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Abstract
Hepatocellular carcinoma (HCC) is a subtype of highly malignant carcinoma that occurs in the liver, improved understanding 
of the mechanisms behind HCC tumorigenesis and better clinical treatment options are urgently needed. Several pieces of 
evidence have implied that the tumorigenesis and progression of HCC are driven by various genomic mutations and altera-
tions. In this review, we have provided an overview of driver mutations in different signaling pathways that dominate HCC 
tumorigenesis, as well as vital molecular events in HCC initiation. Meanwhile, we have also summarized different agents or 
tools that may be utilized for HCC treatment in patients with corresponding mutation events. These findings may expand our 
understanding of the inherent characteristics of HCC and provide new perspectives for the future clinical treatment of HCC.
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Introduction

Liver cancer is the sixth most common cancer and the third 
leading cause of cancer-related death worldwide, with 0.91 
million newly diagnosed cases and 0.83 million deaths annu-
ally in recent years (Sung et al., 2021). Hepatocellular car-
cinoma (HCC) accounts for approximately 85–90% of all 
primary malignancies in liver. Epidemiologically, HCC can 
be caused by various risk factors, including alcohol abuse, 
metabolic syndrome, and chronic infection with hepatitis B 
virus (HBV) and hepatitis C virus (HCV). However, as our 

understanding of the molecular mechanisms behind HCC 
tumorigenesis improves, increasing attention has been paid 
to revealing the key mutations or molecular drivers for hepa-
tocarcinogenesis (Forner et al., 2018). Specifically, accu-
mulating studies based on large-scale, multi-omics analysis 
of HCC patients’ samples have provided a more and more 
comprehensive landscape of HCC genetic alterations (Can-
cer Genome Atlas Research Network. Electronic address 
and Cancer Genome Atlas Research, 2017; Gao et al., 2019; 
Guichard et al., 2012). These efforts not only expand our 
knowledge of the key events dominating HCC development 
and progression but also pave the way for the development of 
new HCC treatment strategies, which may ultimately benefit 
HCC patients.

In this review, we mainly focused on the four most com-
mon driver mutations in HCC tumorigenesis and their cor-
responding therapeutic strategies: mutations in TP53 path-
way to govern genomic integrity and regulate cell growth; 
mutations in WNT/β-catenin pathway to modulate cell 
growth and tissue development/homeostasis; dysregulation 
of NRF2/KEAP1 pathway in modulating cellular response 
to ROS stress; and abnormal expression of TERT in cell fate 
control. In addition, we also summarized two vital molecular 
events in HCC initiation, including HCC-related hepatitis 
viral infection and polyploid in hepatocytes. These recent 
findings may help understand the intrinsic biological nature 
of HCC and guide the development of better clinical treat-
ments in the future.
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Mutation of TP53 pathway in HCC

TP53, the most famous tumor suppressor, has been iden-
tified as having approximately 31%–58% mutation fre-
quency in HCC (Cancer Genome Atlas Research Network. 
Electronic address and Cancer Genome Atlas Research, 
2017; Gao et al., 2019; Jiang et al., 2019), which makes 
it the most prominent driver mutation in HCC patients.

Normally, TP53 acts as a tumor suppressor, govern-
ing hepatocyte cell-cycle, apoptosis, and metabolism etc., 
and is expressed at very a low level in normal cells (Bou-
telle & Attardi, 2021). Canonical transcriptional targets 
of TP53 include Fas (Owen-Schaub et al., 1995), Bax 
(Miyashita & Reed, 1995), NOXA (Oda et al., 2000) and 
PUMA (Nakano & Vousden, 2001) in apoptosis pathway; 
CDKN1A (el-Deiry et al., 1994) and PAI-1 (Kunz et al., 
1995) in cell cycle regulation; and GLS2 (Suzuki et al., 
2010) and TIGAR (Bensaad et al., 2006) in cellular metab-
olism. Interestingly, TP53 also induces the transcription of 
its E3 ubiquitin ligase MDM2 by binding to the TP53-spe-
cific response elements in MDM2 promoter region. As the 
negative regulator of TP53, MDM2 not only suppresses 
the transcription of TP53 downstream targets by binding to 
the transactivation domain of TP53, but also mediates the 
polyubiquitination and proteasome-dependent degradation 
of TP53. Thus, the MDM2–TP53 axis strictly regulates 
the proliferation of hepatocyte (Moll & Petrenko, 2003).

The somatic mutations of TP53 in HCC exhibit several 
forms, such as splice site, missense mutation, nonsense 
mutation, multi hit, frame shift deletion, and in-frame 
deletion (Cancer Genome Atlas Research Network. Elec-
tronic address and Cancer Genome Atlas Research, 2017; 
Gao et al., 2019). These mutations primarily exist in its 
DNA-binding domain, which leads to the dysregulation 
of its downstream target genes. Since MDM2 is also a 
TP53 target gene, the protein abundance of MDM2 is also 
reduced in TP53-mutated HCC cells, resulting in the accu-
mulation of dysfunctional TP53 mutants and ultimately 
disrupted cellular homeostasis and tumorigenesis.

