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Abstract. Global statistics indicate that hepatocellular carci-
noma (HCC) is the sixth most common cancer and the third
leading cause of cancer-related death. Protein phosphatase
Mg**/Mn** dependent 1G (PPMIG, also termed PP2CY) is one
of the 17 members of the PPM family. The enzymatic activity
of PPMIG is highly reliant on Mg* or Mn?* and serves as
a dephosphorylation regulator for numerous key proteins.
PPMIG, functioning as a phosphatase, is involved in a number
of significant biological processes such as the regulation of
eukaryotic gene expression, DNA damage response, cell
cycle and apoptosis, cell migration ability, cell survival and
embryonic nervous system development. Additionally, PPM1G
serves arole in regulating various signaling pathways. In recent
years, further research has increasingly highlighted PPMIG as
an oncogene in HCC. A high expression level of PPMIG is
closely associated with the occurrence, progression and poor
prognosis of HCC, offering notable diagnostic and therapeutic
value for this patient population. In the present review, the
regulatory role of PPMIG in diverse biological processes
and signaling pathway activation in eukaryotes is evaluated.
Furthermore, its potential application as a biomarker in the
diagnosis and prognosis evaluation of HCC is assessed, and
future prospects for HCC treatment strategies centered on
PPMIG are discussed.
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1. Introduction

Primary liver cancer is the most frequently diagnosed
malignant tumor of the liver, of which there are three main
histological subtypes: Hepatocellular carcinoma (HCC),
intrahepatic cholangiocarcinoma (ICC) and combined
HCC-ICC (1), which account for ~80, 15 and 5% of cases,
respectively (2). There are notable distinctions between the
various histological subtypes in terms of epidemiology,
clinicopathological morphology, genetic modifications and
therapeutic responses (3). Globally, HCC is the sixth most
prevalent disease and the third most common cause of
cancer-related death, according to the GLOBOCAN 2020
statistics (4). The primary cause of HCC globally is liver
cirrhosis from the hepatitis B virus (HBV) and hepatitis C
virus (HCV) (5). A meta-analysis showed that HBV-related
HCC is more common in Sub-Saharan Africa and South-East
Asia, but HCV-related HCC is more common in North Africa
and the West (6). Additionally, with the global increase
in obesity and type 2 diabetes, non-alcoholic fatty liver
disease and non-alcoholic steatohepatitis have become more
prominent underlying causes of HCC (7). In recent decades,
significant advancements have been achieved in the treat-
ment of HCC through surgical interventions, chemotherapy,
radiotherapy, targeted therapy, immunotherapy and other
methods. However, the absence of early symptoms of HCC,
coupled with the insufficient availability of diagnostic and
prognostic biomarkers, continues to contribute to a poor
5-year survival rate among patients with advanced HCC (5).
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Post-translational modification (PTM), which entails the
addition of chemical groups to the amino acid side chains of
proteins, serves a critical role in signal transduction, apoptosis,
transcriptional regulation as well as cell-cell and cell-matrix
interactions (8). Common PTMs include phosphorylation,
acetylation, ubiquitination, glycosylation, amidation, hydroxyl-
ation and sumoylation (9-11), as well as the recently discovered
histone lysine lactylation (12). Phosphorylation is the most
common PTM, which controls almost all biological processes
in eukaryotic cells (13,14). Protein phosphorylation is revers-
ible and dynamic and is regulated by the opposing actions of
protein kinases, which facilitate phosphorylation, and protein
phosphatases, which catalyze phosphate removal (15). The
three amino acids most commonly phosphorylated in proteins
are serine (Ser), threonine (Thr) and tyrosine (14), among
which Ser and Thr constituted >98% of all phosphorylated
residues in human proteins (14). Metal-dependent protein
phosphatase (PPM), also known as protein phosphatase 2C,
is a highly conserved family of protein phosphatases (16,17).
The common feature of PPM family members is a conserved
catalytic core region, which contains metal chelating resi-
dues (18). Members of the PPM family are widely expressed
in a number of different species (19). In Homo sapiens, there
are at least 17 members of the PPM family, and it has been
confirmed that certain members play a crucial role in cancer
and disease-related physiological or pathological processes,
such as transcriptional regulation, activation of signaling path-
ways, cell proliferation, invasion, migration, apoptosis and cell
cycle regulation (19).

Over the past decade, a number of experimental and
clinical studies have linked the subgroup, protein phosphatase
Mg*/Mn*" dependent 1G (PPMI1G, also known as PP2Cy), of
the PPM family to the development and progression of HCC
and support its use as a biomarker for HCC diagnosis and
prognosis. The present review aims to provide an overview of
the evidence that suggests PPMI1G serves a functional role in
the initiation and progression of human HCC. Furthermore, the
prospective clinical utility of PPMI1G as a biomarker for both
diagnosing and prognosticating HCC, along with its potential
as a novel therapeutic target for this disease is also evaluated.

