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Hepatocellular carcinoma (HCC) and post-
translation modification

HCC is a primary malignancy of the liver and the third 
leading cause of cancer deaths worldwide. HCC occurs 
predominantly in patients with underlying chronic liver 
disease and cirrhosis progressing with local expansion, 

intrahepatic spread, and distant metastases (1). Asia and 
Africa are considered the countries with the highest peak 
of HCC incidence, and at the same time appeared to 
be afflicted by an impressive prevalence of hepatitis B 
and C, well-known to predispose to HCC development. 
Nonalcoholic fatty liver disease (NAFLD) or nonalcoholic 
steatohepatitis (NASH)-induced cirrhosis is considered a 

Review Article

SUMOylation and phosphorylation cross-talk in hepatocellular 
carcinoma

Maria Lauda Tomasi, Komal Ramani

Department of Medicine, Cedars-Sinai Medical Center, Los Angeles, CA, USA

Contributions: (I) Conception and design: All authors; (II) Administrative support: All authors; (III) provision of study materials or patients: All 

authors; (IV) Collection and assembly of data: All authors; (V) Data analysis and interpretation: All authors; (VI) Manuscript writing: All authors; (VII) 

Final approval of manuscript: All authors.

Correspondence to: Maria Lauda Tomasi, PhD; Komal Ramani, PhD. Department of Medicine, Cedars-Sinai Medical Center, Los Angeles, CA, USA. 

Email: marialauda.tomasi@cshs.org; komal.ramani@cshs.org.

Abstract: Hepatocellular carcinoma (HCC) is a primary malignancy of the liver and occurs predominantly 
in patients with underlying chronic liver disease and cirrhosis. The large spectrum of protein post-
translational modification (PTM) includes numerous critical signaling events that occur during neoplastic 
transformation. PTMs occur to nearly all proteins and increase the functional diversity of proteins. We 
have reviewed the role of two major PTMs, SUMOylation and phosphorylation, in the altered signaling 
of key players in HCC. SUMOylation is a PTM that involves addition of a small ubiquitin-like modifiers 
(SUMO) group to proteins. It is known to regulate protein stability, protein-protein interactions, trafficking 
and transcriptional activity. The major pathways that are regulated by SUMOylation and may influence 
HCC are regulation of transcription, cell growth pathways associated with B-cell lymphoma 2 (Bcl-2) and 
methionine adenosyltransferases (MAT), oxidative stress pathways [nuclear erythroid 2-related factor 2 
(Nrf2)], tumor suppressor pathways (p53), hypoxia-inducible signaling [hypoxia-inducible factor-1 (HIF-1)], 
glucose and lipid metabolism, nuclear factor kappa B (NF-κB) and β-Catenin signaling. Phosphorylation is 
an extensively studied PTM in HCC. The mitogen-activated protein kinase (MAPK), phosphatidyl inositol/
AK-strain transforming (PI3K/AKT), and C-SRC pathways have been extensively studied for deregulation of 
kinases and alteration in signaling of targets through phosphorylation of their substrates. Cross-talk between 
phosphorylation and SUMOylation is known to influence transcriptional activity of proteins and protein-
protein interactions. In HCC, several SUMOylation-dependent phosphorylation events have been studied 
such as MAPK activation and c-SRC activity that have been reviewed in this work. The drastic effects of site-
specific phosphorylation or SUMOylation on enzyme activity of signaling players and its effect on growth 
and tumorigenesis suggests that these PTMs are novel targets for therapeutic intervention in HCC.

Keywords: Hepatocellular carcinoma (HCC); post-translational modification; SUMOylation; phosphorylation

Received: 16 March 2018; Accepted: 11 April 2018; Published: 23 April 2018.

doi: 10.21037/tgh.2018.04.04

View this article at: http://dx.doi.org/10.21037/tgh.2018.04.04



© Translational Gastroenterology and Hepatology. All rights reserved. Transl Gastroenterol Hepatol 2018;3:20tgh.amegroups.com

Page 2 of 12 Translational Gastroenterology and Hepatology, 2018

growing health problem. Several research groups reported 
that NASH is commonly developed under obesity, type 2 
diabetes, dyslipidemia and hypertension conditions. The 
obesity epidemic is a global phenomenon, but it is worse 
in the United States that in other developed countries (2). 
These findings suggest that more patient-focused care 
should be provided during the end-stage of liver disease 
and HCC. 

A broad number of protein post-translational modification 
(PTM) includes several critical signaling events that occur 
during neoplastic transformation in liver, colon, breast, gastric 
and pancreatic tissues (3). More than 200 different PTMs 
were identified in both prokaryotic and eukaryotic cells, that 
occur in almost all proteins and increase their functional 
diversity, including ubiquitination, phosphorylation, 
glycosylation, acetylation, SUMOylation and methylation (4). 
New tools development to identify PTMs have permitted 
tremendous advancement in understanding how these 
important processes are regulated and how they influence 
protein function in liver pathophysiology.