Studies have revealed that missense mutation is the 
predominant form of TP53 mutations in HCC, and the 
R249S amino acid substitution derived from a single base 
substitution is the dominant hotspot (Hsu et al., 1991; 
Hussain et al., 2007; Staib et al., 2003). According to 
the statistical data obtained from the COSMIC database 
(https:// cancer. sanger. ac. uk/ cosmic/ gene/ analy sis? all_ 
data= & coords= AA% 3AAA& dr= & end= 394& gd= & id= 
34858 5& ln= TP53& seqlen= 394& sn= liver & start=1# ts), 
missense mutations account for 74.3% (1312/1767) of all 
the mutations observed in TP53 in HCC. Out of these, the 
R249S amino acid substitution is responsible for 30.1% 
(395/1312) of total missense mutations in TP53 associated 

with HCC. Mechanistically, the S249 residue of TP53-
R249S mutant could be phosphorylated by CDK4/cyclin 
D1 during G1 phase of cell cycle in HCC cells, and then 
peptidyl-prolyl cis/trans isomerase PIN1 would facilitate 
the nuclear import of TP53-R249S by binding to the phos-
phorylated S249 site. The TP53-R249S might disrupt the 
interaction between FBXW7 and c-Myc in the nucleus, 
which helps c-Myc escape from FBXW7-mediated pro-
teasome-dependent degradation. Consequently, stabilized 
c-Myc augments the survival and proliferation of HCC 
cells (Liao et al., 2017). Meanwhile, methyltransferase like 
SETDB1 has been reported to elevate the tumor-promoting 
capacity of TP53-R249S mutant by demethylating it at 
K370 (Fei et al., 2015).

High Aflatoxin B1 (AFB1) exposure and HBV infection 
are two risks identified highly associated with TP53-R249S 
mutation (Gouas et al., 2012; Weng et al., 2017). Several 
epidemiological studies reported that R249S mutation is 
frequently detected in HCC patients suffering from above 
risks (Coursaget et al., 1993; Soini et al., 1996; Stern et al., 
2001). The metabolites produced from AFB1 could induce 
TP53-R249S mutation by forming covalent and premuta-
genic DNA adducts and resulting DNA damage (Besaratinia 
et al., 2009), while HBV-encoded x protein (HBx) might 
promote HCC by interplaying with TP53-R249S mutant 
(Gouas et al., 2010; Kew, 2011). Since TP53-R249S muta-
tion predominately occurrs in carcinogenesis of liver than 
in other tissues, it may raise the potential of TP53-R249S as 
an HCC diagnostic marker for patients in areas with heavy 
AFB1 exposure or HBV infection risks.

Considering the potential diagnostic and therapeutic val-
ues of TP53 mutation in HCC, several treatment strategies 
by targeting TP53 mutant have been developed. CP-31398 
is the first chemical identified that can restore the native 
conformation of TP53 to active downstream targets in tumor 
cells (Bykov et al., 2002; Rippin et al., 2002). CP-31398 has 
been found to inhibit the growth of liver cancer cells with 
mutated TP53 in a dose-dependent and TP53-dependent 
manner. Additionally, it has been found to block the growth 
of HCC xenograft tumors by activating TP53-responsive 
downstream molecules (He et  al., 2016). Furthermore, 
CP-31398 has been shown to have a synergistic effect with 
CDK4 inhibitor PD-0332991, resulting in the suppression of 
HCC cell survival by blocking the TP53-R249S-c-Myc axis 
(Wang et al., 2020). Another compound, PRIMA-1, has been 
shown to induce apoptosis in TP53-R249S mutated HCC 
cells by reactivating the transactivation capacity of TP53-
R249S mutant (Shi et al., 2008). Meanwhile, compounds 
purified from podophyllum derivatives have been reported 
to inhibit the growth of TP53-R249S mutated HCC cells by 
restoring the activity of wildtype TP53 (Chen et al., 2020). 
Recently, PK9318 has been reported to restore the TP53 
transcriptional activity by binding to TP53-Y220C mutant 

https://cancer.sanger.ac.uk/cosmic/gene/analysis?all_data=&coords=AA%3AAA&dr=&end=394&gd=&id=348585&ln=TP53&seqlen=394&sn=liver&start=1#ts
https://cancer.sanger.ac.uk/cosmic/gene/analysis?all_data=&coords=AA%3AAA&dr=&end=394&gd=&id=348585&ln=TP53&seqlen=394&sn=liver&start=1#ts
https://cancer.sanger.ac.uk/cosmic/gene/analysis?all_data=&coords=AA%3AAA&dr=&end=394&gd=&id=348585&ln=TP53&seqlen=394&sn=liver&start=1#ts
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in HCC cells harboring the corresponding mutation (Bauer 
et al., 2019). However, other TP53-mutant targeting drugs 
like COTI-2 (Guo et al., 2020; Lindemann et al., 2019; Syn-
nott et al., 2020) and TAR1 (Orgad et al., 2010) that have 
been tested in other cancers, their capacity in treating TP53-
mutated HCC has not been determined and is likely would 
be fully evaluated in the future.

Mutation of WNT/β‑catenin pathway in HCC

The WNT/β-catenin pathway plays irreplaceable roles in 
regulating hepatocyte development and cellular homeostasis 
(Perugorria et al., 2019; Reya & Clevers, 2005). Different 
clinical studies have revealed that mutations in β-catenin 
exist in 17–27% HCC patients, while other 8–18% HCC 
patients harbor mutations in AXIN1, an important compo-
nent of WNT/β-catenin signaling pathway (Cancer Genome 
Atlas Research Network. Electronic address and Cancer 
Genome Atlas Research, 2017; Gao et al., 2019; Jiang et al., 
2019).