2. Discovery and characterization of PPM1G

PPMIG, is a gene located in the short arm of human
chromosome 2 (20), identified and characterized by
Travis and Welsh (21) in 1997, which encodes a protein of 546
amino acids. Notably, although the predicted molecular weight
of PPMI1G is 59 kDa based on the amino acid composition, the
observed molecular weight is 75 kDa (21). This discrepancy
is due to the presence of a unique highly acidic (AD) domain
comprising ~200 amino acids, a feature not found in other
PPM phosphatases (21). Northern blotting analysis has shown
that PPM G is widely expressed in human tissues, and its tran-
scription level peaks in human testis, skeletal muscle and heart
tissues (21). In addition, as with the other known PPMs, the
activity of PPM1G is highly dependent on Mg** or Mn?** (17,21)
(Fig. 1). It is speculated that there may be a link between
PPMIG and cell proliferation (21). In 2021, Chen et al (22)
were the first to utilize immunohistochemistry to validate that
the expression of PPM1G was markedly upregulated in HCC

tissues compared with adjacent tissues. The team also verified
that PPM1G is associated with malignant biological processes
such as the proliferation and invasion of HCC cell lines.
Additionally, the expression level of PPMI1G is significantly
negatively correlated with the prognosis of patients with HCC
following surgery (22).

3. Physiological functions of PPM1G

PPMIG regulates gene transcription elongation. Before genes
are completely transcribed, RNA polymerase II (RNA-PII)
interacts with the DRB sensitivity-inducing factor (DSIF)
and negative elongation factor (NELF) in the proximal region
of the promoter, resulting in a ‘pause’ in transcriptional
elongation (23,24). CDKJ9, a key component of positive tran-
scription elongation factor b (P-TEFb), phosphorylates Ser2
of the C-terminal domain of RNA-PII, as well as DSIF and
NELF, leading to the release of RNA-PII from the proximal
promoter and effectively terminating the transcriptional
‘pause’ state for efficient full-length mRNA synthesis (25,26).
However, in eukaryotic cells, approximately half of P-TEFb
molecules bind reversibly to HEXIM P-TEFb complex subunit
1 (HEXIMI) and are sequestered in the inactive 7SK small
nuclear ribonucleoprotein (snRNP) complex (27).

McNamara et al (28,29) and other researchers have
conducted extensive research on PPM1G-mediated transcrip-
tional elongation regulation (30). In 2013, McNamara et al (28)
utilized proteomics to identify an interaction between Tat
(a key HIV transactivator of transcription) (31) and PPMIG.
Subsequently, an enzymatic decomposition mechanism of
7SK snRNP mediated by PPM1G was proposed, which plays a
crucial role in mRNA transcriptional elongation. The specific
mechanism involves Tat recruiting PPMIG to the 7SK snRNP
complex during HIV transcription. This recruitment leads
to dephosphorylation of the T-loop of CDK9 by PPMIG,
resulting in decomposition of the 7SK snRNP complex and
the release of P-TEFb (28,32). Subsequently, Tat captures the
dephosphorylated P-TEFb, stimulates autophosphorylation of
the CDKO9 T-loop and transfers the locally released kinase to
the transactivating response region element (33) to facilitate
the assembly of the transcription elongation complex (28). In
2015, Gudipaty et al (29) proposed that PPM1G could interact
with the CR1 domain of HEXIM1 and bind to the 7SK RNA to
create a 7SK-PPM1G snRNP complex. The formation of this
complex therefore relieves the sequestering of P-TEFb caused
by the formation of the 7SK snRNP complex by inhibiting the
binding of P-TEFb to HEXIM1 (29) (Fig. 2A).

PPMIG regulates mRNA splicing. Precursor mRNA
(pre-mRNA) splicing is a key step in the regulation of gene
expression (34,35). Moreover, the formation of the A complex
is generally considered to be the major determinant of splice
site selection during alternative splicing as it typically enables
the removal of introns (36). Previous studies have demonstrated
that PPMIG can function as a pre-mRNA splicing factor, and
its phosphatase activity and AD domain serve a crucial role in
the formation of A complex (37,38). Furthermore, in an immu-
noprecipitation assay of an in vitro splicing reaction involving
radiolabeled pre-mRNA, an anti-PPM1G monoclonal antibody
efficiently precipitated spliced RNA precursors, intermediates
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Figure 1. Schematic of PPM1G production. PPM1G, protein phosphatase Mg?*/Mn?* dependent 1G. SMN, survival of motor neurons; snRNP, small nuclear

ribonucleoprotein.

and products (37). In summary, we consider that PPM1G
serves a notable role in the whole splicing process (37).
Moreover, PPMIG is regarded as a splicing factor that has an
important role in regulating the alternative splicing of CD44
[Y-box binding protein 1 (YB-1) target] exons v4 and v5 by
interacting with YB-1 (38).

PPMIG regulates protein translation. In eukaryotic
cells, two protein synthesis mechanisms exist: The classic
cap-dependent and the cap-independent protein translation
mechanisms (39). Initiation of the cap-dependent protein
translation mechanism involves the eukaryotic initiation
factor 4F (eIF4F) complex recognizing and binding to the
5'-cap (7-methylguanosine nucleoside) domain of mRNA in a
cap-dependent manner (40). Subsequently, the eIF4E subunit
in the elF4F complex recruits the 43S ribosomal subunit to
the 5' end of the mRNA, thereby activating mRNA transla-
tion (40,41). A study by Liu et al (42) found that the protein
synthesis inhibitor, 4E-BP1, is a direct substrate of PPMIG,
and downregulation of PPM1G can significantly increase the
phosphorylation level of four phosphorylation sites (Thr-37,
Thr-46, Ser-65 and Thr-70) of 4E-BP1 (43). Additionally,
a dual luciferase reporter gene assay demonstrated that
PPMI1G knockdown significantly enhances the cap-depen-
dent translation process. A previous study has shown that
dephosphorylated 4E-BP1 binds to the cap-binding subunit,
elF4E, in the elF4F complex and isolates it from the cap
initiation complex, thereby inhibiting the cap-dependent
translation process (44). Therefore, it is postulated that
PPM1G-mediated dephosphorylation of 4E-BP1 facilitates
its binding to eIF4E within the cap-initiating complex,
leading to the inhibition of protein translation and cell growth
(Fig. 2B). Furthermore, Xu et al (45) first proposed in 2016
that activation of the PI-3K/AKT signaling pathway can lead