Role of SUMOylation in HCC 

SUMOylation machinery

SUMOylation has recently emerged as a key PTM that 
regulates protein stability, protein-protein interactions, 
trafficking and transcriptional activity (5). Similar to 
ubiquitination, that uses an equivalent reaction scheme and 
enzyme classes, to conjugate ubiquitin, SUMOylation acts 
through a small ubiquitin-like modifiers (SUMOs). The 
SUMO acceptor site is often situated within a consensus 
motif whose core sequence is Ψ-K-x-D/E, where Ψ 
represents a large hydrophobic residue, K is the modified 
Lys residue, x is any residue, and D/E represents asparagin 
(Asp) or glutamine (Glu) (6). More than 1,000 proteins 
have been identified as potential SUMO-conjugation 
(SUMOylation) targets. SUMO polypeptide is first cleaved 
at the C-terminal domain, then activated by binding to 
a heterodimeric E1 enzyme (SUMO activating enzyme 
composed of subunits 1 and 2 or SAE1/SAE2), then 
transferred to the E2 conjugating enzyme (UBC9) and 
finally E3 enzymes (RanBP2, PIAS, and the polycomb 
group protein Pc2) enhance the transfer of SUMO from 
E2 to specific substrates (7) (Figure 1). SUMO-specific 
proteases (SENPs) process SUMO precursors to mature 
forms and also remove SUMO from its targets (8). In 
humans, three functional SUMO isoforms (SUMO-1, 

SUMO-2, and SUMO-3) are encoded in the genome, with 
SUMO-2/3 sharing a high degree of identity (9). They can 
be conjugated to distinct and overlapping sets of proteins 
and play essential roles in various cellular processes. 
SUMOylation changes substrate protein properties, in 
particular by favoring the recruitment of SUMO-binding 
partners (6,7). SUMOylation is sensitive to various stresses 
that regulate the activity of the SUMO pathway’s enzymes.

Recently, SUMO-1 was found to be highly expressed 
in HCC cell lines and histological HCC samples, while 
its expression level appeared drastically low in non-
neoplastic liver tissues (10). Moreover, the expression 
of SAE1/2 has been found significantly upregulated in 
cancer tissues of HCC patients (11). Intriguingly, in liver 
cancer patients the survival rate is strongly correlated with 
SUMO-2 expression. In addition, UBC9, the sole E2 
enzyme in SUMOylation machinery, has been described 
overexpressed in HCC during SUMO modification (12), 
while SENP2, that controls the deSUMOylation process, 
inhibits the proliferation of HCC cells (13,14). Moreover, 
SUMOylation appears to play a key role in HCC multidrug 
resistance (15).

SUMOylation and gene transcription

Recent human SUMO proteomics studies have shown that 
nearly 300 sequence-specific DNA-binding transcription 
factors (TFs), that act as activators or repressors of 
transcription by RNA polymerase II (RNAP II), are 
SUMO conjugates, which represents over 50% of all 
TFs in this category, indicating that they are particularly 
subject of regulation by SUMO (16,17). SUMO can 
impair transcription by promoting the recruitment of 
transcriptional corepressor complexes or by interfering 
with transcription-promoting PTMs, such as acetylation 
and phosphorylation (18). TF SUMOylation is most often 
associated with reduced target gene expression, which can 
be mediated by enhanced interactions with corepressors or 
by interference with protein modifications that promote 
transcription (19,20). However, it is becoming evident that 
SUMOylation also regulates gene expression by controlling 
the levels of TFs that are associated with chromatin. This 
can occur directly, by influencing DNA-binding ability or 
promoting clearance of TFs from chromatin, or indirectly, 
by regulating TFs abundance or localization (18).

MATα2
In mammals, two different genes, MAT1A (expressed mostly 
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in liver) and MAT2A (expressed in all extra-hepatic tissues), 
encode for MAT isoenzymes. essential cellular enzymes 
responsible for S-adenosylmethionine biosynthesis (SAMe). 
SAMe is the link of three key metabolic pathways, polyamine 
synthesis, transmethylation and transsulfuration (21) and 
is the best known methyl donor. Although, hepatic SAMe 
depletion and exogenous SAMe administration affect PTMs, 
such as SUMOylation and phosphorylation (12,22). MAT1A 
is a marker of normal differentiated liver, whereas MAT2A 
is widely distributed, and it is down-regulated in chronic 
liver disease and often silenced in HCC. Several studies 
showed a switch from MAT1A to MAT2A expression in 
human HCC, which facilitates cancer cell growth (23). We 
previously demonstrated that the expression level of UBC9 
is higher in HCC and when hepatic SAMe level falls. SAMe 
administration lowered SUMOylation reducing UBC9 

