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Abstract

SUMOylation is an important protein post-translational modification (PTM) process, in which the small ubiquitin-like modi-
fier (SUMO) protein covalently binds to the target protein and regulates stability, subcellular localization, and protein—protein
interaction of the target protein. Protein SUMOylation exerts crucial regulatory function in the liver, and its abnormalities are
associated with various liver-related disease processes. This review focuses on the biological functions of protein SUMOyla-
tion in liver-related diseases in recent years, summarizes the molecular mechanisms of SUMOylation in the replication of
hepatitis viruses and the occurrence of hepatocellular carcinoma, and discusses the significance of SUMOylation in liver-
related disorders, which is essential for understanding liver biological processes and formulating therapeutic strategies.
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Introduction

Small ubiquitin-like modifiers (SUMO) are conserved mem-
bers of the ubiquitin-related protein family. Known SUMO
proteins include SUMO1, SUMO2, SUMO3, SUMO4, and
SUMOS5. SUMOylation is the attachment of SUMO pro-
teins to substrates, which involves several key enzymes. The
SUMO El1 activating enzyme is the initiating enzyme for
SUMOylation, which activates SUMO proteins and gener-
ates a thioester. The SUMO E2 conjugating enzyme is an
intermediary enzyme that transfers the activated SUMO
protein from E1 to substrates. The SUMO E3 ligases are
crucial enzymes in the SUMOylation process. E3 ligases
determine and assist in the covalent attachment of SUMOs
to substrates. Each E3 ligase typically interacts with spe-
cific target proteins, providing selectivity in the modifica-
tion process. The SUMO-specific proteases (SENPs) are
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enzymes responsible for deSUMOylation, which removes
SUMGOs from target proteins. They restore the target proteins
to an un-modified state, maintaining the dynamic nature of
SUMOylation. Six family members have been characterized,
including SENP1-3 and SENP5-7. In general, SUMOQylation
is a dynamic and reversible process that involves activation
of SUMO precursor proteins, covalent attachment to target
proteins, and subsequent deSUMOylation.

Protein SUMOylation occurs mainly in the nucleus and is
involved in regulating nucleoplasmic shuttling, subcellular
localization, RNA/protein interactions, and cell cycle pro-
gression of target proteins. Under physiological conditions,
cell cycle-related proteins and RNA-binding proteins are
dynamically regulated by SUMOylation to maintain the bal-
ance of physiological functions. However, alterations in the
expression activity of SUMOylation-related enzymes and
abnormal levels of target protein SUMOylation can cause
disorders and contribute to the development of disease.

The liver, as a vital metabolic organ in the body, is
involved in multiple physiological processes such as lipid
metabolism, glucose metabolism, and amino acid metabo-
lism. Recently, increasing evidence suggests that SUMOyla-
tion is participating in multiple biological procedures, such
as hepatic cell proliferation, apoptosis, and stress response.
However, abnormal SUMOylation is strongly related to
the progression of liver-related diseases. For instance,
SUMOylation is closely associated with tumor suppressor
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genes, transcription factor activity, and protein stability
in hepatocellular carcinoma (HCC). Research on hepati-
tis viruses has also revealed the role of SUMOylation in
regulating viral replication and host immune responses.
Additionally, metabolic diseases are also correlated with
SUMOylation, which regulates the expression of lipid
metabolism-related genes.

To conclude, an in-depth study of the biological func-
tions and molecular mechanisms of protein SUMOylation
may provide new insights and targets for the treatment and
prevention of liver diseases. This article provides a com-
prehensive overview of the latest research on the biological
functions of protein SUMOylation. Based on our current
understanding, we discuss and prospect the clinical applica-
tion potential of target SUMOylation for HCC therapy.

The expression levels of SUMOylation-related
enzymes in liver diseases

Many studies suggested that an imbalance between
SUMOylation and deSUMOylation leads to various patho-
logical changes in liver disease. Table 1 summarizes the pro-
file of SUMO pathway components in human liver diseases.
The expression of SUMO E1 activating enzymes (SAE1 and
SAE2) [1, 2], SUMO E2 ligase (Ubc9) [3-5], or SUMO
E3 ligase (e.g., Cbx4) [6] appears to be enhanced in a vari-
ety of liver diseases. Studies have shown enhanced expres-
sion of some SENPs in HCC [7-12]. Notably, the levels of

Table 1 Expression of SUMO pathway enzymes in liver diseases

SUMOylation and deSUMOylation enzymes are elevated
in some liver diseases, which may indicate a need for accel-
erated SUMO cycling (Fig. 1). Thus, it is suggested that
changes in the expression levels of SUMOylation-related
enzymes can predict the occurrence of liver disease.