Generally, there are two WNT/β-catenin pathways, 
namely canonical and non-canonical, functioning in cells. 
The canonical WNT/β-catenin cascade includes WNT, 
β-catenin, APC, AXIN, LRP5/6, FZD, DVL, GSK3β, and 
several downstream target genes. In the absence of WNT 
ligands, a portion of β-catenin is sequestered at the plasma 
membrane by E-cadherin (Niessen & Gottardi, 2008). The 
cytosolic β-catenin forms a complex with APC and AXIN1, 
in which the N-terminus of β-catenin is phosphorylated by 
CK1 at S45 site and GSK3β at Y41, S37 and S33 sites, 
respectively. This leads to the ubiquitination and proteasome 
degradation of β-catenin by E3 ubiquitin ligase  SCFβ−TrCP 
(Liu et al., 2002). When WNT ligands are present, they 
bind to the FZD and LRP5/6 to form WNT-FZD-LRP com-
plex. The complex then captures the AXIN1 and GSK3β 
by recruiting DVL at the plasma membrane, which finally 
stabilizes β-catenin by facilitating its escape from N-termi-
nus phosphorylation and subsequent proteasome degrada-
tion, and the stabilized β-catenin then translocates into the 
nucleus (Tortelote et al., 2017). Nuclear β-catenin binds to 
transcription factors and transcription co-activators such as 
TCF/LEF(Korswagen & Clevers, 1999), HIF-1α (Tang et al., 
2019), FOXO (Kamo et al., 2013) and SOX (Han et al., 
2018) via its C-terminus, thereby initiating the transcrip-
tion of downstream target genes responsible for cellular sur-
vival and proliferation. Apart from the canonical pathway, 
the non-canonical WNT signaling mainly functions in cell 
growth, fate determination and migration by interacting with 
 Ca2+ and planar cell polarity pathways (Nishita et al., 2019).

Most somatic mutations of β-catenin in HCC are mis-
sense mutations and mainly exhibit gain-of-function (GOF) 
phenotypes. The phosphorylation sites or adjacent amino 

acids in exon 3 and armadillo repeat domains 5/6 are two 
mutational hotspots in β-catenin. Mechanistically, the former 
would prolong β-catenin half-life by avoiding phosphoryla-
tion and proteasome degradation (Cieply et al., 2009; Okabe 
et al., 2016), while the latter could reduce the binding of 
β-catenin to APC, thus activating the WNT/β-catenin cas-
cade (Liu et al., 2020). AXIN1 and APC, as tumor suppres-
sors and key components of β-catenin degradation complex, 
were also found to be mutated in HCC patients, while these 
mutations always present loss-of-function (LOF) pheno-
types (Bugter et al., 2021). Interestingly, β-catenin, AXIN1 
or APC rarely co-mutated in the same HCC patient (Cancer 
Genome Atlas Research Network. Electronic address and 
Cancer Genome Atlas Research, 2017; Gao et al., 2019; 
Jiang et al., 2019), indicating that any single mutation in 
WNT/β-catenin pathway might be efficient to activate the 
downstream cascade.

The mutation or hyperactivation of WNT/β-catenin path-
way is critically related to HCC tumorigenesis. Morphologi-
cally, WNT/β-catenin-mutated HCC tumors usually exhibit 
well-differentiated, micro-beam skeleton, pseudo-glandular 
architecture pattern, tumor cholestasis, and lack of inflam-
matory infiltration phenotypes (Calderaro et al., 2019). As 
a part of the underlying mechanism, several oncoproteins 
in HCC have been characterized as targets of β-catenin, 
such as c-Myc (He et al., 1998), Cyclin D1 (Shtutman et al., 
1999), TBX3 (Liang et al., 2021), and KIF2C (Wei et al., 
2021), which are implicated in HCC progression, metastasis, 
metabolism, and drug resistance (Khalaf et al., 2018). It is 
worthy noticing that β-catenin mutation also functions in 
HCC metabolism, as Glutamine synthetase (GS, or Gluta-
mate-ammonia ligase, GLUL) in glutaminolysis is the target 
of β-catenin (Cadoret et al., 2002), and its expression is cor-
related with β-catenin GOF mutation in HCC (Lee et al., 
2014). Meanwhile, our research in HBV-related HCC also 
revealed that β-catenin mutation could promote the glyco-
lysis of tumor cells via enhancing ALDOA phosphorylation 
in HCC cells (Gao et al., 2019).

Different from worse outcomes caused by TP53 muta-
tion, WNT/β-catenin mutation seems to be a neutral or even 
favorable factor for HCC patients. Unchanged or prolonged 
overall survival rates have been observed in different stud-
ies on HCC patients with WNT/β-catenin mutations (Ding 
et al., 2014b; Lu et al., 2014; Wang et al., 2015), which may 
be associated with different stages of HCC. However, target-
ing WNT/β-catenin also showed attractive potentials in HCC 
treatment. For examples, CGP049090 and PKF155-854 are 
two fungal derivatives refined for blocking the interaction 
between β-catenin and TCFs, both of which exhibit inhibi-
tory effects on HCC cell growth (Lepourcelet et al., 2004; 
Wei et al., 2010). Meanwhile, TNKS inhibitor XAV939 
could suppress HCC cell growth in vitro via destabilizing 
AXIN1 (Ma et al., 2015).
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Dysregulation of NRF2/KEAP1 pathway 
in HCC

NRF2 and its E3 ubiquitin ligase KEAP1 are key play-
ers in the regulation of redox homeostasis in hepatocytes. 
Approximately 3–6% and 5–7% HCC patients have been 
found to carry NRF2 and KEAP1 mutations, respectively 
(Cancer Genome Atlas Research Network. Electronic 
address and Cancer Genome Atlas Research, 2017; Gao 
et al., 2019; Guichard et al., 2012).