protein level in Mat1a KO mice (12). Recently, UBC9 has 
been shown to be a positive regulator of B-cell lymphoma 
2 (Bcl-2) expression promoting cell survival rather than 
by driving cell proliferation as critical step in tumor 
development by unknown mechanism (22). Intriguingly, 
Bcl-2 expression is regulated by MATα2 at multiple levels. 
MATα2 can directly bind Bcl-2 promoter to induce its 
transcription and also directly interact with Bcl-2 to enhance 
its protein stability. The effect of MATα2 on Bcl-2 requires 
UBC9 to control MATα2’s stability that is influenced by 
SUMOylation at K340, K372 and K394 (12). The cross-talk 
between SUMOylated MATα2 and Bcl-2 can confer survival 
benefit to the cancer cell.

Nrf2 
The pathophysiological changes that control the liver 
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Figure 1 SUMOylation overview. The SUMO precursor is processed by SUMO-specific isopeptidases (SENPs) to expose its C-terminal 
double-glycine (GG) motif (5). The mature SUMO is activated by the E1 activating enzyme (Aos1-Uba2) to form a thioester bond between 
the C-terminal glycine residue of SUMO and the cysteine (C) residue of the E1 subunit Uba2 (7,8). Next, SUMO is transferred to the 
catalytic cysteine (C) residue of the E2 conjugating enzyme (UBC9) (7). Finally, SUMO is transferred from UBC9 to the substrate by an 
isopeptide bond between the C-terminal glycine residue (G) of SUMO and a lysine (K) residue of the substrate (7,8). During the last part of 
this process, SUMO E3 ligase promotes SUMO conjugation to specific protein substrates (7,8). In addition, SUMO is deconjugated for its 
substrates by SENPs (5). SUMO, small ubiquitin-like modifiers.
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cirrhosis progression to HCC are under oxidative stress 
influence. The liver is susceptible to organ toxicity by 
xenobiotic and other chemicals biotransformation and 
detoxification because high level of oxidative stress, by 
reactive intermediates production, is generated (24). 
Nuclear erythroid 2-related factor 2 (Nrf2) is an important 
TF that plays a key role in adaptive responses to oxidative 
stress. Nrf2 directly binds the antioxidant response 
element (ARE) sequences of numerous antioxidant and 
cytoprotective genes to drive the cellular response (25). 
Glutathione (GSH) is a tripeptide comprised of three 
amino acids (cysteine, glutamic acid, and glycine) present 
in most mammalian tissue that acts as an antioxidant, a 
free radical scavenger and a detoxifying agent. In addition, 
it is synthesized by glutamate-cysteine ligase (GCL) and 
GSH synthase enzymatic complex to defend the cell against 
oxidative stress (26). Bacterial lipopolysaccharide (LPS) is 
the major molecular component of the outer membrane 
of Gram-negative bacteria that provides a physical barrier 
between the bacteria its surroundings. LPS is well-known to 
cause liver failure lowering the hepatic GSH level through 
Nrf2 SUMOylation inhibition (27). In fact, reduced levels 
of Nrf2 and v-maf avian musculoaponeurotic fibrosarcoma 
oncogene homolog G (MafG) SUMOylation, which is 
required for their heterodimerization and subsequent 
binding and trans-activation of the ARE element present in 
the promoter region of Gclc and Gclm genes, are important 
for their expression (26,27). Moreover, liver fibrosis study 
elucidated the mechanism by which Nrf2 and MafG 
SUMOylation enhances their heterodimerization and 
increases Gclc expression that is essential to maintain the 
hepatic stellate cells under quiescent state preventing liver 
failure (26). 

p53
The tumor-suppressor  prote in  p53,  encoded by 
TP53 gene, inhibits tumorigenesis by inducing cell-
cycle arrest, senescence, and apoptosis. In addition to 
apoptosis, cytoplasmic p53 is able to mediate other 
non-transcriptional functions, such as autophagy and 
inhibition of glucose metabolism (28). Most research 
relating to p53 SUMOylation focused on the effects of 
SUMO on p53 transcriptional activities, that can either 
enhances or reduces its activity (29). Similarly, MDM2, 
the main ubiquitin E3 ligase for p53, is SUMOylated at 
N-terminal domain between amino acids 40–59 sequence 
and required to induce MDM2 activity (29). In addition, 
MDM2 protein degradation is under its self-ubiquitination 

control. However, MDM2 SUMOylation prevents protein 
degradation competing with its self-ubiquitination, while 
de-SUMOylation induces MDM2 self-ubiquitination. 
Previously, SUMO-1 has been found to enhance apoptosis 
in HepG2 cells via p53 SUMOylation. In other hands, 
the apoptosis rate in the cells transfected with pwtp53 +  
pMDM2 + pSUMO-1, appeared significantly higher 
compared to cells transfected with pwtp53 + pMDM2. Also, 
SUMO-1/p53 complex has been found to prevent MDM2-
dependent p53 protein degradation (30). 