The link between SUMOylation
and liver disease

The liver is the largest digestive gland and the central station
for the metabolism of substances and energy in the body. It
is estimated that the liver is the largest detoxification organ,
performing more than 500 chemical reactions. Depending on
the pathogenesis, liver diseases can be categorized into viral
and non-viral liver diseases. Protein SUMOylation promotes
HCC and hepatitis virus replication; involves in alcoholic
liver disease (ALD), metabolic dysfunction-associated stea-
totic liver disease (MASLD), and liver fibrosis; and exerts
an influential regulatory role in the pathogenic mechanisms
of biliary cirrhosis and alcoholic liver disease.

SUMOylation holds a pivotal role in non-viral
liver diseases

With the successive introduction of hepatitis B immu-
nization and hepatitis C curative drugs in China, signifi-
cant achievements have been made in the prevention and
control of hepatitis B and C. The overall incidence rates

SUMOylation-related Expression levels Substrates Types of liver diseases Ref
enzymes
SUMOL1 Upregulated - HCC with MDR [45, 55]
SUMO2/3 Upregulated MMP-9, VEGF HCC [56]
SAEI Upregulated mTOR, PLK1, CCNB1, CDK4, CDK1, HCC [1,2]
PDK4, KLF9, FOXO1, ALDH2
Ubc9 Upregulated CYP2E1 ALD [3]
Upregulated miR-195-3p HCC [4]
Upregulated TFII-1 Liver cancer [5]
Cbx4 Upregulated HIF-1a HCC [6]
SENP1 Downregulated PIPK1 MASH [7]
Upregulated UBE2T HCC [8]
Upregulated HIF-1a, HCC [9]
SENP2 Upregulated PPARa MASLD [10]
SENP3 Downregulated IQGAP1 HBV-infected hepatocytes [22]
SENP5 Upregulated ATRIP HCC [11]
SENP6 Upregulated IxBa HCC [12]
PIAS1 Downregulated CDKN2A Fatty liver [57]
PIAS4 Upregulated AMPKa, NEMO HCC [58]

MASH metabolic dysfunction-associated steatohepatitis, HCC hepatocellular carcinoma, ALD alcoholic liver disease, MASLD metabolic dys-

function-associated steatotic liver disease, MDR multidrug resistance
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Fig. 1 Relationship of
SUMOylation-related enzymes
with liver diseases. SUMOyla-
tion promotes the replica-

tion of hepatitis virus. The
SUMOylated HBV core is
essential for establishing viral
persistence. SUMOylated
S-HDAg is closely related to
HDV replication. SUMOylated
NSS5A positively affects HCV
replication. Abnormal SUMO
pathway promotes the develop-
ment of fatty liver. SUMOyla-

tion of Prox1 is a nutrition-

ally sensitive determinant of
hepatic fasting metabolism.
SUMOylated RIPK1 regulates
the ubiquitination and activation
of RIPK1, leading to the pro-
gression of MASH. SUMOyla-

tion promotes the development
and progression of HCC.
SUMOylation of Mettl3 regu-
lates HCC invasion, metastasis,
and progression. SUMOyla-
tion of PKM2 promotes HCC
progression by activating EMT
and STATS3 signaling path-
ways. SUMOylation of HSP27
promotes HCC cell proliferation
and invasion

Hepatitis

of these diseases have shown a downward trend. However,
non-viral liver diseases such as fatty liver and drug-induced
liver damage are showing a more noticeable high-incidence
trend, which requires attention and concern. Non-viral liver
diseases primarily include fatty liver, ALD, MASLD, drug-
induced liver diseases, autoimmune liver diseases, and other
liver disorders.

SUMOyaltion in ALD

ALD is one of the common liver diseases in our country and
is caused by prolonged and heavy drinking. Alcohol causes
ALD through a variety of pathways. Cytochrome P450 2E1
(CYP2E1) is the major enzyme involved in alcohol metabo-
lism and plays an important role in ALD. It was found that
ethanol-induced SUMOylation of CYP2E1 at the K410 site
contributes to CYP2E] stabilization and promotes its activity,
accelerating the process of ALD [3]. Methionine adenosyl-
transferase alphal(MATal) plays a crucial role in maintain-
ing the mitochondrial function of hepatocytes by negatively
regulating CYP2E1 expression in ALD. However, MATal is
highly SUMOylated by SUMO2 in ALD, and SUMOylation
of MATal promotes its degradation, leading to mitochondrial
dysfunction [13]. Preventing MATal SUMOylation may rep-
resent a potential treatment strategy for ALD.