to the phosphorylation of PPM1G, inhibiting its phosphatase
activity and subsequently impeding its ability to dephos-
phorylate 4E-BP1, thereby activating the cap-dependent
translation process.

PPMIG regulates histone exchange. Histone chaperones are a
class of proteins with histone binding activity that can regulate
the assembly and decomposition of nucleosomes, and which
have been shown to serve a crucial role in promoting histone
exchange (46-48). Kimura et al (49) proposed two potential
histone exchange mechanisms involving PPMI1G. First,
PPMI1G may interact with and modulate the phosphorylation
status of Napl/2, thereby regulating the chaperone activity of
Napl/2 in an ATP-independent manner and facilitating histone
H2A-H2B exchange (50). Second, PPMIG can act as a histone
chaperone by mediating the dephosphorylation of nucleo-
some-free H2A-H2B through its AD domain, subsequently
incorporating H2A-H2B into chromatin (49).

PPMIG regulates localization of the survival of motor
neurons (SMN) complex and snRNP assembly. The SMN
complex is a stable multiprotein assembly composed of SMN,
Gemin2-8 and Unrip (51,52). Unrip is primarily localized
in the cytoplasm and is recruited into the SMN complex
through its interaction with Gemin7 but it is not detected in
the SMN complex of the Cajal bodies (CBs) and Gems in the
nucleus (53,54). Petri et al (55) confirmed the specific binding
between the SMN complex and PPM1G and found that knock-
down of PPM1G expression significantly downregulated the
expression levels of SMN and Gemin?2 in cells, particularly
in the nucleus. This indicates that PPM1G serves a prominent
role in maintaining the stability of the SMN complex. It was
further found that downregulation of nuclear PPMI1G expres-
sion resulted in a significant increase in the phosphorylation
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Figure 2. Regulatory role of PPMIG in a variety of biological processes. (A) PPMIG can dephosphorylate the T-loop of CDK9 or bind with HEXIM1 and 7SK
RNA to create a 7SK-PPM1G snRNP complex. This process releases P-TEFb from the 7SK snRNP complex, thereby reactivating gene transcription elonga-
tion. (B) PPM1G can target and dephosphorylate 4E-BP1, and the dephosphorylated 4E-BP1 can then bind to the cap-binding subunit, eIF4E, in the eIF4F
complex, which is subsequently isolated from the cap initiation complex, leading to a ‘pause’ in the protein translation process. (C) When ionizing radiation
induces DNA damage, PPMIG is recruited to the DNA damage sites marked by phosphorylated H2AX. Subsequently, ATM phosphorylates and activates
PPMI1G. The activated PPM1G then targets and dephosphorylates the deubiquitinating enzyme, USP7S, leading to a series of cascading reactions, including a
decrease in MDM?2 levels and an increase in p53 levels. This results in cell cycle arrest, providing time for DNA repair and the restoration of genomic stability.
(D) PPMI1G can regulate the cell cycle and apoptosis processes in multiple ways: On the one hand, it specifically inhibits the E3 ligase activity of WWP2,
promoting the assembly of the WWP2-WWP1 heterodimer complex, thereby maintaining the balance of cell cycle regulatory proteins, p73 and ANp73, within
the cell. On the other hand, PPMIG can target and dephosphorylate the cell cycle regulatory proteins, RB, p2lWAF1/CIP1 and p27Kipl, thereby inhibiting cell
cycle progression. (E) The acidic domain of PPMIG can bind to B569, forming the PPM1G-B566 holoenzyme complex, which in turn promotes the retention
of PPMIG in the cytoplasm. The accumulation of this complex in the cytoplasm further enhances the specific dephosphorylation of a-catenin by PPMIG,
facilitating the proper assembly of a-catenin and B-catenin in cells, and inhibiting cell migration. PPM1G, protein phosphatase Mg?*/Mn?** dependent 1G;
CDKO9, cyclin-dependent kinase 9; HEXIM1, HEXIM P-TEFb complex subunit 1; snRNP, small nuclear ribonucleoprotein; P-TEFb, positive transcription
elongation factor b; 4E-BP1, 4E binding protein 1; eIF4E, eukaryotic initiation factor 4E; eIF4F, eukaryotic initiation factor 4F; ATM, ataxia-telangiectasia
mutated; USP7S, USP7 deubiquitylation enzyme; MDM2, murine double minute 2; WWP1/2, WW domain containing E3 ubiquitin protein ligase 1/2.

levels of SMN and Gemin3 in the nucleus, as well as areduction ~ reduced after knocking out PPM1G expression (55). This

in the number of CBs in the nucleus (55). Previous studies have
shown that cytoplasmic SMN is highly phosphorylated, while
low phosphorylation contributes to the accumulation of SMN
in the nucleus (55,56). In addition, changes in phosphorylation
patterns can cause the SMN complex to translocate between
the cytoplasm and the nucleus (56,57). Unrip, as a kinase, may
be directly involved in the phosphorylation of cytoplasmic
SMN complexes, and knockdown of Unrip can antagonize the
change in subcellular localization of the SMN complex caused
by PPM1G knockdown (55). In addition, the SMN complex, as
a molecular chaperone, serves a notable role in the biogenesis
and maturation of snRNP (58,59). The results of a band shift
assay showed that the assembly of snRNPs was significantly

was considered to be closely related to the aforementioned
downregulation of the stability of the SMN complex in the
cytoplasm.

