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ABSTRACT

Sirtuins (SIRTs), members of the enzyme family found in yeast cells, are related to silent information regulator
(SIR) 2 homologous to its gene family. SIRTs play an important role in many physiological functions from over-
expression of gene silencing at the molecular level to the expression of related proteins and RNA to apoptosis.
Studies have indicated that SIRTs may be related to the occurrence, development, and metastasis of cancer. How-
ever, the current mechanism of action of SIRTs in various diseases and the principle of molecular biology are not
fully understood. Therefore, the present article discusses the main regulatory role and function of SIRTs in HCC
and evaluates SIRTs as new targets for HCC treatment.
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HIF-1α: hypoxia-inducible factor 1-α;
HPV16: human papillomaviruses 16;
MiRNAs: microRNAs;
NAD+: nicotinamide adenine dinucleotide;
NAFLD: nonalcoholic fatty liver disease;
PARP: poly ADP-ribose polymerase;
PI3K: phosphoinositide-3-kinase;
PTEN: phosphatase and tensin homolog deleted on chromosome ten;
PTM: posttranslational modification;
RES: resveratrol;
ROS: reactive oxygen species;
SIR2: silent information regulator 2;
SIRTs: sirtuins;
SOD2: superoxide dismutase 2;
SREBP: sterol regulatory element binding protein;
TCA: tricarboxylic acid;
TERT: telomerase reverse transcriptase;
USP22: ubiquitin-specific peptidase 22;
YAP2: yes-associated protein 2;
ZEB2: zinc finger E-box binding homeobox 2

1 Introduction

Hepatocellular carcinoma (HCC) is one of the most common fatal tumors and affects the physical and
mental health of high-risk groups. A previous study issued a report stating that the global incidence of HCC
ranks among all cancers of all tumors, and its death ranks third (8.3% of all cancer deaths) [1,2]. East Asia,
especially China, has the most HCC patients. However, patients with early HCC have no obvious symptoms,
and they often miss the opportunity for the best treatment. Most patients are usually diagnosed when HCC
enters the advanced stages. At this time, the survival time generally does not exceed one year [3]. The current
main treatment options include surgical resection, liver transplantation, local radiotherapy, chemotherapy,
combination therapy, and targeted therapy [4]. Despite the continuous improvement of treatment methods,
the prognosis of patients with advanced liver cancer is still poor [5]. The latest targeted therapy drugs
significantly prolong the median survival time of patients with advanced HCC, but drug resistance
gradually appears in the later period of treatment [6]. Therefore, the clinically urgent problem is to obtain
high-precision identification of early- and mid-stage HCC tumor biomarkers, block the phenomenon of
immune escape, and solve the problems of drug resistance, disease recurrence, and metastasis. The
occurrence and development of HCC is an extremely complex pathological process caused by a variety
of factors, such as aflatoxin B1 intake, alcohol consumption, HBV, and HCV, and its molecular
mechanism is still unclear. Studies have shown that various liver inflammatory diseases are the main
reason for the progression of HCC [7]. Among them, repeated mutations of HCC chromatin regulatory
factors have been confirmed by whole-genome sequencing, and the activity and structure of chromatin
are deeply affected by these mutations. Histones undergo posttranslational modification after chromatin
regulator methylation, acetylation, and ubiquitination to regulate gene expression [8]. Among them, Class
I and Class II histone deacetylases (HDACs) are currently new strategies for the treatment of HCC with
compounds, such as pabirestat. Sirtuins (SIRTs) constitute Class III HDACs and, therefore, may be
another representative of potential targeted chromatin modulators [9]. Currently, studies have shown that
the abnormal expression of SIRTs in HCC may be related to the occurrence, development, metastasis, and
prognosis of tumors. SIRT proteins, including seven subtypes (SIRT1-SIRT7), are highly conserved
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nicotinamide adenine dinucleotide (NAD+)-dependent deacetylases, and their structures contain a conserved
catalytic core domain. SIRTs are localized in different cellular compartments, and they have differences in
functionality [10]. In mammals, each member has a unique subcellular localization, function, and
substrate specificity [11,12]. The dependence of SIRTs on NAD+ indicate that the activity of SIRTs can
be used as a sensor for the cytoplasmic ratio of NAD+/NADH, thereby directly linking the activity of
SIRTs with cell metabolism and cellular energy status. Since the discovery of the enzyme activity of
SIRTs, various physiological functions of SIRTs in the body have also been discovered [13]. In this
review, we summarize the functions and roles of SIRTs in HCC and provide references for future research.