>
et

Fatty liver

SUMOyaltion in MASLD

MASLD, which was previously named nonalcoholic fatty
liver disease (NAFLD), is becoming the most common
cause of liver diseases. MASLD has a complex disease
profile that can be categorized into stages of simple fatty
liver, metabolic-associated steatohepatitis (MASH), and cir-
rhosis. Hepatic SENP2 governs metabolic homeostasis by
regulating liver-adipose tissue crosstalk, linking the SUMO
pathway to metabolic regulation. Mechanistically, SENP2
was dramatically increased in fatty liver. SENP2 was con-
jugated to PPARa and deSUMOylated it, thereby promot-
ing ubiquitination and degradation of PPAR«, which in turn
inhibited FGF21 expression and fatty acid oxidation [10].
Excess nutrient accumulation impedes normal liver function
and is associated with MASLD in obesity. SUMOylation of
Prox1 was a nutritionally sensitive detector of hepatic fasting
metabolism. Prox1 was modified by SUMO?2 at lysine 556
in free-feeding mice and mouse livers, and this modifica-
tion was abolished during fasting [14]. This suggests that
SUMOylation of Prox1 modulates different gene subgroups
involved in the hepatic cholesterol detoxification system
in response to fasting. Sterol regulatory element-binding
protein-1c (SREBP-1c) is a crucial transcription factor for
cholesterol and lipid homeostasis. The SUMO ligase PIASy
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promoted SUMOylation of SREBP1c at Lys98, thereby
inhibiting the hepatic lipogenic program in response to fast-
ing-induced signals. This led to a disruption of the balance
between lipogenesis and lipolysis, resulting in lipid accu-
mulation and triggering the development of MASLD [15].
Moreover, SUMOylation of hepatic E4 promoter-binding
protein 4 (E4BP4) is essential for the downregulation of
Fsp27 and lipid droplets by cAMP signaling in hepatocytes.
However, HFD feeding induces deSUMOylation of E4BP4,
which promotes lipid droplet formation and liver steatosis
in mice [16].

MASH is the progressive form of MASLD. RIPK1 reg-
ulates the process of MASH, whereas SENP1 acts as an
endogenous inhibitor of RIPK1 to suppress its expression.
Mechanistically, SENPI interacts with RIPK1 and deSU-
MOylates RIPK1 in the TNF-R1 signaling complex (TNF-
RSC). Loss of SENP1 leads to elevated levels of RIPK1
SUMOylation, which re-orchestrates TNF-RSC and regu-
lates the ubiquitination patterns and activity of RIPK1 [7].

SUMOylation mediates hepatitis virus replication

Viral liver disease is an infectious disease caused by a vari-
ety of different hepatitis viruses, with a predominance of
liver damage. Viruses rely on persistence to spread and
establish long-term infection by deploying potent immune
evasion mechanisms within host cells [17]. Oncogenic
viruses can induce cancer characteristics directly in infected
cells through anti-apoptotic and proliferative programs. The
underlying mechanisms include three main processes [18].
Firstly, viruses infect the host and encode a series of viral
proteins that can dominantly disrupt signaling mechanisms
responsible for cell growth and survival. Second, the host
cell recognizes the viral genome or replication intermediates
and triggers a DNA damage response, which is a protective
mechanism against viral invasion. However, a prolonged
DNA damage response can lead to genetic instability in
host cells, increasing mutation rates and accelerating host
chromosome alterations. Another important process is that
during viral infection, the infected organs accumulate a large
number of inflammatory cells and cytokines, leading to an
inflammatory environment that causes irreversible damage.
The prolonged inflammatory damage can contribute to can-
cer development.

According to the etiological diagnosis, there are at least
five forms of hepatitis viruses (A, B, C, D, and E, respec-
tively). SUMOylation is involved in regulating the interac-
tion between the hepatitis virus and the host. During the
infection of host cells, the virus-host interaction can alter the
SUMOylation of intracellular proteins, including interfering
with the activation of SUMO and E1 enzymes, binding to
E2 enzyme Ubc9, promoting the occurrence of deSUMOyla-
tion, and altering the quantity or stability of SUMOylated
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proteins in host cells [19]. Viruses can also use SUMOyla-
tion-related enzymes to modify their proteins to evade the
host’s immune system, ensuring efficient replication and
viral persistence in the host [20]. Taken together, virus-host
interaction alters the protein SUMOylation.

Hepatitis B virus (HBV) manipulates the SUMO system
in host cells

HBYV, a partial double-stranded circular DNA virus, is
closely linked to cirrhosis and HCC. During HBV infec-
tion of host cells, HBV utilized SUMOylation systems to
modify their proteins to be able to replicate persistently in
the host. For example, the HBV core protein is a substrate
modified by SUMO2. SUMOylation of HBV core proteins
mediates its recruitment to promyelocytic leukemia-nuclear
bodies (PML-NBs) within host cells. SUMOylated HBV
core induces HBV capsid decomposition, which is a pre-
requisite for HBV core to enter the nucleus. The binding of
SUMOylated HBV core to PML-NBs is essential for effi-
cient conversion of rcDNA to cccDNA and establishment of
viral persistence [21].