PPMIG regulates the DNA damage response (DDR).
Ionizing radiation (IR) can cause DNA damage, particularly
single-strand or double-strand breaks (DSBs), which are
highly lethal (60-62). It has been established that phosphoryla-
tion of the C-terminal Ser residue (Ser139) in the histone H2A
variant, H2AX, serves as a critical biomarker for DNA DSBs
in mammalian cells (63). A study has shown that PPMIG is
recruited to damaged DNA regions marked by phosphorylated
H2AX during the DDR (64). Khoronenkova et al (65) found
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that IR exposure leads to a decrease in the phosphorylation
of the deubiquitylation enzyme, USP7S, accompanied by
adecrease in murine double minute 2 (MDM?2) and an increase
in p53 levels. By contrast, PPM1G knockdown cells do not
exhibit these effects (65). A previous study has shown that that
USP7S colocalizes and interacts with MDM?2 to reduce the
destruction of the latter by proteasomes (65). The E3 ubiquitin
ligase, MDM?2 (a key negative regulator of p53), can bind to
and ubiquitinate p53, leading to proteasomal degradation of
p53 protein (66). When DNA damage occurs prior to cells
entering the S phase, p5S3 may provide time for DNA repair
and restoration of genomic stability by inducing cell cycle
arrest in the G1 phase (67). In addition, genome-wide screening
identified PPM1G as a potential target for phosphorylation
by ataxia-telangiectasia mutated (ATM) (68). Furthermore,
in ATM knockdown experiments, the dephosphorylation of
USP7S was eliminated under IR conditions, indicating that
the dephosphorylation of USP7S by PPMIG is dependent
on ATM (65). The specific molecular mechanism involves
DNA damage-induced ATM-mediated phosphorylation and
subsequent activation of PPM1G. Once activated, PPM1G
proceeds to dephosphorylate USP7S, thereby regulating its
function (65,69). In addition, Khoronenkova et al (65) found
that PPM1G knockdown significantly increased the expression
of p21 protein in cells, and an increase in the proportion of
cells arrested in the G1 phase of the cell cycle was detected.
Notably, the expression level of pS3 protein remained relatively
stable during this process. An increased accumulation of unre-
paired DNA strand breaks in the G1 phase was also observed,
indicating that PPM1G-deficient cells can cause cell cycle
arrest in a p53-independent manner, but cannot effectively
repair endogenous DNA damage (65) (Fig. 2C).

PPMIG regulates cell cycle and apoptosis progression.
Chaudhary and Maddika (70) confirmed the interaction
between WW domain containing E3 ubiquitin protein ligase
(WWP) 1 and WWP2 by Co-immunoprecipitation assay.
Notably, it was also observed that the interaction between
WWPI1 and WWP2 was significantly attenuated following
PPMI1G knockdown (70). WWP2 and WWPI1 are two
crucial ubiquitin E3 ligases (71,72), that have pivotal roles
in regulating the ubiquitination and subsequent proteasomal
degradation of p73 and its isoform, ANp73, respectively (70).
Furthermore, in vitro binding experiments demonstrated
that the specific regulation of ANp73 ubiquitination levels
by WWP1 is contingent upon the binding of WWP2 (70).
As a sophisticated molecular switch, PPM1G exhibits dual
functionality as it not only specifically inhibits the E3
ligase activity of WWP2 but also facilitates the assembly
of the WWP2-WWPI heterodimer complex (70). Therefore,
through this intricate mechanism, PPM1G regulates the ubiq-
uitin-proteasome pathway-mediated degradation of p73 and
ANp73, thereby maintaining the balance of these proteins
within cells (70). p73 is considered to have a highly similar
structure and function to the p53 tumor suppressor protein,
both of which serve a notable and decisive role in inducing
apoptosis and cell cycle arrest (73,74).

Recent studies have revealed that the p53/p21/retino-
blastoma (RB) protein signaling pathway plays a significant
role in regulating the cell cycle and tumor inhibition (75,76).
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Suh et al (77) discovered that PPM1G may facilitate the degra-
dation of p21VAFVCIPl protein through its phosphatase activity
and cause cell cycle arrest, which is manifested by an increase
in the number of cells in the S phase. It has been confirmed
that this regulatory mechanism is independent of p53 (77). In
addition, further experiments demonstrated that overexpres-
sion of PPM1G resulted in a decrease in the phosphorylation
level of the RB protein in 293 cells, while its overall expres-
sion remained relatively constant (77). Previous research has
demonstrated that the RB protein, functioning as a tumor
suppressor, inhibits S phase entry and cellular proliferation
by interacting with members of the E2F/DP transcription
factor family (78,79). The phosphorylation of RB can result
in its functional inactivation (79). Hence, it is suggested that
PPMIG also has a crucial role in cell cycle modulation by
dephosphorylating RB (77).

p27%"! is a cyclin-dependent kinase inhibitor that has been
demonstrated to serve a crucial inhibitory role in the transition
from the G1 to the S phase of the cell cycle (80-82). When
p27%"®! is phosphorylated, the cell cycle negative regulator,
14-3-30, can bind to it, causing it to translocate to the cyto-
plasm and be degraded (83). Sun er al (84) discovered that
PPMIG is capable of dephosphorylating the Thr198 residue
of p27¥"!, thereby inhibiting its interaction with 14-3-30 and
reducing the degradation of p27%"®! (Fig. 2D).