NRF2 is a transcriptional factor coded by NFE2L2 and 
mainly plays pivotal roles in the prevention or alleviation 
of redox imbalance in cells. The known regulatory targets 
of NRF2 include NQO1 in ROS resistance(V enugopal 
& Jaiswal, 1996), 53BP1 in DNA damage repair signal-
ing (Kim et al., 2012), PSMA1 and POMP in proteostasis 
regulation (Kwak et al., 2003; Li et al., 2015), GSTA1, 
GSTM1 and AKR1C1 in multidrug resistance (MDR) 
pathways (Chanas et al., 2002; Lou et al., 2006), HMOX1 
and FTH1 in  Fe2+/heme metabolism pathway (Alam et al., 
1999; Campbell et al., 2013), ME1 in NADPH synthesis 
(Lee et al., 2021), GCLM, GCLC and SLC11A7 in glu-
tathione synthesis (Bea et al., 2003; Sasaki et al., 2002), 
as well as BCL-2 and BCL-xL in the apoptosis pathway 
(Niture & Jaiswal, 2012, 2013), etc. Therefore, NRF2 
is recognized as a master regulator that orchestrates the 
NRF2-mediated oxidative stress response to maintain 
homeostasis in liver. KEAP1 is the adaptor protein for 
the KEAP1-CUL3-RBX1 complex (Zhang et al., 2004). 
Normally, the KELCH domain located in the C-terminus 
of KEAP1 interacts with the DLG and ETGE motifs in the 
NEH2 domain of NRF2 to mediate the ubiquitination and 
subsequent proteosome-mediated degradation of NRF2 in 
the cytosol (McMahon et al., 2006; Padmanabhan et al., 
2008; Tong et al., 2006). When hepatocytes are under 
ROS stress, several sensor cysteines (especially C151) 
in KEAP1 would interact with electrophiles to change 
the molecular conformation of KEAP1, influencing the 
binding of KEAP1 to NRF2 and raising the abundance of 
NRF2 in the cytosol (Dayalan Naidu et al., 2018). Finally, 
NRF2 accumulated in the cytosol would be translocated 
into the nucleus to activate various downstream signal-
ing pathways, protecting hepatocytes from ROS-induced 
damage. The KEAP1-NRF2 interaction would be restored 
once hepatocytes return to homeostasis statue (Baird & 
Yamamoto, 2020). Meanwhile, the autophagy-related pro-
tein SQSTM1/p62 also participates in NRF2 signaling by 
competitively interfering the interaction between KEAP1 
and NRF2 (Inami et al., 2011; Komatsu et al., 2010).

Previous studies reported that NRF2 mutations in DLG 
and ETGE motifs located in exon 2 could activate the 
expression of NRF2 target genes in HCC cells, which is 

similar to the HCC cells bearing KEAP1 mutations (Gold-
stein et al., 2016). Generally, somatic mutations of NRF2 
in HCC mainly occur in the DLG and ETGE motifs, while 
somatic mutations of KEAP1 are primarily located in 
BTB, IVR and KELCH domains, exhibiting GOF or LOF 
phenotypes respectively, both by disrupting KEAP1-NRF2 
interaction (Cancer Genome Atlas Research Network. 
Electronic address and Cancer Genome Atlas Research, 
2017; Gao et al., 2019; Haque et al., 2020). In a mutational 
fashion similar to β-catenin/AXIN1/APC of WNT/β-
catenin pathway in HCC, mutations of NRF2 and KEAP1 
are also exclusive and seldom co-occur in the same HCC 
patient (Cancer Genome Atlas Research Network. Elec-
tronic address and Cancer Genome Atlas Research, 2017).

GOF mutations of NRF2 have been reported as one of the 
driver mutations and potential inducers of HCC (Ngo et al., 
2017; Orru et al., 2018; Zavattari et al., 2015). Actually, the 
mutation and dysregulation of NRF2/KEAP1 pathway could 
promote HCC occurrence and progression through differ-
ent manners. For example, the upregulation of NQO1 and 
HMOX1 induced by constitutive NRF2 activation promotes 
the growth of HCC cells (Gan et al., 2010). Hyperactiva-
tion of NRF2 triggers the expression of MMP-9, promoting 
the migration and invasion of HCC cell (Endo et al., 2018; 
Zhang et al., 2015). Stabilized NRF2 increases BCL-xL 
expression to rescue HCC cells from chemotherapy-induced 
apoptosis (Niture & Jaiswal, 2013). Additionally, aberrant 
regulation of NRF2 also contributes to non-alcoholic fatty 
liver disease (NAFLD) by reprogramming lipid metabolism 
in the liver, which promotes hepatocarcinogenesis. FOXA1, 
as an important triglyceride synthesis suppressor, its expres-
sion could be reduced by NRF2 accumulation (Suzuki et al., 
2019), which might be associated with the risk of NAFLD 
(Moya et al., 2012). Moreover, NRF2 activation by high 
fat diet (HFD) increases the protein abundance of the lipid 
metabolism regulator PPARγ, which ultimately triggers 
NAFLD by triglyceride accumulation (Li et al., 2020).