Correspondingly, the SUMOylation of host proteins is
altered to enhance the antiviral response when the host is
exposed to viral invasion. IQGAP2 is a scaffold protein that
interacts with key molecules in multiple signaling pathways
and is a critical substrate for SENP3-mediated deSUMOyla-
tion. In HBV-infected cells, downregulation of SENP3 pro-
motes SUMOylation of IQGAP2, thereby suppressing the
expression of HBV viral proteins by regulating AKT phos-
phorylation. Hence, the process of deSUMOylation enzyme
SENP3-mediated deSUMOylation of IQGAP2 protein
enhances AKT phosphorylation as a defense mechanism of
liver cells against the virus [22].

HBx is a viral product that acts as a transcriptional cofactor
during viral replication and can promote cell transformation
by altering key cellular pathways involved in cell growth,
DNA repair, apoptosis, and cell cycle progression. The
overexpression of centrosomal protein P4.1-associated
protein (CPAP) is associated with SUMO1 modification.
SUMO1-modified CPAP is essential for IKK-mediated NF-xB
activation and enhancement of the HBx-induced NF-xB
signaling pathway [23]. The host transcription factor Speckled
110 kDa (Sp110) can be modified by SUMO1. However, in the
presence of HBV infection, Sp110 undergoes deSUMOylation
modification and dissociates from the promyelocytic leukemia
nuclear body (PML-NB) complex. This reduction in apoptosis and
increase in the survival capacity of liver cells significantly
affect genes related to the type I interferon pathway, favoring
HBYV replication within host cells [24]. Mechanistically,
HBx may promote the formation of the Spl110-SENP1-
HBx complex, which catalyzes the removal of SUMOI1
from Sp110 and relocates HBx to the Sp110 gene promoter.
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This reprograms host gene expression and triggers viral
proliferation [24]. This research emphasizes the importance
of protein SUMOylation and deSUMOylation in mediating
the HBV lifecycle. Furthermore, HBx expression in mouse
and human cell lines can promote cell growth and alter the
SUMOylation modification status of E-cadherin, a membrane
protein crucial in epithelial-mesenchymal transition (EMT). In
contrast to Sp110 SUMOylation, HBx expression promotes
the binding of SUMO1 and 2/3 to E-cadherin, resulting in
E-cadherin degradation, EMT transition, loss of intercel-
lular communication, and hepatocyte overgrowth [25].

SUMOylation regulates hepatitis C virus (HCV) replication
and metabolic homeostasis in host cells

HCV is a single-stranded RNA virus that encodes a multi-
protein precursor, subsequently cleaved by the host cassette
protease into biologically active proteins (including the
core proteins E1, E2, and P7) and non-structural proteins
(including NS1, NS3, NS4A, NS4B, NS5A, and NS5B).
The expression of SUMOI1 in host cells was increased
during HCV infection. Silencing SUMOI can inhibit the
expression of adipose differentiation-associated protein
(ADRP) and the formation of lipid droplets, thereby reduc-
ing HCV core protein and lipid droplet deposition, and thus
inhibiting HCV replication [26]. Moreover, nonstructural
5A (NS5A), an essential component of the HCV replication
complex, was SUMOylated at K348 residue. SUMOylation
increased protein stability of the NS5A, thereby positively
affecting the interaction of NS5A with NS5B protein and
replication of HCV replication [20]. In contrast, the protein
inhibitor of activated STAT2 (PIAS2), a SUMO E3 ligase,
interacts and enhances the SUMOylation level of the HCV
core, subsequently reducing its protein levels via the protea-
some pathway in a ubiquitin-independent manner, thereby
inhibiting HCV replication [19]. Moreover, HCV infection
led to metabolic abnormality in the host. Orphan nuclear
receptor small isoform partners (SHP) regulate hepatic
lipogenesis and metabolic homeostasis by suppressing
SUMOylation of liver X receptor at the SREBP-1c pro-
moter and SREBP-1c expression. However, the expression
levels of SHP are reduced in the livers of HCV patients
and mice with persistent HCV infection, which results in
abnormal lipogenesis [27].

Hepatitis D virus (HDV) utilizes SUMO pathway to modify
own protein

Hepatitis delta antigen (HDAg) is a nucleoprotein closely
related to HDV replication. There are two specific forms of
HDAg, namely S-HDAg and L-HDAg. S-HDAg is one of
the target proteins for SUMO1 modification. The binding of
SUMOI1 with S-HDAg selectively enhanced the synthesis

of HDV genomic RNA and mRNA but did not enhance the
synthesis of antigenic RNA [28].