SKI is a protooncogene that has been described able to 
transform avian fibroblasts in vitro (31). The oncogenic 
activity of this intriguing player was explored and explained 
by numerous molecular mechanisms. For example, SKI 
appears to be a key protein on TGF-β signaling because it 
is able to physically interact with Smad proteins including 
Smad2, Smad3, and Smad4, and this prevents their 
transcriptional activation (32). It has also been described to 
form a complex with retinoblastoma tumor suppressor that 
inhibits the transcriptional repression (33). In addition, SKI 
protein induces the thioester bond formation between UBC9 
and SUMO-1 and also promotes UBC9 SUMOylation  
i tself  (34).  Knipscheer et  al .  reported that UBC9 
SUMOylation influences the substrate SUMOylation (35), 
suggesting a plausible mechanism by which SKI may 
indirectly induce thioester bond formation providing more 
SUMO donor, where SKI appears as a SUMO E3 for UBC9. 
Moreover, SKI is capable to regulate MDM2 SUMOylation 
interacting with and regulating UBC9, that finally induces 
MDM2 activity and lowers p53 protein (34). Particularly, 
SKI promotes MDM2 SUMOylation via PIAS1 and PIAS3 
that increases MDM2 level, therefore induces p53 protein 
degradation through ubiquitination and proteasome system.

HIF-1α and Cbx4
Hypoxia-inducible factor-1 (HIF-1) is an important TF 
involved on cellular adaptive response to hypoxia and 
is commonly described to be linked to the solid tumor 
microenvironment. One of the most important subunit 
oxygen-sensitive of HIF-1 is HIF-1α, well-known to be 
regulated by PTMs (36). More specifically, SUMOylation 
affects HIF-1α  transcriptional activity altering its 
interaction with co-modulators that could be vary from cell 
type to cell type. More intriguingly, the complex formation 
between Cbx4, a polycomb group protein (SUMO E3 
ligase), and PIASy (E3 SUMO-protein ligase) mediates 
HIF-1α SUMOylation that regulates its protein stability 
and transcriptional activity in HCC cell lines (37).
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Analysis of a large cohort of HCC tissues reported that 
Cbx4 is highly expressed and positively correlated with 
poor overall survival of HCC patients (37,38). Interestingly, 
Cbx4 is the sole Cbx family members that induces 
angiogenesis promoting the expression of hypoxia-induced 
vascular endothelial growth factor (VEGF) in HCC cells 
via induced-HIF-1α SUMOylation. This occurs on its 
two SUMO-interacting motifs located at K391 and K477 
residues, which finally increases the transcriptional activity 
of HIF-1α. In fact, mutating HIF-1α at K391 and K477 
residues has no effect on PIASy regulatory function may be 
because Cbx4 and PIASy mediate HIF-1α SUMOylation 
at different lysine (37) or other specific SUMO E3 ligases 
generate additional SUMOylation patterns that influence 
the stability and transcriptional activity of HIF-1α.  
However, the potential HIF-1α SUMOylated binding 
sites by PIASy and other SUMO E3 ligases remain to be 
investigated. In addition, proteomic experiments revealed 
that non-SUMOylated HIF-1α and HIF-1α proteins 
interact with different partners when SUMOylation is 
induced by Cbx4 (37), then it is extremely important to 
explore their role on HIF-1α stability and function. In 
addition, to develop novel compounds targeting Cbx4 
SUMO E3 ligase activity and its interaction with HIF-1α, 
could move forward in fight against tumor angiogenesis and 
its need for oxygen and nutrients. 

SUMOylation and protein stability

Numerous research groups reported that cellular signaling is 
important to modulate stability and accessibility of proteins. 
The most important pathway is the ubiquitination that leads 
to proteasome degradation that could also be caused by 
losing the lysine acceptor for SUMOylation (39). This event 
supports the concept that these two protein modifications 
are closely interplaying. However,  the biological 
consequences of SUMOylation and ubiquitination are quite 
different. Whereas ubiquitin primarily mediates protein 
degradation, SUMO serves several different purposes as well 
as protein stabilization by antagonizing ubiquitination (40). 
Intriguingly, in the same cases the SUMO-1 attachment to 
its target proteins protects against ubiquitination and lowers 
proteasomal degradation (30).

β-catenin
SUMO proteases (SENP) are known to be responsible of 
SUMO remotion from SUMOylated proteins, and their 
expression is described to be deregulated in many cancers 

(14,41). Specifically, SENP2 was found to be down-
regulated in HCC tissues, while its overexpression is 
believed to prevent growth and colony formation of HCC 
cells. In contrast, SENP2 knockdown leads cancer cell 
growth (14).