2 Overview of SIRTs

A previous study has shown that SIRT1 is related to the stability of genome structure, chromatin
silencing, and histone deacetylase in simple eukaryotes [14]. SIRTs are Class III highly conserved histone
deacetylases that have homology with yeast SIR2 [15]. SIR2 was first discovered as a yeast ortholog, and
SIRTs have also been found in prokaryotes and multicellular animals. Recent research has shown that
SIRTs are activated in different organs and tissues. In addition, SIRT proteins have different localizations
according to classification, such as the nucleus (SIRT1, SIRT6, and SIRT7) [11,12], cytoplasm (SIRT2),
and mitochondria (SIRT3-SIRT5) [16,17]. Due to the different localizations, SIRTs are exposed to
different environments, resulting in various physiological and potential pathological changes. SIRTs have
NAD+-dependent deacetylase activity. SIRT1 and SIRT6 not only have deacetylase activity but also have
weak ADP-ribosyltransferase (ART) activity [18,19]. However, SIRT3 has only ART activity [20] (Table 1).

Sirtuins are proteases that are found in a variety of cancers and play different roles at different stages of
cancer. For example, SIRT1 enhances the DNA damage response, changes the repair mechanism function of
DNA in cells, and promotes the occurrence of cancer [21]. In addition, SIRT1 is located at the promoters of a
considerable number of abnormally silenced tumor suppressor genes. The DNA of these genes is highly
methylated, which prevents the normal expression of tumor suppressor genes and promotes the
development of cancer [22,23]. Furthermore, HepG2 and SMMC-7721 cellular studies have revealed that
SIRT1 decreases the expression of E-cadherin and increases the expression of vimentin, Snail, and
Twist1 in cells. Moreover, SIRT1 promotes the expression of epithelial-mesenchymal transition (EMT)
and enhances invasion and metastasis ability, thereby promoting metastasis [24,25]. Moreover, sirtuins
play an indispensable role in the mechanism of resistance. A previous study has shown that autophagy
plays an important role in tumor resistance [26–28]. A previous study has shown that sorafenib, a small
molecule-targeted drug for the treatment of HCC, also exhibits drug resistance in the later stage of
treatment. The last study showed that miR-425 regulates SIRT1 in HCC. When miR-425 is inhibited,

Table 1: Subcellular localization of SIRTs

SIRTs Location Enzymatic activity

SIRT1 Nucleus Deacetylase activity/ART activity

SIRT2 Cytosol Deacetylase activity

SIRT3 Mitochondria Deacetylase activity

SIRT4 Mitochondria ART activity

SIRT5 Mitochondria Deacetylase activity

SIRT6 Nucleus Deacetylase activity/ART activity

SIRT7 Nucleus Deacetylase activity
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SIRT1 promotes fat autophagy by mediating the autophagy process and promoting sorafenib resistance [29].
Additionally, SIRT1 promotes gene mutations to induce drug resistance in cancer cells [30].

Overall, sirtuins play an important role in the occurrence, development, transfer, and drug resistance of
HCC. The exploration of sirtuins in the pathogenesis of HCC will provide a new treatment for HCC.

3 Expression and Functional Roles of SIRTs in HCC

Sirtuins are involved in all stages of cancer development. Different sirtuin family members play different
roles in the mechanisms of cells. This section summarizes the current reports about the regulatory effects of
different SIRTs in HCC (Table 2).

Table 2: Expression and functional roles of SIRTs in HCC

SIRT1 25 human HCC tumors Downregulate Tumor suppressor 32566017

SIRT1 50 of 90 HCC specimens Upregulate Tumor promoter 21567102

SIRT1 16 human HCC samples Upregulate Tumor promoter 30569158

SIRT1 95 of 172 HCC samples Upregulate Tumor promoter 22146883

SIRT1 10 human HCC tumors Upregulate Tumor promoter 23162614

SIRT1 16 human HCC tumors Upregulate Tumor promoter 31394122

SIRT1 35 of 50 HCC tissues Upregulate Tumor promoter 23728314

SIRT1 23 human HCC tumors Upregulate Tumor promoter 28583374

SIRT1 76 of 99 HCC specimens;
4 HCC cell lines (SMMC-7721,
LMS, Hep3B and Huh-7)

Upregulate Tumor promoter 34235106

SIRT1 11 of 16 HCC specimens Upregulate Tumor promoter 25696003

SIRT1 72 HCC specimens;
5 HCC cell lines (SMMC-7721, HepG2,
PLC, Hep3B and Huh7)