Taken together, the level of SUMOylation-related enzyme
or substrate protein SUMOylation can be altered during viral
infection, thereby affecting viral replication and host anti-
viral properties.

SUMOylation involved the signaling
pathway in HCC

HCC is the commonly malignant tumor in China with an
advanced mortality rate. Chronic hepatitis infection, ALD,
MASLD, carcinogenic toxins, and some environmental fac-
tors contribute to the development of HCC. Recent findings
suggest that the protein SUMOylation plays an essential reg-
ulatory role in the carcinogenesis and progression of HCC
(Table 2, Fig. 2). And SUMOylation levels are higher in
HCC samples compared to normal liver tissues [29].

SUMOylation-involved oncogenic signal pathway

Many tumor suppressors conjugate with SUMO in cancer,
and the SUMO machinery plays a crucial regulatory role
in many mechanisms of carcinogenesis. It has been shown
that SUMOylation is involved in tumorigenesis and cell pro-
liferation of HCC. For instance, nuclear factor erythroid-2
related factor 2 (NRF2) is SUMOylated at K110 by SUMOL.
Serine starvation increased NRF2 SUMOylation levels,
leading to the persistence of HCC tumorigenesis. Mechani-
cally, SUMOylated NRF2 promoted de novo synthesis of
serine through reactive oxygen species (ROS)-phospho-
glycerate dehydrogenase (PHGDH) signaling in HCC [30].
SENP1 is upregulated in human HCC cells and tissues.
SENP1 increased the stability and transcriptional activity of
hypoxia-inducible factor (HIF)-1a under hypoxic conditions
via deSUMOylation in HCC. These augment the stemness
of cancer, increase liver cancer stem cell (CSC) subpopula-
tions, and promote hepatocarcinogenesis [9]. SUMOylation
of liver kinase B1 (LKB1) is higher in fast-growing HCC
tumors. Mechanistically, LKB1 was SUMOylated at K178
residue, which facilitates LKB1 to recognize and activate
the cell energy sensor AMP-activated protein kinase through
the SUMO-interacting motif. And SUMOylation promotes
the interaction of LKB1 with STRADa and nuclear export,
which fuels the growth of hepatoma cells [31]. RNF146, a
RING-type E3 ubiquitin ligase, plays an essential role in
Wnt/B-catenin signaling pathway. RNF146 was modified
by SUMO3 at K19, K61, K174, and K175 residues, which
promotes its combination with Axin and accelerates Axin
degradation, thereby enhancing f-catenin signaling and
contributing to HCC progression [32]. Phosphoenolpyru-
vate carboxykinase PEPCK1 is an important rate-limiting
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Table 2 (continued)

Ref

Context

Regulators (SUMO enzyme) Signaling pathway/molecular

Types of

Residues (lysines)

Protein

mechanisms

SUMO

modification
SUMOL1

[59]

Liver cancer

Enhanced their sensitivity to HSVtk/

K144, K237

Connexin 43 (Cx43)

stem cells

HCC

GCV

[60]

Promoting HCC cell proliferation and

SUMO2/3

Heat shock protein 27 (HSP27)

invasion

[61]

HCC

Suppresses its kinase activity and subse-

K751 SUMO1

Large tumor suppressor 1 (Lats1)

quently attenuates its tumor-suppressor

functions
Stabilizes IRF1 and increases PD-L1

[37]

HCC

RanBP2

SUMOL1

K54

Interleukin-33 (IL-33)

abundance and chemokine IL-8 secre-

tion, which prevents the activation of

cytotoxic T cells and promotes the M2

polarization of macrophages
Inhibits NR5A2 ubiquitination

[43]

HCC

RanBP2

SUMO1

Nuclear receptor subfamily 5 group A

member 2 (NR5A2)

HSC hepatic stellate cell, HSVtk herpes simplex virus 1 thymidine kinase, GCV ganciclovir, SHP small heterodimer partner