Due to numerous NRF2 targets are involved in MDR 
pathways, HCCs with NRF2 mutations or hyperactivation 
always exhibit a weak response to traditional chemothera-
peutic agents such as cisplatin, sorafenib, and doxorubicin 
(Gao et al., 2013; Huang et al., 2021; Liu et al., 2022; Wu 
et al., 2019). However, both downregulating NRF2 expres-
sion and inhibiting NRF2-mediated transcription of target 
genes have exhibited promising outcomes for MDR avoid-
ance. For instance, apigenin has been found to alleviate 
NRF2-induced MDR by blocking the PI3K/AKT/NRF2 
pathway (Gao et al., 2013). Ursolic acid, a potential NRF2 
inhibitor, has been reported to sensitize cisplatin-resistant 
HCC cells to cisplatin by inhibiting the NRF2 pathway (Wu 
et al., 2016). Metformin, the most famous agent for diabetic 
treatment, is prone to suppress HCC cell growth by inhibit-
ing RAF/ERK/NRF2/HMOX1 signaling cascade (Do et al., 
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2013). Meanwhile, isoniazid could interfere with the trans-
location of NRF2 into the nucleus by reducing ERK1 phos-
phorylation, which benefits drug treatment in HCC (Verma 
et al., 2015).

Abnormal expression of TERT in HCC

TERT is the core catalytic enzyme of the telomerase 
complex coding by TERT (Dratwa et al., 2020; Gunes & 
Rudolph, 2013). Mutations in the TERT promoter have been 
observed in 30–60% of overall HCC patients, making it a 
remarkable somatic genetic alternation in HCC development 
(Cevik et al., 2015; Huang et al., 2015; Schulze et al., 2015; 
Totoki et al., 2014).

Telomeres are replicated DNA sequences (5′-TTA GGG 
-3′) located at the extremities of chromosomes. Under nor-
mal physiological circumstance, the telomeres are constantly 
shortened with each round of cell division until DNA dam-
age protein is activated to initiate cell senescence. Thus, tel-
omeres function as internal clocks to regulate cell prolifera-
tion and aging (Gunes & Rudolph, 2013). However, TERT 
maintains telomere length by adding repeat sequences to the 
extremities of chromosomes and protecting chromosomes 
from degradation (Rudolph et al., 2009).

Normally, telomerase is inactive and remains a quiescent 
stage in healthy adult liver (Mangnall et al., 2003), and the 
shortening of telomeres or insufficient telomerase activity 
has been found in chronic diseases or injury in liver (Miura 
et al., 1997; Wiemann et al., 2002). However, the re-expres-
sion and reactivation of TERT have been identified in liver 
cirrhosis and regenerative nodules staging early premalig-
nant (Hytiroglou et al., 1998; Kotoula et al., 2002; Youssef 
et al., 2001). Furthermore, TERT overexpression by muta-
tions in TRET promoter has been recognized as a hallmark of 
hepatocarcinogenesis (Kim et al., 1994; Miura et al., 1997). 
Generally, the hot spots of mutations in the TERT promoter 
in HCC are positions − 124 (G to A/T) and − 146 (G to A) 
before the ATG translation start site (Totoki et al., 2014), 
and the G to T substitution of − 124 is the most common. 
The new DNA sequences created by these mutations emerge 
as binding sites for transcription factors like ETS and TCF, 
which transcriptionally upregulate the expression of TERT 
and subsequently stabilizing the telomeres (Xu et al., 2008). 
Recently, a new mutation at − 297 (C to T) was reported to 
enhance TERT transcription by creating an AP2 consensus 
sequence (Lombardo et al., 2020). Interestingly, mutations 
in the TERT promoter have been reported to be frequently 
accompanied by mutations in β-catenin (Nault et al., 2013; 
Totoki et al., 2014), which hints at the potential synergistic 
carcinogenic effect between TERT promoter mutations and 
WNT/β-catenin pathway mutations (Park et al., 2009).

Apart from mutations in the TERT promoter, TERT 
expression in HCC can also be replenished via different 
ways. For example, HBV, rather than HCV, can be inserted 
into the promoter region of TERT to activate its expression 
(Paterlini-Brechot et al., 2003; Sung et al., 2012). A similar 
upregulation of TERT can also be observed in HCCs with 
adeno-associated virus type 2 (AAV2) infection, as AAV2 
can also insert into the promoter region of TERT (Nault 
et al., 2015). The fusion of SLC7A2 and SLC12A7 with 
TERT has been identified in approximately 4% of HCCs. 
Since SLC7A2 and SLC12A7 are ubiquitously expressed 
in the liver, and the transcription of TERT is controlled by 
the promoters of SLC7A2 and SLC12A7, TRET abundance 
is upregulated in these fusion cases (Barthel et al., 2017). 
Meanwhile, amplification of TERT in chromosomes has been 
reported in 5% of HCCs, but the mechanisms behind remain 
unknown (Letouze et al., 2017; Schulze et al., 2015).

Considering that telomerases are only reactivated in HCC 
cells, not in normal hepatocytes, different therapeutic strat-
egies targeting telomeres and telomerase have been used 
to treat HCCs with telomerase dysregulation. The TERT 
inhibitor BIBR1532 could suppress HCC cell growth by 
inhibiting TERT in vitro and in vivo (Tahtouh et al., 2015). 
Telomerase peptide vaccines like GV1001 and VX-001 
have been developed to treat several human cancers, while 
only limited efficacy has been observed with these drugs on 
HCC treatment (Anguille et al., 2014; Brunsvig et al., 2011; 
Greten et al., 2010; Kotsakis et al., 2012).