PPMIG regulates cell migration. Changes in intercellular and
cell-extracellular matrix adhesion are considered key steps
leading to alterations in the nature of tumor metastasis and
invasion (85). Both the N and C termini of a-catenin can bind
to B-catenin and actin filaments and play a notable role in
intercellular connections (86-88). a-catenin downregulation
can result in the loss of cell-cell adhesion ability and promotes
malignant biological processes such as tumor cell invasion
and migration (86). In a 2019 study, Kumar et al (89) found
that the interaction between a-catenin and [-catenin occurs
in the cytoplasm and nucleus, while the specific interaction
between a-catenin and PPM1G only occurs in the cytoplasm.
It was also found that B568 can bind to the AD domain of
PPMIG, forming a PPM1G-B5606 holoenzyme complex, which
results in the retention of PPM1G within the cytoplasm (89).
The accumulation of this complex in the cytoplasm in turn
significantly enhances the specific dephosphorylation of
cytoplasmic a-catenin by PPMI1G, promotes the proper
assembly of a-catenin and B-catenin in cells and inhibits cell
migration (89) (Fig. 2E).

PPMIG regulates cell survival and neural development.
Foster et al (90) found that PPMIG is highly expressed in the
embryonic neural structure of vertebrates by X-gal staining
and demonstrated that PPMIG is essential for the survival
of embryos. Further studies have found that normal expres-
sion of PPM1G not only regulates the resistance of cells to
genotoxic stress and oxidative stress during development but
can also inhibit the activation of the p38 MAPK pro-apoptotic
stress signaling pathway (described further below) (90,91).
Significant defects in central nervous system development in
PPM1G-knockdown zebrafish have also been observed (90).
Thus, PPMIG is regarded as a key regulator in cell survival
and neural development (90).
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4. PPM1G-associated signaling pathways

p38 MAPK signaling pathway. In the p38 MAPK signaling
pathway, p38 MAPK is activated by upstream MAPK kinases
(MKKs) such as MKK3 and MKK®6 (92,93). The activation
of p38 MAPK inhibits cell apoptosis, cell growth and differ-
entiation (94). As a phosphatase, PPMI1G can promote the
dephosphorylation of MKK®6, thereby inhibiting the activity
of p38 (91). Through these mechanisms, PPM1G can facilitate
the proliferation, invasion, migration and other malignant
biological processes of lung adenocarcinoma (91) (Fig. 3).

Nuclear factor (NF)-kB signaling pathway. One of the most
frequently implicated human cancer genes in different patient
age groups and tumor types is INK4a/ADP ribosylation
factor (ARF) (95). After stimulation with pro-inflammatory

cytokines (such as tumor necrosis factor-o), the master tran-
scription regulator, NF-«B, utilizes PPM1G as a coactivator to
induce inflammation and normal cell survival programs (96).
Additionally, PPM1G can assemble a ternary protein complex
by bridging the N-terminus of ARF and the Rel homology
domain of NF-kB, thereby mediating the interaction between
ARF and NF-«B (96). The binding of ARF with PPMI1G not
only directly reduces NF-kB activity, but also acts as a negative
regulatory factor for PPM1G-dependent NF-kB transcription
to regulate processes such as inflammation and cell apoptosis,
thereby serving a role in the occurrence and development of
various tumor-related diseases (96). Finally, a study found
that NF-«B can play a role similar to Tat [recruits PPM1G
to the promoter of inflammatory response genes] and utilize
P-TEFb activation to enhance the transcriptional extension
and activation of inflammatory response genes (28) (Fig. 3).
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PI-3K/AKT/mTOR signaling pathway. It has been well-estab-
lished that dephosphorylated 4E-BP1 inhibits cap-dependent
translation by binding to the translation initiation factor,
elFAE (44). Xu et al (45) first proposed in 2016 that activation
of the PI-3K/AKT signaling pathway can regulate the expres-
sion of the Inhibitors of DNA binding and cell differentiation
1 (Id1) protein at the post-transcriptional level (97). First,
activation of the PI-3K/AKT signaling pathway can lead to the
phosphorylation of 4E-BP1, which subsequently impedes its
interaction with eIF4E, thereby activating the cap-dependent
translation process of Id1 protein (45). Second, PPMIG is
phosphorylated in a PI-3K/AKT-dependent manner, resulting
in decreased phosphatase activity, increased phosphoryla-
tion of 4E-BP1 and activation of Id1 translation, resulting in
increased Id1 expression (45) (Fig. 3).