enzyme in the gluconeogenic pathway. However, PEPCK1
is expressed at a low level in both clinical HCC samples
and HCC cells. Mechanistically, PEPCK1 is SUMOylated at
K124 residue, which results in the degradation of PEPCK1
protein via the ubiquitin—proteasome pathway, ultimately
leading to the downregulation of gluconeogenesis and the
elevation of glycolysis, and accelerating the proliferation of
HCC cells. Therefore, the inhibition of PEPCK1 SUMOyla-
tion provides a new direction for the treatment of HCC [33].
SUMOylation is also involved in regulating cell invasion
and migration of HCC. For instance, SUMOylation of meth-
yltransferase-like 3 (Mettl3) was increased after mitogen
stimulation, which correlated with the upregulation of Ubc9
and was positively associated with the high metastatic poten-
tial of HCC. SUMOylated Mettl3 regulated HCC invasion,
metastasis, and progression via controlling Snail mRNA
homeostasis in an m6A methyltransferase activity-dependent
manner [34]. XPOS5 was SUMOylated by SUMO2 at K125.
SUMOylated XPOS plays an oncogenic role in the prolifera-
tion, migration, and invasion of HCC cells by manipulating
the nuclear-cytoplasmic translocation of miR-3184, thereby
increasing PLCBI1 expression [35]. Guanosine triphosphate
binding protein 4 (GTPBP4) induced pyruvate kinase M2
(PKM2) SUMOylation in HCC. Then SUMO1-modified
PKM2 translocated from the cytoplasm to the nucleus and
promoted HCC progression through activating EMT and
STAT?3 signaling pathway [36]. Polycomb chromobox 4
(Cbx4), a SUMO E3 ligase, potentiated hypoxia-induced
vascular endothelial growth factor (VEGF) expression
and angiogenesis in HCC cells by elevating the level of
SUMOylation and transcriptional activity of HIF-1a, which
ultimately facilitates the cell migration in HCC [6].
SUMOylation also modulates anti-tumor immunity in
HCC. Interleukin-33 (IL-33) plays multiple roles in can-
cer and immunity. IL-33 was SUMOylated by SUMO1 at
K54, which promotes its nuclear translocation. Moreover,
RanBP2-promoted SUMOylation of IL-33 disrupted ubiqui-
tin-mediated degradation of IRF1, which promotes the abun-
dance of PD-L1 and the secretion of the chemokine IL-8,
thereby preventing the activation of cytotoxic T cells and
promoting M2 polarization of macrophages, respectively
[37]. This result suggests that SUMOylation of IL-33 in the
nucleus of HCC cells impairs anti-tumor immunity.
Moreover, SUMOylation plays an important role in the
switch from HBV to HCC. p65, the most important subu-
nit of NF-kB, interacted with SUMO2/3 and enhances the
stabilization of p65 in the cytoplasm, affecting the develop-
ment of HCC and participating in the transition from chronic
hepatitis B to HCC [38]. Interestingly, SUMO1-related
p65 SUMOylation promotes the nuclear translocation of
p65 and enhances the transcriptional activity of NF-xB by
affecting p65 phosphorylation, which promotes HCC pro-
gression [39]. It can be observed that SUMO1-related or
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Fig.2 SUMOylation-mediated
biological processes in HCC. A
The effect of SUMOylation on
the viral replication. Viruses can
manipulate the whole process
of SUMOylation by interacting
with the SUMO pathway. B
SUMOylation is implicated in
tumorigenesis. Serine starvation
increased the level of NRF2
SUMOylation. SUMOylated
NRF2 promoted de novo serine
synthesis via ROS-PHGDH
signaling, which led to sus-
tained HCC tumorigenesis. C
SUMOylation is involved in the
regulation of cell proliferation.
PEPCKI1 is SUMOylated at
K124 residue, which resulted in
the decrease of protein stability
and degradation through the
ubiquitin—proteasome pathway,
ultimately leading to the down-
regulation of gluconeogenesis
and the elevation of glycolysis,
and accelerating the prolifera-
tion of HCC cells. D SUMOyla-
tion regulates cell migration,
invasion, and metastasis. p65
SUMOylation is required for
MANTF recruitment and its
interaction with p65, which
suppresses NF-kB/Snail signal
pathway and thereby inhibits
EMT and HCC progression

Hepatitis Virus

A

Host cell

Innate immunity
Intrinsic immunity

SUMO2/3-related p65 SUMOylation has different mecha-
nisms to regulate HCC progression. HBx mediates HER2
protein expression via LASP1, which binds to HER2 in
HBx-positive HCC cells. Mechanistically, LASP1 interacted
with RANBP2 and RANGAP1 to increase SUMOylation
of LASP1 and HER?2 protein levels in HBx-positive HCC
cells, promoted sensitization of insulin signaling pathway,
and enhanced HCC cell growth and migration [40].