Upregulate Tumor promoter 27081083

SIRT1 5 of 7 HCC cell lines Upregulate Tumor promoter 30569158

SIRT1 31 of 40 HCC tissues;
5 HCC cell lines (SMMC-7721, HepG2,
PLC, Hep3B, Huh7)

Upregulate Tumor promoter 28166203

SIRT2 8 of 10 HCC samples Downregulate Tumor suppressor 22014574

SIRT2 52 HCC samples Tumor promoter 28992545

SIRT2 23 of 45 HCC specimens;
5 HCC cell lines
(SK-Hep-1, PLC5, HepG2, Hep3B and
Huh-7)

Upregulate Tumor promoter 23348706

SIRT3 10 of 16 HCC samples;
8 HCC cell lines (PLC/PRF/5, SK-hep-1,
SMMC-7721, HepG2
Bel-7404, Bel-7402, Huh7 and QSG-7703)

Downregulate Tumor suppressor 23272146

SIRT3 12 HCC tissues Downregulate Tumor suppressor 32306906

(Continued)
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3.1 SIRT1
SIRT1 is an NAD+-dependent histone deacetylase. SIRT1 protects cells from harsh environments by

deacetylating key cell cycle molecules and apoptosis regulatory proteins [31,32]. Scientists have different
views on the regulatory role of SIRT1 in tumors. On the one hand, SIRT1 is overexpressed in HCC, and
the expression level of SIRT1 is positively correlated with tumor progression and grade [33,34]. Portman
et al. observed that SIRT1 promotes the development of HCC cells and accelerates the formation of
tumors in orthotopic xenograft models [35]. Multiple groups have also reported similar findings.
HepG2 and HLF cell growth and cell proliferation are significantly inhibited after SIRT1-siRNA
transduction [36,37]. The expression of SIRT1 is negatively correlated with the proliferation of
HepG2 cells [37]. On the other hand, Wang et al. found that SIRT1 may play a tumor suppressor role in
HCC samples and cell lines [14]. Consequently, the type of cancer and the complicated factors of
upstream and downstream genes induced by SIRT1 may play different roles in cancer [38,39]. Recent
studies have found that SIRT1 is overexpressed in HCC tissues and may be involved in tumor
development [35].

In another study, Hao et al. found that SIRT1 protein is overexpressed in HCC cell lines, which causes
epithelial-mesenchymal transition (EMT) in HCC, thereby promoting cancer migration and invasion [24].
EMT is a sequence event that converts adherent epithelial cells into migratory cells that invade the
extracellular matrix, which is related to the metastasis of tumor cells [40]. The study of SIRT1 in liver
cancer stem cells (CSCs) has further revealed that overexpression and continuous self-renewal of such
cancer cells are related to their carcinogenic potential in the HCC cell subset with stem cell-like
characteristics [41]. SIRT1 silencing causes telomere dysfunction and nuclear abnormalities, which
correlate with the downregulation of telomerase reversed transcriptase (TERT) and PTOP expression, and
ectopic expression of TERT or PTOP significantly restores cell proliferation in SIRT1-depleted cells.
Additionally, a previous study has indicated that SIRT1 knockdown inhibits the development of HCC and
causes further depletion of PTOP and TERT [42]. Additionally, Zhou et al. found that SIRT1 is an
essential regulator of the immune reaction that inhibits the migration and growth of malignant HCC cells,
suggesting that macrophage SIRT1 is an innovative target to treat HCC [43]. Moreover, resveratrol
ameliorates oxidative stress in the kidneys of HCC rats in a catalase-dependent and glutathione
peroxidase-independent manner [44].

Table 2 (continued)

SIRT3 342 HCC samples Downregulate Tumor suppressor 24774224

SIRT3 4 HCC cell lines (Huh-7, PLC-5, PLC5,
SMMC-7721)

Downregulate Tumor suppressor 32562663

SIRT3 32 HCC samples Downregulate Tumor suppressor 28338198

SIRT5 55 HCC specimens; 4 HCC cell lines
(SMMC-7721, HepG2, LO2 and Huh7
cells)

Upregulate Tumor promoter 29115436

SIRT6 120 human HCC tissues Downregulate Tumor suppressor 31551254

SIRT6 HCC specimens Downregulate Tumor suppressor 33903120

SIRT7 225 HCC patients Upregulate Tumor promoter 31678303

SIRT7 219 HCC tissues Upregulate Tumor promoter 32586688
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Overall, the mechanism of SIRT1 in cancer is complex and changeable. The overexpression of SIRT1 in
the cytoplasm indicates a longer overall survival rate, but the high expression of SIRT1 in the nucleus
indicates a lower overall survival rate. Therefore, it is necessary to redefine the role of SIRT1 in HCC [45,46].