5. PPMI1G and its diagnostic and prognostic potential in
HCC

Previous studies have indicated that the expression level of
PPMIG in liver cancer samples is significantly higher than that
in normal liver tissue (22,98,99). The potential of PPMIG in
HCC diagnosis and prognosis is gradually being recognized.
Hu et al (99) conducted immunohistochemical staining of
96 HCC tumor and adjacent tissues samples obtained from
the Cancer Center of Sun Yat-sen University (Guangzhou,
China). The expression levels of PPMI1G in these tissues were
quantified and these findings were correlated with the patient
clinicopathological parameters and prognostic information.
The analysis revealed that high PPM1G expression was signifi-
cantly associated with elevated serum a-fetoprotein levels
(P=0.015), advanced clinical stage (P=0.035), poor differentia-
tion (P=0.027), increased cancer embolus (P=0.022) and tumor
recurrence (P=0.015) in patients with HCC (99). Furthermore,
Kaplan-Meier survival analysis demonstrated that patients
with higher PPM1G expression had a poorer overall survival
(OS; P<0.0001) and disease-free survival (P=0.004) (99).
These findings align with the conclusions reported by
Xiong et al (98) in 2022. Additionally, Xiong et al (98) demon-
strated that the PPM1G mRNA expression level in patients
with HCC was positively correlated with TNM stage, tumor
grade and metastasis. Notably, Cox multivariate regression
analysis revealed that the PPMI1G expression level (P=0.03)
was an independent risk factor influencing the prognosis of
patients with HCC (98,100).

Liu et al (100) utilized The Cancer Genome Atlas public
database to categorize HCC patients undergoing sorafenib
treatment into responders and non-responders. By comparing
the differentially expressed genes between these two groups,
a total of 393 sorafenib-responsive target genes were identi-
fied in HCC tissues, with 352 of these target genes being
upregulated. Subsequently, through Kaplan-Meier survival
and receiver operating characteristic curve analyses, five
sorafenib-responsive target genes [SLC41A3, SEC61AI, LRP4,
PPMIG and HSP90AAI] were identified as highly expressed
in HCC tissues and significantly correlated with both prognosis
and diagnosis. Additionally, univariate and multivariate Cox
regression analyses indicated that these five candidate genes
were independent factors contributing to the poor prognosis of
patients with HCC (100). Based on these findings, the research
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team developed a risk model based on the sorafenib-responsive
target genes. In addition, Liu ez al (100) also demonstrated
that the risk model based on sorafenib-response target genes
[SLC41A3,SEC61AI, LRP4, PPMI1G, HSP90AAI] was highly
correlated with the infiltration level of immune cells in HCC.

In 2022, Li et al (101) utilized bioinformatics analysis to
identify five ferroptosis-related genes [PPM1G, MEDS, PIGU,
RAN and SNRPB] associated with the onset and progression
of HCC as well as patient prognosis. These genes were subse-
quently utilized to develop a multi-gene risk prediction model
for HCC, where a higher risk score was linked to a poorer OS
in patients. Additionally, Li er al (101) confirmed a significant
correlation between the risk score of the model and the TNM
stage (Table I).

As is well-known, the occurrence of HCC is relatively
hidden, with a notable absence of specific clinical symptoms
in its early stages. It is therefore of great importance to identify
a diagnostic marker with high sensitivity and specificity for the
diagnosis of this disease. However, traditional single-marker
approaches often fall short in meeting the demands of clinical
applications. The utilization of a comprehensive panel of
multiple markers significantly enhances the detection rate of
early-stage cancer. In recent years, researchers have utilized
various research methods to discover that PPMIG is not only
a target of the therapy drug, sorafenib (100), but also exhibits
a strong correlation with ferroptosis (101). Building on these
findings, several HCC multi-gene diagnosis and prognosis
prediction models have been developed (100-102). Notably,
these models demonstrate superior diagnostic and prognostic
evaluation capabilities compared with traditional biomarkers
and pathological staging systems, such as TNM (102-104)
(Table I). Therefore, it is of paramount importance to further
evaluate the diagnostic and prognostic efficacy of these models
in clinical practice for patients with HCC, and to facilitate the
clinical application transformation of these models.

6. Molecular mechanism of PPMI1G in promoting HCC
development and its prospect in HCC treatment

Chen et al (22) also found a significant negative correlation
between the PPM1G expression level and the prognosis of
patients with HCC. Knockdown of PPMI1G resulted in a
significant inhibition of the proliferation and invasion of
HepG2 and Hep3B cells. This study also investigated the role
of PPM1G in a mouse xenograft tumor model. The results
demonstrated that mice with high PPM1G expression levels
exhibited larger subcutaneous tumor volumes and weights
compared with mice with low expression levels (22). The
team also identified a distinct interaction between PPM1G
and Ser/arginine-rich splicing factor 3 (SRSF3) through
proteomics analysis and immunoprecipitation experiments.
SRSF3 is a crucial multifunctional splicing factor that has a
significant role in RNA biogenesis and processing, including
in gene transcription and RNA splicing regulation (105).
As a potential inhibitor of HCC (106), the role of SRSF3 in
enhancing the sensitivity of HCC radiotherapy has been vali-
dated (107). The potential mechanism involves the activation
of multiple transcription factors and co-activators during the
onset and progression of HCC, leading to the upregulation
of PPMI1G expression (22). PPMIG interacts with SRSF3,
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Table I. Hepatocellular carcinoma risk prediction model and its prognostic value.