WW domain-containing oxidoreductase (WWOX) 
is a novel oncosuppressor gene that appears to be 
downregulated in various cancers including HCC (42). 
WWOX seems to be involved on Wnt/β-catenin pathway 
inhibition by an associated mechanism with Disheveled 
protein (Dvl), an important molecule for β-catenin 
protein stabilization (43). WWOX has been described as 
an important downstream modulator of SENP2 tumor 
suppressor function, and a key player on SENP2-β-catenin 
asset that controls liver cancer growth. Basically, SENP2 
negatively regulates Wnt/β-catenin pathway transcriptional 
activity by inducing WWOX transcription, thereby 
resulting in β-catenin protein destabilization (13,14). In 
contrast, WWOX silencing reverses the effect of SENP2 
on β-catenin stability and cancer cells growth (13). In 
addition, β-catenin stability markedly dropped when 
SENP2 is overexpressed, while SENP2 catalytic mutant 
had no effects suggesting that this phenomena is SENP2 
de-SUMOylation activity-dependent (14).

FOXA2
The forkhead box protein A2 (FOXA2) is a member 
of FoxA subfamily that plays a key role in glucose and 
lipid homeostasis controlling several genes expression 
in metabolically active tissues such as, liver, pancreatic α 
and β cells and adipocytes (44). Casein kinase I (CKI) and 
protein kinase B (AKT) control FOXA2 expression and 
activity phosphorylating its transactivation domain located 
at the N-terminus (45). However, these phosphorylation 
sites are not required for FOXA2 transcriptional activity. 
More recently, IKKα has been described to phosphorylate 
FOXA2 on serine 107 (S107) and 111 (S111) residues that 
inhibits its transcriptional activity, derepressed FOXA2 
target genes and promoted liver cancer growth (46). 
Nevertheless, FOXA2 was found to be SUMOylated 
on lysine 6 (K6) residues, located within a consensus 
SUMOylation site, that is required for the stability of 
FOXA2 protein. Mutating SUMO acceptor lysine to 
arginine (R), completely abolished both in vivo and in vitro  
SUMOylation. Specifically, FOXA2K6R mutant protein 
stability markedly decreased without affecting its mRNA 
level, while SUMO-1 in-frame fusion construct promoted 
stability on unstable FOXA2K6R mutant protein (lack 
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of SUMOylation conjugation). In addition, SUMO 
ligase PIAS1 increased FOXA2 level promoting FOXA2 
SUMOylation, whereas the SUMO ligase dominant 
negative (PIAS1 deficient) lowered both SUMOylation and 
basal level of non-SUMOylated FOXA2 (47). Despite the 
importance of SUMOylation for FOXA2 protein stability, 
only a small fraction of FOXA2 is SUMOylated at basal 
level even though the non-SUMOylated FOXA2 appeared 
to be stable. Accordingly, non-SUMOylated FOXA2, 
derived from deSUMOylation of previously SUMOylated 
FOXA2 that remain stable whereas FOXA2K6R, is 
incapable to be SUMOylated and then it is destabilized (47).

p65
Abnormal activation of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) pathway is closely 
related to hepatocarcinogenesis and HBV-related HCC 
(48,49). Concurrently, high level of NF-κB signaling and 
activity promote migration and invasive abilities of liver 
cancer cells (50). Moreover, NF-κB pathway is involved on 
reduced radiotherapeutics and chemotherapeutics sensitivity 
of HCC cells (51). In contrast, reducing NF-κB pathway 
prevents invasiveness and malignancy of human HCC cells 
and reduces carcinogenesis in vivo (52).

The human NF-κB family includes five different DNA-
binding subunits: RelA/p65, c-Rel, RelB, p50 and p52. All 
NF-κB DNA-binding subunits have an N-terminal Rel 
homology domain (RHD), by which they set up dimerization, 
interaction with the inhibitor of κB (IκB) proteins, nuclear 
translocation and DNA binding (53). Only p65, RelB and 
cRel contain the C-terminal transactivation domains that 
are required for gene transcription ability. More specifically, 
p65 contains two potent transactivation domains within 
its C-terminus protein sequence that are responsible of its 
strongest capability to be activator of most genes containing 
κB sites in their sequences (53). p65 has been described as 
a critical key regulatory protein on NF-κB transcriptional 
activity and is associated with liver cancer development. 
When p65 is localized into the nucleus appears to be under 
its active form, that controls a large number of genes 
transcription in response to inflammatory stimuli (53,54). 
Accordingly, p65 protein stability regulation plays an 
important role in hepatitis-related HCC development. p65 
has been previously found to be SUMOylated by exogenous 
SUMO-3 in HEK 293T cells and mouse 3T3 fibroblast 
cells (55). In addition, silencing of SUMO-2/3 promoted 
TNF-α-induced transcriptional activity of p65 in Hela cells 
(56). Recently, Liu et al. speculated that p65 and SUMO-