3.2 SIRT2
SIRT2 is a histone deacetylase that regulates the expression of DNA and RNA in cells, maintains the

stability of gene structure, and mediates cell apoptosis as a chromatin silencer. SIRT2 exists in the
cytoplasm and colocalizes with microtubules. Some substrates of SIRT1 are the focal point of SIRT2,
such as H4K16, p53, and p65. Furthermore, recent studies have shown that the cytoplasmic localization,
role in tubulin dynamics, and neuronal movement regulation of SIRT2 may have different functions
compared with SIRT1 [47,48]. Other studies have found that SIRT2 plays a dual role in tumorigenesis
and development as the expression of SIRT2 in gliomas is significantly reduced [49] but is elevated in
other cancers [50]. Consequently, there is still controversy about SIRT2-regulated metabolism and
molecular mechanisms in HCC cells [51].

Studies have shown that SIRT2 regulates epigenetic changes associated with the biological activities of
malignant tumors [52]. Inhibiting the expression of SIRT2 induces tumor occurrence. In addition, the
reduction rate of SIRT2 has been shown to be 80% in 10 HCC samples, suggesting that SIRT2 may
inhibit human HCC [16,51].

Additionally, siRNA-mediated silencing of SIRT2 expression has revealed a significant reduction in
movement and invasion in HCC cell lines. The results have shown that the expression of SIRT2 is
negatively correlated with the expression of EMT markers [52,53]. Additionally, the mechanism of
SIRT2-induced HCC in HBV has also been studied, demonstrating that HBV stimulates the expression of
SIRT2. Moreover, hepatitis B virus X (HBx) activates the SIRT2 promoter and upregulates the expression
levels of SIRT2 mRNA and protein in HepG2 and Huh-7 cells [54]. Another study has shown that HBV
transcription and replication are promoted by SIRT2 overexpression. Previous studies have found that
SIRT2 may play some potential roles in HBV and HBV-mediated HCC, and these effects may be related
to HBx [54].

In summary, these findings indicate that the migration and invasion of human HCC cells are
correspondingly weakened when the expression of SIRT2 is reduced. Therefore, inhibiting SIRT2 may be
an effective treatment for HCC [51].

3.3 SIRT3
SIRT3, as a mitochondrial SIRT, has deacetylase activity and regulates metabolism, including fatty acid

oxidation, amino acid metabolism, redox balance, and tricarboxylic acid (TCA) cycle [55]. Mitochondrial
redox has also been demonstrated to be regulated by SIRT3. In addition, SIRT3 plays a dual role in
cancer as it is reduced in some cancers but increased in others [56–58].

Recently, a study has shown that SIRT3 is significantly reduced in HCC [59]. Additionally, SIRT3 is a
prognostic cytokine for tumors as it has different expression levels in different cancer stages [60,61]. The
growth of HepG2 and HuH-7 cells is inhibited by SIRT3 overexpression in vitro. Furthermore,
SIRT3 overexpression causes HCC cell membrane damage and apoptosis. Song et al. found that
SIRT3 induces apoptosis as a tumor suppressor in HCC [62]. In summary, SIRT3 is considered to be the
most important tumor suppressor in HCC [63]. In addition, the expression of hypoxia-inducible factor 1-α
(HIF-1α) is increased in HCC cells, and SIRT3 inhibits tumor development by inhibiting HIF-1α and
mitochondrial reactive oxygen species (ROS) [64,65]. As a carcinogen, ROS are produced by
mitochondria, which play an important role in the process of apoptosis [65]. Recent studies have
indicated that ROS regulates the progression, metastasis, DNA damage, and mitochondrial pathway in
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HCC [65,66]. Moreover, SIRT3 promotes the sensitivity of hepatocellular carcinoma cells to regorafenib by
accelerating mitochondrial dysfunction [67,68]. Overall, the occurrence and development of HCC decrease
the expression of SIRT3, thereby suggesting a new method to treat HCC. However, further research is
required to verify these relationships.