Parameter

Yang et al, 2021 (102)

Li et al, 2022 (101)

Gene composition

PPMIG, SRXNI, LDHA,

PPMIG, MEDS, PIGU,

TFDPI and EIF2S] RAN and SNRPB
AUC values for predicting OS in
TCGA cohort
0.5 years Not measured 0.764
1 years 0.838 0.768
2 years Not measured 0.712
3 years 0.741 0.722
5 years 0.692 0.702
AUC values for predicting OS in
ICGC cohort
0.5 years Not measured 0.725
1 years 0.746 0.746
2 years Not measured 0.801
3 years 0.778 0.823
5 years 0.778 0.785

AUC, area under the curve; EIF2S1, Eukaryotic translation initiation factor 2 subunit 1; ICGC, International Cancer Genome Consortium;
LDHA, lactate dehydrogenase A; MEDS, mediator complex subunit 8; OS, overall survival; PIGU, phosphatidylinositol glycan anchor
biosynthesis class U; PPM1G, protein phosphatase Mg>*/Mn?* dependent 1G; SNRPB, mall nuclear ribonucleoprotein polypeptides B and B1;
SRXNT1, sulfiredoxin 1; TCGA, The Cancer Genome Atlas; TFDP1, transcription factor Dp-1.

promoting its dephosphorylation. The dephosphorylation of
SRSF3 results in its dissociation from the pre-mRNA of genes
related to cell proliferation, migration, cell cycle and tran-
scriptional regulation, such as caspase 8 and protein arginine
methyltransferase 1. This results in SRSF3 losing its ability to
regulate the alternative splicing of these pre-mRNAs, thereby
promoting malignant biological phenotypes such as tumor cell
proliferation and invasion (22) (Fig. 4 and Table II).
Asdescribed in the previous section, Hu et al (99) confirmed
that PPM1G expression levels were significantly higher in HCC
tissues and cell lines than in adjacent tissues and normal liver
cells, and that high PPM1G expression often indicates that
patients with HCC will have poor clinical outcomes. 7P53 is a
crucial tumor suppressor gene and the most frequently mutated
gene in human cancer (108). The majority of TP53 mutations
in cancer are missense mutations that result in the production
of a full-length mutant p53 protein (109). This mutated p53
protein not only loses its original tumor suppressor function
but also gains oncogenic activity independent of wild-type
p53, a phenomenon known as gain-of-function (GOF) (109).
A study has revealed a clear interaction between PPM1G and
the GOF mutant p53. Specifically, in cells overexpressing
PPMIG, the expression level of GOF mutant p53 protein
was significantly elevated (99). This may be related to the
aforementioned regulation of the PPM1G/USP7S/MDM2
axis (65). In addition, the study demonstrated that PPM1G
significantly enhanced the proliferation of HCC cells via both
in vitro and in vivo experiments (99). However, a limitation
of this study is that the specific mechanism of action of the
PPM1G/GOF mutant p53 axis in the occurrence and develop-
ment of HCC was not further verified (99). However, a recent

study by Zhao et al (110) reported that GOF mutant p53
can promote tumor cell invasion and metastasis through the
minichromosome maintenance complex component 5/chro-
mosomal instability-cytoplasmic DNA/cyclic GMP-AMP
synthase/stimulator of interferon genes (STING)-induced
non-canonical NF-«kB signaling pathway. Based on these
findings, the team hypothesized that PPM1G may enhance
the proliferation of HCC cells by modulating the expression
and accumulation of GOF mutant p53 protein in HCC (99)
(Fig. 4 and Table II).

It is well known that fibrosis is a key risk factor for liver
disease and HCC, and hepatic stellate cells (HSCs) and macro-
phages are the main functional cell types in the liver fibrosis
process (111). The Notch signaling pathway plays a notable
role in HSC activation and macrophage M1 polarization (111).
It has been reported that costunolide (COS), a natural sesqui-
terpene lactone isolated from Saussurea lappa (Compositae),
can significantly reduce CCl, and bile duct ligation-induced
liver injury and liver fibrosis in rats (112). The specific mecha-
nism involves COS blocking the inhibitory effect of PPM1G
on WWP?2 by interfering with the interaction between PPM1G
and WWP2, making Notch3 unstable (70). This inhibition
results in the suppression of the activation of the Notch3/hes
family bHLH transcription factor 1 (HESI) signaling pathway,
inhibiting the liver fibrosis process (112) (Fig. 4 and Table II).

According to the Barcelona Clinic Liver Cancer classifi-
cation, hepatectomy and transplantation are two of the most
effective treatments for patients with HCC (113). Hepatic
ischemia-reperfusion injury (IRI) is characterized by the
activation of inflammatory networks and oxidative stress in
tissues following reperfusion after a period of insufficient
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Table II. Expression and roles of PPM1G in liver fibrosis and liver cancer.

Pathology Related genes and
First author, year type Expression signaling pathways Functional roles (Refs.)
Ge et al, 2020 Liver fibrosis Upregulated WWP2 and Notch3/ Promoting the progress (112)
HES1 signaling pathway of liver fibrosis.

Chen et al, 2021 Liver cancer Upregulated SRSF3 Promoting cell proliferation, (22)
invasion.

Hu et al, 2024 Liver cancer Upregulated p53 Promoting cell proliferation 99)
or liver transplantation.