2/3 interaction represents a novel mechanism by which p65 
protein stability is regulated suppressing its degradation 
through ubiquitin-proteasome system in the cytoplasm (57). 
In details, p65 SUMOylation could be mediated by SUMO 
proteins that recruit an inhibitor of p65 in nucleus may be 
via SUMO-2/3 that has been described to inhibit nuclear 
import of p65 (58). Subsequentially, SUMO-2 or SUMO-
3 induced the cytoplasmic level of p65 and may suppress its 
transcriptional activity (57,59). 

Role of phosphorylation in HCC 

Protein phosphorylation 

Protein phosphorylation is a central signaling event in 
eukaryotes and is regulated by protein kinases that catalyze 
the transfer of the γ-phosphoryl group of a nucleoside 
triposphate [usually adenosine triphosphate (ATP)] to an 
amino acid hydroxyl group (commonly serine, threonine, 
or tyrosine) of a protein substrate. It is an important 
cellular regulatory mechanism as many enzymes and 
receptors are activated/deactivated by phosphorylation 
and dephosphorylation events (60). The most common 
sites of phosphorylation are serine, threonine and tyrosine 
in mammalian proteins (61). Protein phosphorylation has 
become a central focus of drug discovery as the result of 
the identification and validation of promising therapeutic 
targets such as protein kinases, protein phosphatases, and 
phosphoprotein binding domains.

Regulation of protein-protein interactions and protein 
stability by site-specific phosphorylation

Phosphorylation on serine or threonine residues can be 
crucial for regulating protein-protein interactions and 
protein stability. A well-known example is that of the 
famous tumor suppressor, p53 that plays an important role 
in the cellular response to stress such as DNA damage and 
hypoxia. Loss of p53 is associated with genomic instability 
and tumor development (62). Phosphorylation of p53 at 
serine 15, serine 20 and serine 33 are involved in preventing 
interaction of p53 with mouse double minute 2 homolog 
(MDM2), a well-known activator of p53 degradation and 
inhibitor of its DNA transactivation ability (63). Another 
crucial example of phosphorylation-mediated stability 
is that of the MYC oncogenic protein. MYC protein 
stability is regulated by phosphorylation of threonine-58 
and serine 62 at the N-terminus (64). Phosphorylation of 
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serine 62 is required for Ras-induced stabilization of MYC, 
possibly through the action of extracellular-signal regulated 
kinase (ERK). Phosphorylation at serine 62 also forms 
a further basis for glycogen synthase kinase 3 (GSK3)-
mediated phosphorylation of MYC at threonine-58 that 
is associated with MYC degradation (64). Since Ras and 
MYC are critical players for the control of normal cell 
proliferation, oncogenic events that disrupt this control are 
associated with altered Ras and MYC signaling. Protein 
phosphorylation/dephosphorylation also acts as a molecular 
switch regulating cell survival via altered scaffolding. One 
example of this is the function of the scaffolding protein, 
Gravin or A-kinase anchoring protein 12 (AKAP12). 
AKAP12 is known to interact with protein kinases C and 
A (PKC/PKA) and localize them to discreet signaling 
locations. It is known that AKAP12 can sequester cyclin-D1 
(CCND1) in the cytoplasm and thereby negatively control 
cell proliferation (65). However, a specific phosphorylation 
event at serine 505/serine 517 caused by PKC inhibits 
the scaffolding activity of AKAP12 for CCND1, leading 
to nuclear translocation of CCND1 and promotion of 
G1 to S transition (65). We have recently described that 
phosphorylation of AKAP12 in hepatic stellate cells alters 
its ability to scaffold key fibrogenic proteins, heat shock 
protein 47 (HSP47) and this may be associated with 
increased collagen expression during hepatic stellate cell 
activation (66).

Phosphorylation/dephosphorylation-regulated pathways in 
hepatocellular carcinoma