4 Epigenetic Role of SIRTs in HCC

Epigenetic changes are observed in the occurrence, development, and metastasis of all cancers, and these
changes include DNA methylation defects and abnormal covalent histone modifications, which are involved
in the entire tumor formation process [69]. A study has shown that epigenetic modifiers inhibit HCC
metastasis and proliferation in vivo and in vitro, suggesting that they are important targets for the
treatment of HCC [70]. Thus, there is a relationship between epigenetic modifications and changes
associated with SIRTs and the development of HCC (Table 3).

4.1 SIRT1
DNA Methylation

DNA hypermethylation of multiple tumor suppressor genes plays an important role in the pathogenesis
of hepatocellular carcinoma. Moreover, this epigenetic defect is observed in the noncancerous liver tissues of
HCC patients. Therefore, methylation-induced silencing plays a regulatory role in HCC [71].

Qi et al. found that the self-renewal of cancer stem cells is regulated by the involvement of sex-
determining area Y-box 2 (SOX2). In addition, SIRT1 regulates the self-renewal and tumorigenicity of
liver cancer stem cells [72]. A previous study has indicated that SIRT1 is the upstream regulator of

Table 3: Epigenetic role of SIRTs in HCC

SIRT DNA methylation Reference (PMID)

SIRT1 SOX2 27312708

SIRT1 CDH1 30445998

SIRT MiRNA Reference (PMID)

SIRT1 MiR-29c 23728341

SIRT1 MiR-34a 32566017

SIRT1 MiR-133b 27090017

SIRT1 MiR-204-5p 27748572

SIRT1 MiR-22 31503007

SIRT Histone acetylation Reference (PMID)

SIRT1 p53 30501014, 33727425

SIRT1 FOXO1 32441762

SIRT1 PTEN 22552445

SIRT1 TERT 25926383

SIRT1 YAP2 25404446

SIRT1 c-Myc 30909652

SIRT2 CDC20 22014574

SIRT3 GSK-3β 25915842
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SOX2, which mediates the self-renewal and pathogenicity of liver cancer cells by regulating the expression
of SOX2. Molecularly, DNA methylation plays an important role in the regulation of SOX2 gene
transcription by SIRT1 through epigenetic changes in chromatin [41]. When the E-cadherin (CDH1)
promoter is hypermethylated, CDH1 is downregulated in cell models expressing the genotype 1b HCV
core protein. In addition, the expression of SIRT1 increases as the HCV core protein of genotype 1b is
upregulated. When SIRT1 is inhibited by its inhibitor, the methylation level of the CDH1 promoter is
also downregulated. Studies have shown that SIRT1 participates in CDH1 promoter methylation in
HCV-HCC [71]. Furthermore, the role of DNA methylation in the occurrence, development, and
metastasis of HCC needs to be further investgated, especially experiments focusing on histone
modification, methylation, and chromatin remodeling.

MiRNA

MicroRNAs (miRNAs) are evolutionarily conserved short noncoding RNAs that play a role in protein
synthesis and many tumors. MiRNAs combine with target mRNAs and regulate mRNA expression after
transcription, which further regulates mRNA translation or inhibits gene silencing. When the miRNA is
paired with the 3′-nontranslated region (3′-UTR), a partial complementary base of the target mRNA is
obtained. The biological functions of cells, such as differentiation, may be inhibited. In addition, cancer,
cardiovascular diseases, and many other diseases and disorders are related to miRNAs [73]. Additionally,
miRNAs regulate the expression of SIRT1 in various tissues. For example, Zia et al. [74] found that miR-
9, miR-204, miR-199b, and miR-135a modulate SIRT1 expression in aging and age-associated diseases.
Recently, a study has demonstrated that miRNAs participate in the occurrence and development of HCC
by regulating SIRT1 (Fig. 1).

The low survival rate of HCC is related to miR-29c, a member of the miR-29 family [75]. Studies have
shown that overexpression of miR-29c suppresses SIRT1 levels and reduces the growth and proliferation of
HCC cells. It is worth noting that the decreased expression of miR-29c in HCC patients may cause a poor
prognosis for HCC patients.

MiR-29c inhibits the biofunction of hepatoma cells by binding carcinogenic SIRT1 with the 3′-UTR of
SIRT1 mRNA. For example, miR-29c suppresses SIRT1 in HCC as a tumor inhibitor [76]. In addition, most
antisense long noncoding RNAs (AS lncRNAs) are found in natural sense transcription (NAT). Moreover,

Figure 1: MiRNA regulation of SIRT1 in HCC
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several AS lncRNAs are disordered and overexpressed in cancer tissues during the development of
tumorigenesis. When SIRT1-AS binds to SIRT1 mRNA at the 3′-UTR, it competitively inhibits miR-29c
from binding at the binding site, which inhibits SIRT1 protein levels, causing the malignant proliferation
of HCC cells [77].

