that ZEB1 expression in PC cells was
closely related to PRMT1 expression, that ZEB1 expression was inhibited in PC cells
downregulated by PRMT1, and that overexpression of ZEB1 reversed the antitumor
effect of PRMT1 downregulation [25]. PRMT1 may act as a positive regulator of
p-catenin, increasing the cellular p-catenin levels. The overexpression of exogenous
PRMT1 in PC cells promoted the growth of tumor cells and increased the B-catenin
levels after treatment with lithium chloride. PRMT1 expression downregulation
inhibited the growth and tumorigenicity of pancreatic cancer cells and inhibited
the increase in p-catenin protein under lithium chloride treatment [27]. PRMT1
overexpression enhances HSP70 binding and BCL-2 mRNA stability through the
gold-rich element in the 3’-UTR, thereby increasing BCL-2 protein expression

and protecting cancer cells from cell stress and treatment-induced apoptosis. The
PRMT1 inhibitors DB75 and TC-E5003 reduce PRMT1-mediated protein arginine
methylation, thereby inhibiting PRMT1 enzyme activity but not its expression level
[26]. The levels of total Glil and methylated Glil were positively correlated with
PRMT1 protein levels in human PDAC specimens. PRMT1 methylates the oncogenic
transcription factor Glil in R597 to enhance transcriptional activity by enhancing
the binding of Glil to its target gene promoter, while disruption of Glil methylation
weakens the oncogenic function of Glil and sensitizes PDAC cells to gemcitabine
therapy [28]. Downregulation PRMT1 was associated with the PD-L1 downregula-
tion. The inhibitor PT1001B enhanced the inhibition of anti-PD-L1 on tumor cell
proliferation and enhanced the induction of tumor cell apoptosis. Therefore, the
combination of a protein arginine methyltransferase inhibitor (PD-1) and anti-pro-
grammed death ligand-1 (PD-L1) can effectively inhibit the progression of PC [29].
In conclusion, PRMT1 may serve as a potential biomarker for pancreatic cancer.

3. Conclusion

Protein arginine methylation affects many important biological pathways, such
as DNA damage signal transduction, pre-mRNA splicing, mRNA translation, and
cell signal transduction [3]. More and more evidences have shown that arginine
methyltransferase is involved in various physiological and pathological processes in
humans, especially in malignant tumors. Studies have found that PRMT1 is involved
in the development and diseases of the nervous system and plays an important role
in neurodegenerative diseases [30]. PRMT1 also promotes asthma by regulating
asthma-related pri-let-7i and pri-miR-423 [31]. PRMT1-v2 activated the gluconeo-
genic program in hepatocytes via interactions with PGCla, a key transcriptional
coactivator regulating gluconeogenesis [32]. PRMT1 is involved in the progression of
lung cancer by regulating the high expression of FEN1 [33]. PRMT1 can also promote
the metastasis of breast cancer by regulating the expression of EZH2 [34]. In glioma
cells, upregulation of PRMT1 can promote the growth and metastasis of glioma
cells, and downregulation of PRMT1 can also produce opposite inhibition [35].
PRMTT1, as the main type I enzyme in mammals [8, 9], is responsible for arginine
mono methylation and more than 80% asymmetric methylation modifications [5].
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In gastrointestinal tumors, PRMT1 expression has been proved to be upregulated,
and its imbalance or abnormal expression is involved in the occurrence and develop-
ment of cancer. Current research evidence shows that PRMT1 plays a tumorigenic
role in gastrointestinal tumors. PRMT1 upregulation can promote the growth and
proliferation of EC cells [1, 2], CRC cells [6, 7, 9], and PC cells [15-19]. In GC cells,
PRMT1 upregulation promotes tumor cell migration, invasion and mesenchymal
transformation of epithelial cells and inhibits GC cell proliferation [3, 5]. In HCC
cells, PRMT1 is upregulated to promote tumor cell proliferation, migration, inva-
sion and mesenchymal transformation of epithelial cells [10-14]. However, PRMT1
knockdown or deletion may have the opposite effect. Therefore, PRMT1 may be used
as a new potential tumor biomarker and target for prognosis therapy. At present,
many PRMT1 inhibitors, such as AMI-1, MS023 and GSK3368715, have entered the
first phase of clinical trials, trying to open up a new way of cancer treatment [1, 36].
The latest animal experimental results show that the growth rate of HT-29 tumor cell
line after xenotransplantation is slowed down under the treatment of the inhibitor
MS023 [37]. Of course, there are some new inhibitors of PRMT1 under study. The
latest research results show that the inhibitor TC-E-5003 has a good inhibitory effect
on lung cancer and breast cancer and can also be used as an antitumor drug [38].
However, the role of PRMT1 in prognostic therapy needs to be further studied.
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