Mitogen-activated protein kinase/extracellular signal 
regulated kinases (MAPK/ERK)
Extracellular stimuli such as growth factors, cytokines, 
mitogens, hormones, and oxidative or heat stress are 
known to initiate signals on the cell surface by interacting 
with receptor tyrosine kinases (RTKs), G protein-
coupled receptors (GPCRs) or epidermal growth factor 
receptor (EGFR) (67). These receptors then transmit 
signals intracellularly by recruiting guanine nucleotide 
exchange factors to stimulate Ras protein and cause GDP 
to GTP conversion. This Ras activation event then leads 
to its binding to Raf proteins that are known MAPK 
kinase (MAPKKK). This further causes Raf activation via 
increased kinase activity. MAPKKK activation then causes 
phosphorylation of MAPKKs and MAPK proteins on 
threonine and tyrosine residues. MAPK phosphorylation 
and activation then causes phosphorylation of several 

downstream targets on serine/threonine residues that 
causes alterations in a multitude of cellular pathways such 
as differentiation, gene expression, cell proliferation and 
apoptosis (68). One of the well-studied MAPKs are ERK1/2. 
ERK phosphorylation plays an important role in cell 
proliferation and tumorigenesis. Both its phosphorylation 
and subsequent kinase activity are dependent on mitogen 
stimulation and happens in specific phases of the cell cycle. 
In normal cells, ERK is localized in the cytoplasm where 
it associates with MAPKKs or with phosphatases (69,70). 
The MAPK phosphatase 3/dual-specificity phosphatase 
6 (MKP3 or DUSP6) is known to localize ERK1/2 in the 
cytoplasm of unstimulated cells (70). Upon mitogenic 
stimulation, ERK1/2 get rapidly phosphorylated exhibiting 
enhanced kinase activity followed by sustenance of moderate 
kinase activity in the G1 phase of the cell cycle (71).  
This is followed by nuclear translocation of phospho-
ERK that remains functional during late G1 phase and is 
required for G1 to S transition (72). However, the S phase 
itself is not dependent upon ERK activation because ERKs 
are rapidly inactivated after the G1/S transition (72). In the 
nucleus, ERK is known to phosphorylate several substrates 
that are responsible for increased cell proliferation. 
Activated ERK1/2 can phosphorylate the ternary complex 
factors Elk-1, Sap-1a, and TIF-IA. Phosphorylation of Elk-1  
on the C-terminus increases its affinity for the serum 
response factor and enhances transcription of growth 
related proteins, such as c-Fos (67). ERK activation can 
also induce transcription of pro-survival genes (73). ERK 
can activate the ribosomal S6 family of kinases (RSK1, 
2 and 3) and cause them to translocate to the nucleus 
where they further phosphorylate the TF cAMP response 
element-binding protein (CREB) at serine 133, which 
allows recruitment of the co-activators CREB-binding 
protein (CBP) and p300. This causes CREB-dependent 
transcription. ERK1 can also directly phosphorylate CBP in 
vitro and increase the transcriptional activity of CBP (74). 
ERK-activated RSKs can also induce phosphorylation of 
the pro-apoptotic protein, BCL2 Associated Agonist of Cell 
Death (BAD) at a serine 112 residue causes inactivation of 
its apoptotic function in neuronal cells (75). Given the fact 
that phospho-ERK is associated with anti-apoptotic and 
cell survival functions, its role in HCC development and 
susceptibility has been studied over the past few years. In 
fact, the multikinase inhibitor, sorafenib that is approved 
for treatment of advanced HCC, exhibits a clear correlation 
with the level of phospho-ERK in HCC. HCC cell lines and 
patient xenografts from HCC specimens that show higher 
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phospho-ERK are more sensitive to the inhibitory effect 
of sorafenib on growth rate (76). ERK phosphorylation 
in HCC correlates well with a decrease in expression of 
MAPK phosphatase 1 (MKP1) or DUSP1 (77). In fact, in 
human hepatoma cell lines, reactivation of DUSP1 inhibits 
ERK activation (77). Another important phosphatase that 
controls the Ras/ERK activation pathway is SHP2 (Src 
homology 2-containing phosphotyrosine phosphatase 2) 
that is required to regulate Ras/ERK signaling during 
tumorigenesis (78). The SUMOylation of SHP2 plays an 
important role in mediating ERK activation in HCC (78). 
This will be discussed further in SUMOylation-dependent 
phosphorylation section of this review.

Phosphatidyl inositol/AK-strain transforming (PI3K/
AKT) signaling
The PI3K/AKT signaling pathway is an important survival/
proliferative pathway in HCC and is associated with 
poor prognosis (79). PI3Ks are heterodimeric proteins 
composed of the p110-catalytic and the p85-regulatory 
subunit. Cellular stimuli such as mitogens, cytokines cause 
the p85-regulatory subunit to recruit AKT to the plasma 
membrane by interacting with phosphorylated motifs on 
activated receptors. The conversion of phosphatidylinositol 
4,5-bisphosphate to phosphatidylinositol 3,4,5-trisphosphate 
(PIP3) by p110-catalytic subunit enhances the kinase 
activity of phosphatidylinositol 3-kinase-dependent 1, 
which then phosphorylates and activates AKT at the plasma 
membrane. In contrast, phosphatase and tensin homolog 
(PTEN) inactivates PI3K by dephosphorylating PIP3 (80). 
Hyperactive AKT is one of the mechanisms of acquired 
resistance to sorafenib in HCC cell lines. An increase in 
AKT phosphorylation along with upregulation of the p85 
subunit is observed in sorafenib-resistant human hepatoma, 
Huh7 cell line (80). Interestingly, in these resistant cells, 
downregulation of the phosphatase, PTEN is observed (80). 