HCC‑related hepatitis viral infection (HBV/
HCV)

Chronic infection with hepatitis viruses such as hepatitis B 
virus (HBV) and hepatitis C virus (HCV) has been identi-
fied as an etiological risk factor for the occurrence of HCC. 
Approximately 54% or 31% of HCCs have been reported 
to be associated with HBV or HCV infection, respectively 
(Ding et al., 2017; El-Serag, 2012; Yang et al., 2019), and 
HBV/HCV coinfection incidences have also been observed 
in HCC (Fattovich et al., 2004).

HBV belongs to the Hepadnaviridae family, which 
has a selective appetite for hepatocytes. The mature HBV 
possesses a 3.2 kb double-stranded relaxed circular DNA 
(rcDNA) genome and viral proteins. The viral proteins 
are composed of HBcAg (the core antigen), HBeAg (the 
excreted antigen e), L/M/S-HBsAg (three surface enve-
lope proteins), viral polymerase (functions as RHAseH, 
DNA polymerase, and transcriptase) and HBx (functions 
in viral transcription and pathogenesis) (Coffin et al., 2011; 
Seeger & Mason, 2000; Tu et al., 2017). During the HBV 
lifecycle, the mature HBV enters the hepatocytes by bind-
ing of L-HBsAg to the HSPG (heparin sulfate proteoglycan 
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receptor) on the surface of hepatocytes. Then, the nucle-
ocapsid could be translocated into the nucleus after uncoat-
ing surface proteins, where rcDNA is transformed into 
covalently closed circular DNA (cccDNA). Pregenomic 
RNA (pgRNA) and subgenomic RNA are transcribed from 
cccDNA and are further be translated to produce viral 
proteins (HBx, L/M/S-HBsAg, etc.). Additionally, the 
pgRNA could also be encapsulated by HBcAg and reverse 
transcribed into rcDNA or double-stranded linear DNA 
(dslDNA). The newly assembled rcDNA would either go 
back to the nucleus to replenish the cccDNA pool or bud out 
of the current cell to infect other cells after being assembled 
with coat proteins, while dslDNA could integrate into the 
genome of host cells after being relocated into the nucleus 
(Nassal, 2015; Seeger & Mason, 2015; Summers & Mason, 
1982; Turton et al., 2020).

Generally, HBV infection promotes HCC tumorigenesis 
via numerous mechanisms. Since HBV can integrate into 
the host hepatocyte genome, the genomic stability can be 
affected by HBV integration in certain areas such as CpG 
islands and telomeres, which leads to chromosomal rear-
rangements or gene copy number variation and contributes 
to HCC occurrence (Jiang et al., 2012; Yan et al., 2015). 
Meanwhile, insertional mutation of several oncoproteins and 
tumor suppressors can also be induced by HBV integration 
(Dong et al., 2015; Sung et al., 2012). Furthermore, dysregu-
lated expression of viral proteins (especially HBx) by HBV 
genomic integration is associated with HCC tumorigenesis 
(Chisari et al., 1989). HBx, as key regulator for HBV onco-
genicity, plays various significant roles in hepatocarcinogen-
esis by interacting with multiple cellular targets. Apart from 
enhancing HBV replication, HBx functions in chromatin and 
transcriptional control by interplaying with transcription fac-
tors like ATF/CREB, C/EBP, ETS, and TP53, chromatin-
modifying enzymes such as PCAF and p300, as well as com-
ponents for transcription (RPB5, TFIIB and TBP) (Levrero 
& Zucman-Rossi, 2016). HBx controls cell proliferation and 
death through regulating the expression of HIF-1α, ANG2 
and TGF-1β (Sanz-Cameno et al., 2006; Yoo et al., 1996, 
2003). As mentioned above, HBx can regulate senescence 
and telomeres via manipulating expression of TERT (Ozturk 
et al., 2009). Meanwhile, proto-oncogenic pathways like 
JAK-STAT, Src, survivin, WNT/β-catenin, and PI3K can 
also be modulated by HBx (Cha et al., 2004; Feitelson & 
Duan, 1997; Murakami, 2001; Shlomai et al., 2014).

HCV belongs to the Flaviviridae family and the Hepacivi-
rus genus. Unlike HBV, HCV is an RNA virus with a 9.6 kb 
positive-sense, single-stranded RNA and receptor proteins 
(Lindenbach & Rice, 2005). During the HCV replication 
cycle, it enters hepatocytes via clathrin-dependent endocy-
tosis after plenty of interactions between HCV particles and 
cellular receptors (Ding et al., 2014a). Then, the viral RNA 
is released into the cytoplasm, where it is further replicated 

and translated at the endoplasmic reticulum (ER) to produce a 
single polyprotein chain. The viral proteins are assembled from 
cleaved polyprotein chain and form premature HCV particles 
with viral RNA on lipid droplets, which are further processed 
at Golgi apparatus. Finally, the mature HCV particles bud out 
of the parental host cell via the secretory pathway and populate 
into the new hosts (Kim & Chang, 2013; Morozov & Lagaye, 
2018). It is worthy noticing that HCV cannot integrate into 
host genome, which is different from HBV.