SUMOylation involved the signaling pathway
of tumor suppression

SUMOylation does not necessarily exert pro-cancer func-
tions; SUMOylation can also enhance the anti-tumor
effects of target proteins. Mesencephalic astrocyte-derived
neurotrophic factor (MANF) is an endoplasmic reticulum
stress inducible secretion protein. p65 SUMOylation is
required for MANF recruitment and its interaction with
p65, which suppresses NF-kB/Snail signal pathway and
thereby inhibits EMT and HCC progression [41]. The
IncRNA p53 stabilizing and activating RNA (PSTAR)
binds to heterogeneous nuclear ribonucleoprotein K
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(hnRNP K) and enhances its SUMOylation, which
strengthens the interaction between hnRNP K and p53,
ultimately leading to the accumulation and transcriptional
activation of p53, and consequently inhibiting the prolif-
eration and tumorigenicity of HCC cells [42].

Alpha-fetoprotein (AFP) is the most widely used bio-
marker for the diagnosis of HCC. However, a significant
proportion of patients with HCC have normal serum lev-
els of AFP. The underlying mechanism is that heat shock
protein gp96 inhibited the interaction of RanBP2 with
NRS5A2, reduced RanBP2-mediated NR5SA2 SUMOyla-
tion, and subsequent ubiquitination [43]. This result found
that the detection of gp96 levels may increase the sensitiv-
ity of HCC diagnosis by AFP test.

Molecular mechanism of SUMOylation-mediated
drug resistance in HCC

Due to the insidious character of HCC, the majority of HCC are
diagnosed at an intermediate to advanced stage. Sorafenib was
the first tyrosine kinase inhibitor approved by the FDA for the
treatment of advanced HCC. Studies have shown that sorafenib



Journal of Molecular Medicine (2024) 102:719-731

727

can inhibit caspase-1 expression by inhibiting the TLR4/stat3/
SUMOL signaling cascade, which reduces the SUMOylation
of p65 and inhibits the nuclear translocation of p65. This study
provides new insights into the mechanisms of sorafenib treat-
ment in HCC [44]. However, the low survival rate and poor
prognosis of HCC are closely related to the development of
drug resistance in HCC. The drug resistance in HCC was
observed to be associated with increased SUMOylation, likely
due to the increased expression of SAE2 (Uba2) and SENP1
[45]. FOXK?2 is a key transcription factor that directly promotes
the transcription of nucleotide synthetic genes and cancer cell
resistance to chemotherapy. In addition, PIAS4 is a SUMO E3
ligase for FOXK2 SUMOylation and SUMQylates FOXK2 at
K527 and K633. FOXK2 SUMOylation promotes nucleotide
de novo synthesis in nucleus and causes resistance to 5-fluoro-
uracil [46]. This showed that aberrant activation of the PIAS4-
FOXXK?2 signaling axis is closely related to hepatocarcinogen-
esis, patient prognosis, and chemotherapy resistance. Moreover,
SENP1 is a direct target of miR-122 and reversed drug sensitiv-
ity in miR-122 overexpressing HCC cells. Mechanistically, the
miR-122/SENP1 axis can regulate B-catenin stability through
deSUMOylation, thereby promoting stemness and chemoresist-
ance in HCC [47].

Hypoxia is an essential feature of HCC and is associated
with chemotherapy resistance. Saikosaponin-d (Ssd) signifi-
cantly suppressed the malignant phenotype in HCC cells and
enhanced the chemosensitivity of HCC by altering the expres-
sion of SENP5 and SUMOylation of GLI under hypoxia [48].
Dexamethasone (Dex) inhibited stemness maintenance and
enhanced the chemosensitivity of HCC stem cells to HSVtk/

Table 3 The clinical trials of TAK-981 inhibitors

GCV by inducing deSUMOylation of HIF-1a and Oct4 [49].
These results suggested that an appropriate combination of Ssd
or Dex and chemotherapeutic agents is expected to improve the
survival and prognosis of HCC patients.

Altogether, SUMOylation has multiple regulatory roles
in the development and progression of HCC and can be
developed as a novel marker. Moreover, a high expression of
SUMOylation-related genes is closely associated with com-
mon cancer-related pathways, anti-cancer drug sensitivity,
and vascular invasion [50]. Thus, further research could help
to reveal the specific SUMO modification mechanisms and
provide new insights and targets for the treatment of HCC.
The current understanding of the role of SUMOylation in
HCC is still limited, and more in-depth studies are needed
to resolve its detailed molecular mechanisms.

Therapeutic potential for targeting
protein SUMOylation

The impact of various PTMs in tumorigenesis, metastasis,
and anti-cancer strategies is increasingly recognized. The
altered states of many PTMs are corrected with cancer
signature and behavior. This is an emerging area in cancer
research that may lead to new mechanisms and therapeutic
strategies to facilitate early detection and treatment of can-
cer. Dysregulation of the SUMO-related enzymes disrupts
the equilibrium of protein SUMOQylation and deSUMOyla-
tion, leading to carcinogenesis and drug resistance in liver
diseases in an environmentally dependent manner.