C-Src signaling
C-SRC is the cellular homolog of the Rous sarcoma virus-
transforming (v-Src) gene. It is a non- RTK that plays 
a role in a variety of signaling pathways associated with 
cell proliferation. It is known to induce phosphorylation-
dependent activation of VEGF, MAPK/ERK and platelet-
derived growth factor (PDGF) pathways (81). c-Src 
activation has been shown to correlate with early stages 
of HCC phenotypes (82). C-Src is regulated by tyrosine 
phosphorylation at two sites that result in opposite effects. 
Tyrosine-416 phosphorylation in the kinase domain of c-Src 

caused by intermolecular kinase activity of Src itself, induces 
its enzyme activity whereas phosphorylation of tyrosine-527 
by the c-terminal Src kinase (CSK) in the C-terminus 
inhibits its enzyme activity (83). Increased tyrosine-416 
phosphorylation of active c-Src and decreased tyrosine-527 
phosphorylation of inactive c-Src is associated with poor 
patient survival rates in HCC (83). The proline-rich 
tyrosine kinase 2 (PYK2) that is activated by tyrosine-402 
autophosphorylation, has been shown to interact with 
c-Src and promote its activation through tyrosine-416 
phosphorylation in HCC cell lines (84). Interestingly, 
this autophosphorylation activity and SRC-recruitment 
activity of PYK2 has recently been shown to be dependent 
on SUMOylation (85). This signaling is further discussed 
under the SUMOylation-dependent phosphorylation 
section of this review.

SUMOylation-dependent phosphorylation/
phosphorylation-dependent SUMOylation

The overall goal of this work is to review the cross-talk 
between SUMOylation and phosphorylation pathways 
during HCC development. Although there is substantial 
literature that suggests dependence of phosphorylation 
on SUMOylation in HCC targets, there is no literature 
on phosphorylation-dependent SUMOylated targets 
in HCC. Phosphorylation-dependent SUMOylation 
modifications (PDSMs) are described in general (86). For 
example, phosphorylation has been shown to reduce the 
SUMOylation of the ELK1, c-Fos and c-Jun TFs and 
increase the transcriptional activity of the nuclear factor 
erythroid-derived 2 (NF-E2) protein (87). Examples of 
SUMOylation-dependent phosphorylation in HCC are 
the Ras/ERK pathway and the C-Src signaling pathway. 
The activation of the Ras/ERK pathway is controlled by 
the activity of SHP2 protein during tumorigenesis (78).  
A major SUMO-acceptor site, lysine-590 in SHP2 was 
recently identified to be SUMOylated by SUMO-1. 
This SUMOylation modification enhanced epidermal 
growth factor (EGF)-mediated ERK phosphorylation 
and activation in HCC cell lines. The mechanism by 
which SUMO-SHP2 facilitated ERK activation and HCC 
tumor growth was by enhancement of binding of SHP2 
to the Grb2-associated binder-1 (GAB1) protein (78). 
Another interesting interaction between SUMOylation 
and phosphorylation exists for the c-Src protein and 
PYK2. PYK2 gets autophosphorylated and in this form 
it interacts with and induces the tyrosine-416 activity 
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of c-Src in HCC cells (84). Recently, global SUMO-
proteome analysis revealed that several cytosolic non- 
RTKs including PYK2 were SUMOylation targets (85). 
Further analysis of SUMO-PYK2 revealed that this adduct 
caused rapid Src phosphorylation at tyrosine-416 compared 
to unSUMOylated PYK2 or a SUMO-mutant of PYK2  
in vitro (85). Another important correlation exists between 
PYK2 and ERK1/2 phosphorylation and activation in 
HCC (84). This enhancement of ERK activity was also 
induced significantly by PYK2 SUMOylation and inhibited 
by a PYK2 SUMO mutant (85). The overall data imply a 
correlation between enhanced PYK2 autophosphorylation, 
SUMOylation and C-Src signaling as well as enhanced 
ERK activation in HCC. The E2 enzyme UBC9 is also 
phosphorylated in human HCC and during inflammatory 
signaling in Kupffer cells of the liver (12,54). Serine 71 
phosphorylation of UBC9 appears to favor its stability 
in cancer cell lines (12). Phosphorylation of UBC9 also 
promotes inflammatory signaling in Kupffer cells of the 
liver (54). Since SUMOylation is also higher in HCC, it 
appears that phosphorylation of UBC9 may drive enhanced 
SUMOylation in this disease (12).
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