The mechanisms of HCV-mediated HCC occurrence are 
complex. In the same fashion with HBV infection, various 
cancer-related signaling pathways could be modulated by 
HCV. The relationship between HCV infection and TP53 sign-
aling pathway remains vague. TP53 overexpression has been 
observed in the early stage of HCV-related HCC (Loguercio 
et al., 2003), while HCV viral protein NS5A has been reported 
to transcriptionally inactive TP53 by interacting with it, and 
another TP53 interactor hTAFII32 could suppress TP53 sign-
aling by binding to NS5A (Lan et al., 2002). HCV infection 
actives the WNT/β-catenin signaling cascade by downregulat-
ing the expression of APC or AXIN2, which proceeds HCC 
tumorigenesis (Levrero, 2006). The RAS/RAF/MEK/MAPK 
pathway involved in HCC development is affected by HCV 
at different levels. Normally, HCV infection always accom-
panies with the hypermethylation at the promoter regions of 
many tumor suppressor genes (Quan et al., 2014; Wijetunga 
et al., 2017; Zekri Ael et al., 2014). RASSF1 and RASAL1, 
as two inhibitors for RAS, have their expressions downregu-
lated by HCV infection via methylation on their gene promoter 
regions (Jin et al., 2007; Volodko et al., 2014). Moreover, the 
anti-HCV efficacy of IFN-γ is diminished by MEK1/2 activa-
tion, which implies the indispensable role of RAS/RAF/MEK/
MAPK in HCV-induced HCC (Huang et al., 2006).

Currently, apart from vaccination strategy to prevent 
viral-induced HCC, the treatment of HBV-induced HCC 
patients mainly focuses on targeting the dysregulated sign-
aling pathways influenced by viral infection. Alternatively, 
training hosts’ immune system to eliminate viral particles is 
a new strategy to treat viral-induced HCC patients. Cellular 
technology tools likes CAR-T have been used to precisely 
targeting HBV in HCC tumors and have exhibited prom-
ising performance (Tan et al., 2019). On the contrary, the 
direct-acting antiviral therapy on chronic HCV infection 
has shown promising success (Falade-Nwulia et al., 2017), 
which reflects the different biological attributes between 
HBV and HCV.

The polyploidy of hepatocytes in HCC

Polyploidy is a state in which cells possess more than two 
sets of homologous chromosomes, which is wildly presented 
in heart, bone marrow, pancreas, placenta, and liver (Anzi 
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et al., 2018; Davoli & de Lange, 2011; Oates & Morgan, 
1986; Pandit et al., 2013). Normally, diploid cells have only 
one single nucleus with 2n nuclear content, while polyploid 
cells could be mononucleate with a single 4n/8n/16n nucleus 
or binucleate with pairs of 2n/4n/8n nuclei. Hepatocytes 
exhibit different ploidy statues spatiotemporally. Hepato-
cytes are born to be diploid, and polyploid descendants are 
generated after rounds of mitosis. Polyploid hepatocytes 
account for 25–50% and more than 90% of all hepato-
cytes in humans and mice, respectively (Duncan, 2020), 
and the polyploid of hepatocytes is tightly associated with 
hepatocarcinogenesis.

Previous studies revealed that polyploid or quasi-poly-
ploid phenotypes have been observed in nearly 30% of solid 
tumors (Bielski et al., 2018; Zack et al., 2013). However, 
the relationship between polyploid and HCC tumorigenesis 
is quit confusing. As polyploid is usually associated with 
hemostasis and normal functions of healthy liver, polyploid 
is now generally characterized as a gatekeeper of tumori-
genesis in liver (Zhang et al., 2019). Polyploid hepatocytes 
have more copies of tumor suppressor genes than diploid 
cells, which makes them more resistant to oncogenic threats 
such as loss of heterozygosity (Lin et al., 2020; Zhang et al., 
2018a, 2018b). Meanwhile, polyploid strictly limits the pro-
liferation of hepatocytes via TP53-dependent “tetraploid 
checkpoint”, which avoids HCC occurrence (Kneissig et al., 
2019; Tanaka et al., 2018). Consistently, HCC has been dem-
onstrated to be derived from low polyploid hepatocytes, 
especially hepatocytes. However, polyploid seems to be a 
potential HCC tumorigenesis driver when TP53 is mutated 
or inactivated. It has been reported that binucleate polyploid 
was drastically reduced, while mononucleate polyploid was 
increased during liver tumorigenesis, and TP53 mutations 
are the key for increasing mononucleate polyploid hepato-
cytes (Bou-Nader et al., 2020). It is obvious that the “Jekyll 
and Hyde” roles of polyploid in HCC are largely dependent 
on the mutational state of TP53.

The PIDDosome is mainly responsible for the regulation 
of hepatic polyploidy, which is crucial for HCC develop-
ment. The PIDDosome is a protein complex comprised of 
PIDD1, RAIDD, and CASP2, which functions as a sensor 
of supernumerary centrosomes to regulate TP53-mediated 
cell cycle modulation (Fava et al., 2017). PIDD1 is com-
monly expressed at the centriole during the cell cycle. When 
extra centrosomes are produced by the mitosis process in 
polyploid hepatocytes, RAIDD and CASP2 are recruited 
and form the PIDDosome with PIDD1. Once CASP2 is 
activated, MDM2 is cleaved to stabilize TP53 and acti-
vate p21-mediated cell cycle arrest, which keeps a moder-
ate polyploidy level and restricts hyperpolyploidization of 
hepatocytes (Sladky et al., 2020a). It has been reported that 
the absence of the PIDDosome leads to hyperpolyploidy of 
hepatocytes and benefits the tumorigenesis resistance via 

a TP53-dependent manner (Sladky et al., 2020b), provid-
ing a new strategy for HCC treatment from a cell ploidy 
perspective.