Intervention Conditions or Sample size Primary sponsor Recruitment Phase NCT numbers Date of
problems studied status registration
[14C] Subasumstat  Solid tumors 10 Takeda Not recruiting Phase 1 NCTO05976334 2023-07-28
and subasumstat
Daratumumab and  Relapsed and/or 27 Takeda Not recruiting Phase 1/2 NCT04776018 2021-02-25
Hyaluronidase-fihj  refractory mul-
and mezagitamab tiple myeloma
and TAK-981 (RRMM)
TAK-981 and Advanced or 231 Takeda Recruiting Phase 1/2 NCT04381650 2020-05-06
pembrolizumab metastatic solid
tumors
TAK-981 and Lymphoma, non- 39 Takeda Not recruiting Phase 1/2 NCT04074330 2019-08-28
rituximab hodgkin
TAK-981 and Head and neck 12 Presage Not recruiting Early Phase 1 NCTO04065555 2019-08-19
cetuximab and cancer Biosciences
avelumab
TAK-981 Hematologic 202 Takeda Not recruiting Phase 1/2 NCT03648372 2018-08-24
neoplasms,
neoplasms,
lymphoma

NCT national clinical trial identifier number

@ Springer



728

Journal of Molecular Medicine (2024) 102:719-731

SUMOs and SUMO-related enzymes have promotional
roles in different stages of liver diseases, which makes SUMO
pathway as a promising target. Therefore, the development
of active compounds that block the SUMO pathway is very
meaningful. Over the past two decades, the SUMO pathway
has emerged as an attractive target for disease therapy. In the
early days, several SUMO-activating enzyme E1 inhibitors
have been identified, including ginkgolic acid, kerriamycin
B, tannic acid, and davidiin, as well as SUMO-conjugating
enzyme E2 inhibitors 2-D08, GSK145A, and spectomycin
B1, but these molecules lack specificity and are inefficient
(half-inhibitory concentrations in the uM range) [51].

Notably, the synthesized ML-792 inhibitor can form a
complex with SUMO, selectively block SAE activity, and
act as a competitive inhibitor of SUMO E1, which is a highly
efficient and highly selective SUMO El inhibitor. ML-792
inhibits cancer cell proliferation in vitro and is particularly

sensitive to tumor cells with higher MYC upregulation [52].
Another derivative of the ML-792 inhibitor is TAK-981,
which made a breakthrough in targeting SUMO modifi-
cation. TAK-981 has a similar half-inhibitory concentra-
tion as ML-792 and has higher potency and long-lasting
potency [53]. TAK-981 has been proven to promote the
innate immune response, as well as type I IFN-dependent
activation of innate immune cells, including macrophages,
NK cells, dendritic cells, and T cells [54]. Moreover, it was
shown that TAK-981 and ML-792 reduced the global protein
SUMOylation levels in HCC cells at the nanomolar level and
successfully attenuated the tumor burden [29]. The discov-
ery of drugs targeting SUMOylation is expected to improve
the efficacy of HCC treatment.

There are no drugs related to SUMOylation, but the inhib-
itor TAK-981 is undergoing phase 1/2 clinical studies in mul-
tiple solid and hematological tumors, including combination
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Fig.3 Potential clinical value of SUMOylation for diagnosis, treat-
ment, and prognosis of diseases. A Monitoring the level of protein
SUMOylation in clinical samples (such as serum and tissues) is
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and single-agent methods (NCT Numbers: NCT05976334,
NCT04776018, NCTO04381650, NCT04074330,
NCT04065555, and NCT03648372) (Table 3). Preclini-
cal data suggest potential synergistic mechanisms between
TAK-981 and other immunomodulators.

Conclusions and perspectives

A growing number of findings strongly support a central role
for protein SUMOylation in disease. Protein SUMOylation
also appears to enhance or inhibit antiviral/antitumor effects,
depending on substrate specificity and modification site.
However, it is important to note that targeting SUMOyla-
tion induces the activation of certain latent viruses, and there
is also the potential to interfere with DNA damage repair
processes, increasing the risk of tumorigenesis. In addition,
SUMO proteins rarely promote cancer development directly,
but rather by binding to their target proteins and enhancing
their oncogenic effects. Therefore, tumor microenvironment
models in different contexts need to be refined to compre-
hensively illustrate the biological importance of SUMOyla-
tion-mediated pathways in cancer, as well as to explore their
therapeutic potential. Moreover, the SUMO pathways should
be analyzed individually in patients with different types of
hematologic and solid tumor cancers.

In conclusion, further investigation of the multiple roles
of protein SUMOylation in liver disease could make tar-
geting SUMOylation as a therapeutic strategy for treating
patients with immune dysregulation or cancer (Fig. 3).
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