MiR-34a, as a tumor suppressor, inhibits tumor growth. For example, miR-34a arrests cells in the
G1 phase by inhibiting the expression of cell cycle regulatory genes and other oncogenes. Additionally,
lower expression levels of miR-34a causes poor prognosis in patients with HCC [78]. The 3′-UTR of
SIRT1 is the direct target of miR-34a, while miR-34a inhibits the expression of tumor suppressor genes
and antiapoptotic genes by acting on SIRT1 mRNAs. These studies provide multipathway selection for
HCC treatment [78]. Furthermore, miR-133b is significantly reduced in various cancer types as a tumor
suppressor. A previous study has indicated that miR-133b is involved in the progression of HCC. In
addition, the upregulation of SIRT1 induces the expression of glypican-3 (GPC3) and then reverses the
effects of transcription factor β-catenin cytoplasm accumulation and nuclear translocation [79]. In
conclusion, miR-133b suppresses the occurrence and development of cancer by reducing the expression
of the SIRT1/GPC3/Wnt/β-catenin signaling pathway and induces the death of cancer cells. These
findings provide new ideas and new targets for treating patients with HCC [80]. Additionally, miR-204-
5p inhibits HCC metastasis and vascular infiltration, while miR-204-5p expression is downregulated in
the late (III and IV) subgroups. MiR-204-5p in BEL-7405 cells reduces the expression of the 3′-UTR of
SIRT1. Studies have indicated that miR-204-5p acts directly on SIRT1. In vivo experiments have shown
that miR-204-5p downregulates the HCC cell cycle and metastasis through SIRT1. In summary, these
findings indicate that miR-204 may become a new strategy for the treatment of HCC metastasis as an
inhibitor of SIRT1 [81,82]. Interestingly, another study has shown that miR-22, which binds the 3′-UTR
of SIRT1, is underexpressed in human HCC tissues and acts on the target SIRT1. MiR-22 reduces SIRT1,
p-protein kinase B (AKT), and β-catenin expression levels but increases glycogen synthase kinase 3β
(GSK-3β) and phosphatase and tensin homologs on chromosome 10 (PTEN) expression. Additionally,
miR-22 inhibits the occurrence, development, and metastasis of cancer cells as a tumor suppressor gene.
Therefore, inhibiting the expression of miR-22 may be a new strategy for the treatment of HCC [83,84].
The above studies suggest that the expression of SIRT1 at the protein level deserves more attention, and
the various relationships between SIRT1 and miRNA expression provide novel ideas for the treatment of
HCC [84].

Histone Acetylation

Histones and nonhistone proteins regulate cell signal transduction and gene expression by acetylation.
Previous studies have confirmed that SIRT1 has a deacetylation function, which silences the expression of
genes through histone deacetylation. In addition, SIRT1 also regulates the expression of tumor suppressor
factors, such as FOXO protein and p53 [85] (Fig. 2).

p53 is involved in the change of the chromatin structure of the core promoter and has a negative
correlation with the expression of the AFP gene [33]. There is no clear conclusion about the relationship
among the production, expression, and role of SIRT1 and AFP in HCC. A previous study has indicated
that p53 inhibits the activity of the AFP promoter, while SIRT1 deacetylates the p53 protein to reduce its
transcriptional activity and then increases the activity of the AFP promoter in HepG2 cells [86].

The AMP-activated protein kinase (AMPK) signaling pathway is a serine/threonine-protein kinase that
maintains energy homeostasis balance in response to metabolic stress as sensors in cells. Notably, the
activation of AMPK reduces a variety of cancer symptoms, including HCC [87]. Recent studies have
shown that AMPK directly phosphorylates SIRT1 at Thr344 to reduce SIRT1 deacetylase activity on
p53 and then inhibits the development of cancer by activating the p53-dependent apoptosis pathway [88].
These results demonstrate that the AMPK signaling pathway inhibits the occurrence and migration of
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HCC [89]. It has been shown that the AMPK/SIRT1/p53 signaling pathway plays an integral-regulatory role
in HCC.