Peng et al, 2024 Liver cancer Upregulated STING signaling pathway  Inhibition of IRI after (115)
hepatectomy.

HES1, hes family bHLH transcription factor 1; IRI, ischemia-reperfusion injury; PPM1G, protein phosphatase Mg?*/Mn** dependent 1G;
SRSF3, Ser/arginine-rich splicing factor 3; STING, stimulator of interferon genes; WWP2, WW domain containing E3 ubiquitin protein
ligase 2.
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Figure 4. PPMIG participates in the occurrence and development of hepatocellular carcinoma and liver fibrosis via different pathways. i) In the occur-
rence and development of HCC, multiple transcription factors and co-activators are activated, promoting the expression of PPM1G. PPMIG can target and
dephosphorylate SRSF3, leading to the dissociation of SRSF3 from the pre-mRNA of CASP8 and PRMT1. Consequently, SRSF3 loses its ability to regulate
the alternative splicing of these pre-mRNAs, thereby promoting the proliferation and invasion of HCC cells. ii) PPM1G can promote the proliferation of
HCC cells by enhancing the expression of GOF mutant p53. iii) PPM1G can target and inhibit WWP2, which leads to the overactivation of the Notch3/HES1
signaling pathway, promoting the development of liver fibrosis. HCC, hepatocellular carcinoma; PPMI1G, protein phosphatase Mg**/Mn?* dependent 1G;
SRSF3, Ser/arginine-rich splicing factor 3; PRMT1, protein arginine methyltransferase 1; GOF mutant p53, gain-of-function mutant p53; WWP2, WW domain
containing E3 ubiquitin protein ligase 2; HES1, hes family bHLH transcription factor 1; CASPS, caspase 8; sh, short hairpin.

oxygen supply, leading to cellular death (114). This conditionis  and transplantation (114). Upregulation of PPMI1G inhibits
recognized as one of the most common and severe complica-  activation of the STING signaling pathway and the release
tions that adversely affects patient outcomes post-hepatectomy  of inflammatory cytokines and can limit the polarization of
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macrophages to the M1 phenotype (115). The dephosphory-
lation of STING by PPMIG has been reported as early as
2020 (116). It has been reported that the envelope protein,
ORF33, of Kaposi's sarcoma-associated herpesvirus can
promote the dephosphorylation of STING and mitochondrial
antiviral signaling (MAVS) protein by recruiting PPM1G.
This action limits the natural immune signals mediated by
STING and MAVS, inhibits the antiviral activity of the host
and thereby promotes virus lysis and replication (116). It has
also been observed that knockdown of PPMI1G significantly
aggravates the liver IRI response in established 70% warm
liver I/R mouse models (a classic in vitro liver IRI model) (115).
Therefore, PPM1G, as a protective factor, has a crucial role in
limiting I/R-mediated liver injury (115) (Table II).

The mechanism of action of tumor-specific antigen
mRNA vaccines involves activating the immune system to
target tumor cells using synthetic mRNA molecules, eliciting
a broad spectrum of immune responses and reducing tumor
evasion (117,118). Due to its high specificity, efficacy and
minimal side effects, this approach holds promise in the realm
of cancer therapy (119). A positive correlation between PPM1G
expression and the presence of macrophages, dendritic cells
and infiltrating B cells has been observed (120). Furthermore,
the PPM1G tumor-specific antigen can be recognized by
antigen-presenting cells, presented to B cells and stimulate
lymphocyte infiltration in the tumor microenvironment,
thereby triggering an immune response (120). Therefore,
PPMIG is a promising candidate antigen for the development
of mRNA vaccines that target HCC (120). These findings
highlight the far-reaching significance of the abnormally
upregulated oncogene, PPMIG, in HCC tumors for the diag-
nosis, prognosis evaluation and treatment of HCC. Regretfully,
to the best of our knowledge, no clinical trials that address
PPMIG as a treatment target or biomarker for HCC have been
conducted.

7. Conclusions

HCC is a highly heterogeneous tumor caused by multiple
gene mutations; therefore, the efficacy of treatment based on
a single therapeutic target is often limited. PPM1G appears
to demonstrate great potential in the treatment of HCC. On
the one hand, as a tumor-promoting factor, PPM1G not only
enhances HCC cell proliferation and invasion by modulating
SRSF3 phosphorylation and increasing GOF mutant p53
protein expression but can also promote the occurrence of
liver fibrosis by overactivating the Notch3/HESI signaling
pathway. On the other hand, analysis has shown that PPM1G
was also significantly correlated with immune cell infiltration
in HCC tissues. Therefore, targeting PPMI1G can also attack
tumors through tumor immunotherapy. Notably, studies have
confirmed that PPM1G can regulate a variety of biological
processes and signaling pathways related to the occurrence and
development of human diseases. We consider that the specific
mechanism of PPMIG in the occurrence and development of
HCC has not been fully analyzed. Therefore, the safety and
efficacy of targeted therapy based on PPM1G requires further
basic and clinical experiments to accumulate more evidence.
In anticipation of the future, our goal is to develop practical
and effective targeted therapeutic strategies for HCC based

on the specific molecular mechanisms involved. Concurrently,
another research direction is to advance the clinical imple-
mentation of established diagnostic and prognostic evaluation
models, to enable early detection and intervention at the
secondary prevention stage of neoplastic diseases. Through
this, we aim to bring hope to more patients with HCC.
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