Discussion and perspectives

Hepatocellular carcinoma (HCC) is unique compared 
to other epithelium-derived solid tumors as it is mainly 
derived from healthy hepatocytes (Forner et al., 2018). In 
this review, we have presented the molecular and mutational 
landscape of HCC and briefly summarized the mechanisms 
behind HCC-promoting effects of these driver mutations 
and molecular events, as well as the potential therapeutic 
tools for HCC patients with different mutational landscapes 
(Fig. 1).

Interestingly, HCC tumors are highly heterogeneous at 
both histological and molecular levels, and this phenotype 
seems to be a result of the different molecular events they 
undergo (Calderaro et al., 2019). It has been widely recog-
nized that HCC could be physiologically and molecularly 
classified as “proliferative” and “non-proliferative” tumors 
(Zucman-Rossi et  al., 2015). The “proliferative” HCC 
patients mainly harbor TP53 mutations and chromosomal 
instability, as well as high tumor grades and high-level of 
AFP, leading to worse survival outcomes. However, those 
HCC patients with “non-proliferative” tumors generally 
carry mutations in the WNT/β-catenin pathway and low 
level of immune cells infiltration. In contrast, they are always 
characterized with low-level tumor grades and possess better 
clinical outcomes (Ruiz de Galarreta et al., 2019). Mutations 
in TP53 and WNT/β-catenin, as two of the most prominent 
mutations in HCC, both play oncogenic roles in tumorigen-
esis. However, they seem to guide the development of HCC 
cells into different directions and lead to opposite outcomes, 
and the mechanisms behind this paradox remain to be further 
studied and summarized. Likewise, mutations in the TERT 
promoter always seem to be independent of the polyploid 
of tumor cells in HCC (Bielski et al., 2018). It has been 
found in both cirrhosis and non-cirrhosis derived HCCs 
and remains stable through different stages of HCC devel-
opment (Farazi et al., 2003; Gunes & Rudolph, 2013; Nault 
et al., 2019). Mutations in the TERT promoter were also 
detected in dysplastic nodules that finally developed into 
malignancy tumors, while mutations in TP53 and WNT/β-
catenin were absent in dysplastic nodules (Zucman-Rossi 
et al., 2015). This implies that TERT promoter mutations are 
the fundamental gatekeepers for malignant transformation 
of hepatocytes into HCC cells, and mutations of TP53 and 
WNT/β-catenin are HCC progressors rather than initiators. 
As emerging studies focus on the heterogeneity of HCC, 
the spatial and temporal evolution of HCC is being fully 



246 Genome Instability & Disease (2023) 4:239–253

1 3

revealed, which would greatly broad our knowledge on HCC 
tumorigenesis.

Meanwhile, it is obvious that different mutations and 
molecular drivers never work independently during tumo-
rigenesis. Instead, they usually interact with each other 
to synergistically function in HCC development and pro-
gress. As mentioned above, HBV-coded HBx and HCV 
viral protein NS5A could interact with TP53 mutant to 
promote HCC tumorigenesis. At the same time, hepatic 
viral infection constitutively activates NRF2 signaling by 
raising oxidative stress, which transcriptionally elevates 
the expression of MDM2, consequently leading to MDM2-
mediated TP53 proteasomal degradation, and enhancing 
the proliferation of HCC cells (Aydin et al., 2017). HCV 
also promotes the WNT/β-catenin cascade by modulating 
the expression of APC and AXIN2. However, the tumor-
promoting or tumor-suppressing roles of polyploid in HCC 
depend on the mutational status of TP53. Additionally, the 
mutations of TERT promoters in HCC are always accom-
panied by β-catenin mutations. The interactions among 
these molecular drivers, together with the HCC heteroge-
neity mentioned above, show us the complexity of signal-
ing pathway networks regulating HCC tumorigenesis and 

the necessity to understand the mechanism behind HCC 
tumorigenesis from multiple dimensions. Apart from the 
molecular drivers discussed in this review, mutations in 
other cancer-associated genes such as KMT2C, ARID1A, 
and TSC have also been observed in patients with HCC 
(Gao et al., 2019; Jiang et al., 2019; Zucman-Rossi et al., 
2015). It is essential to further investigate and summarize 
their distinct roles in the tumorigenesis of HCC.

For HCC clinical treatment, different inhibitors for HCC 
patients with different mutational landscapes show various 
performances in vivo and in vitro. Inhibitors against TP53 
mutations and abnormal activation of NRF2 pathway seem 
to have promising effects in treatment for corresponding 
HCC patients, while inhibitors targeting mutations in 
WNT/β-catenin and TERT promoter had limited effects in 
HCC treatment. There are certainly diverse reasons behind 
this, and more in-depth research is needed to benefit HCC 
patients. Furthermore, the possibilities of combining 
mutational inhibitors with conventional chemotherapy 
drugs such as Gemcitabine, Sorafenib, and Lenvatinib, or 
immunotherapy agents like Opdivo and Keytruda, present 
promising avenues for research. These combination drug 

Fig. 1  Driver mutations and molecular events in HCC. This dia-
gram summarized the HCC-promoting mutations in pathways such 
as TP53, WNT/β-catenin, NRF2/KEAP1, and telomere regulation. 
Additionally, HBV/HCV infection and polyploidy of hepatocytes are 

significant molecular events in HCC tumorigenesis. Meanwhile, sev-
eral potential therapeutic inhibitors and tools could be utilized to treat 
HCC patients with different mutational backgrounds.
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therapies have the potential to revolutionize HCC treat-
ment and warrant further investigation.
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