FOXO family members are considered to be important transcription factors involved in the regulation of
a variety of cancers, including HCC [90,91]. The EMT program is reversed by FOXO1 as the overexpression
of FOXO1 reduces the expression of mesenchymal markers. FOXO1 silencing increases the level of
epithelial markers and inhibits the proliferation of human HCC cells [92,93]. The level of EMT inducers
have an inverse relationship with the level of FOXO1 and positively correlates with the binding of the
zinc finger E-box to homeobox 2 (ZEB2) in HCC cells [93]. The decrease in the acetylation level of the
FOXO1 substrate of SIRT1 is related to the increase in SIRT1, indicating that the expression and activity
of SIRT1 are consistent with the decrease [94]. Studies have shown that FOXO1 overexpression may be
a new strategy in the treatment of HCC.

PTEN is a member of the tumor suppressor family, and it participates in various activities of the human
body, including regulating gene expression, cell cycle progression, and apoptosis. Additionally, PTEN is
downregulated in cancer as a tyrosine phosphatase [95,96]. Studies have shown that SIRT1 plays a
negative regulatory role in the phosphoinositide 3-kinase (PI3K)/AKT signaling pathway and promotes
the proliferation of cancer cells [97]. When PTEN is acetylated, the activity of SIRT is reduced, thereby
activating the AKT signaling pathway [98,99]. The phosphorylation level of PI3K/AKT is significantly
reduced when SIRT1 is overexpressed in HepG2 and L0-2 cells. Furthermore, the silencing of
SIRT1 increases the level of acetylated PTEN and promotes cancer cell apoptosis. A recent review has
suggested that the PTEN/PI3K/AKT signaling pathway interacts with SIRT1 and participates in the
various stages of HCC tumorigenesis, development, and migration [100].

Telomerase is a unique ribonucleoprotein polymerase with reverse transcription activity that is
composed of an RNA subunit (hTERC) and a protein catalytic subunit (hTERT). Telomerase functions to
synthesize telomere DNA in the cell, maintain the length of the telomere, increase the number of cell
divisions, and induce cells to proliferate indefinitely. Additionally, telomeres play a dual regulatory role in
HCC tissue. On the one hand, chromosomal instability, telomere shortening, and cell cycle arrest occur in

Figure 2: Methylation and acetylation of SIRTs in HCC
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the early stages of liver cancer. On the other hand, long telomeres and telomerase activity are upregulated in
advanced HCC. In addition, SIRT1 not only regulates the CpGmethylation pattern of the TERT promoter but
also regulates the stability of the 3′-UTR of TERT mRNA in the normal biological activity mechanism [101].
Zhang et al. found that TERT is upregulated in 40 pairs of HCC samples. In conclusion, these studies indicate
that SIRT1/TERT may be regulated by regulatory axes in vivo [102]. Moreover, overexpression of
SIRT1 reduces the level of histone H3-K9 acetylation but induces H3-K9 trimethylation at the TERT
promoter. These studies indicate that reducing the expression of SIRT1 also induces TERT activation
during the treatment of HCC, which is a challenge that still needs to be overcome [103].

YAP is a downstream regulator of the Hippo pathway that participates in the regulation of cell
proliferation and apoptosis in a variety of cancers by regulating yeast transcription factors. The YAP
signaling pathway plays a role in the regulation of cell proliferation and apoptosis in cancer. Zhang et al.
found that excessive bile acids and cytokines induce the activation of YAP in HCC [104]. The expression
of the YAP2 signaling pathway in HCC is positively correlated with the expression of SIRT1 [105].
SIRT1 is a type III deacetylase, and YAP2 is an acetylated protein. Mao et al. confirmed that when
SIRT1 is silenced, the acetylation level of the YAP2 protein is significantly increased. In summary, these
studies indicate that SIRT1 is the deacetylase of the YAP2 protein, and the YAP2 signaling pathway
inhibits cell apoptosis in cancer cells [105].

C-Myc is a downstream signaling pathway of Wnt/β-catenin that is upregulated in a variety of cancers.
The half-life of c-Myc is prolonged when c-Myc is deacetylated by SIRT1, which promotes c-Myc binding to
Max, promotes cell proliferation, and inhibits cell apoptosis. Additionally, the expression of c-Myc increases
when the expression of SIRT1 is upregulated. The expression of SIRT1 and c-Myc in HCC cells plays a
positive regulatory role in promoting the proliferation of cancer cells [105]. Thus, SIRT1 and c-Myc
regulate each other in the occurrence and development of liver tumors, and they can also be used as
clinical indicators for the prognosis of HCC [106].

Studies have shown that SIRT1, as a deacetylase, regulates cellular activity. SIRT1 inhibits the PTEN/
PI3K/AKTsignaling pathway by cooperating with the c-Myc signaling pathway, affects the lipid metabolism
of normal liver tissues, induces the expression of oncogenes, and promotes growth, migration, and drug
resistance. SIRT1 participates in multilink signaling pathways and multi regulatory factors as a target for
the treatment of HCC [106]. However, the molecular therapy mechanism of SIRT1 is complex, and the
precise gene regulatory network is still unclear. The regulatory mechanism of SIRT1 in HCC needs to be
explored by further study. Integration of the pathophysiology of HCC into SIRT1 biology will aid in
further understanding of the relevant regulatory mechanisms of HCC, thereby providing new ideas for
efficient, rapid treatment, and a specific diagnosis.

4.2 SIRT2
Studies have shown that SIRT2 (a histone deacetylase) plays a dynamic regulatory role in cancer cells

[51]. Cell division cycle 20 (CDC20) overexpression has been reported in various malignancies and plays a
role in tumorigenesis and tumor progression [107]. Kim et al. [16] found that SIRT2 plays a critical role in
maintaining mitosis by modulating the activity of anaphase-promoting complex/cyclosome (APC/C) by
deacetylation of the coactivator proteins, CDH1 and CDC20. Furthermore, SIRT2 ensures normal mitotic
progression, maintains genome integrity, and suppresses HCC as a positive regulator of APC/C activity
[16] (Fig. 2). However, there have been few studies on the deacetylation of SIRT2 in recent years.
However, some progress has been made in understanding the regulatory role of SIRT2 in HCC.

4.3 SIRT3
SIRT3 is a mitochondrial deacetylase, and it regulates gene expression, cell death, energy metabolism,

and carcinogenesis. The mechanism by which SIRT3 mediates tumor regulators has been elucidated.
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GSK-3β is a common serine/threonine kinase that is involved in glycogen metabolism and transcriptional
regulation [108]. Cancer progression is suppressed when the expression of SIRT3 increases in HCC. A
previous study has shown that the expression and activity of the GSK-3β signaling pathway are
consistent with the expression of SIRT3. The deacetylation of GSK-3β at lysine 205 depends on the
regulation of SIRT3. The GSK-3β signaling pathway is activated by SIRT3 deacetylation, which induces
the expression of the proapoptotic protein, Bax, and mitochondrial translocation to promote cell
apoptosis. In summary, the SIRT3/GSK-3β/Bax signaling pathway plays an important role in the
occurrence, development, and metastasis of HCC, and it provides a new potential target for HCC
treatment [62] (Fig. 2).

5 Potential Therapeutic Substances for HCC-Targeting SIRTs

Chen et al. discovered the potential role of SIRT1 in the treatment of HCC and determined that it
enhances the efficacy of the DNA damage drug, doxorubicin (DOX) [42,109]. It is worth noting that K-
Hep-1 and PLC5 cells become more sensitive to DOX when SIRT1 expression is decreased, thereby
promoting the process of DOX-induced apoptosis.

Butyrate is a short-chain fatty acid produced by the fermentation of cellulose by specific bacteria in the
intestine. Butyrate has been demonstrated to be used as an HDAC inhibitor for the treatment of diabetes. A
recent study has demonstrated that butyrate induces ROS-mediated apoptosis by modulating miR-22-
SIRT1 in HCC [83]. Another study has reported that butyrate has anticancer efficacy by inhibiting
SIRT3 [110].

Metformin is widely used as a hypoglycemic agent in the treatment of type 2 diabetes. Bhalla et al. found
that metformin has a positive effect on the treatment of HCC by promoting the senescence of liver cancer
cells through the AMPK/SIRT1 pathway [87].

Another study has shown that MIAM inhibits the growth of HCC in drug-resistant variants of the Bel-
7402 cell line by activating the SIRT3/SOD2 and SIRT3/p53/p2 signaling pathways, demonstrating that
MIAM has an intervening effect on the development of HCC. In addition, potential quinazoline
derivatives, as tumor-targeting drugs, target multiple receptors. A previous study has demonstrated that a
newly synthesized phenylchloromethine-quinazoline derivative with SIRT1 as its target effectively
promotes the apoptosis of hepatocellular carcinoma in vivo and in vitro [111].

Furthermore, some natural products show a certain antitumor effect. For example, quercetin induces
HCC (HepG2 and Huh7 cells) growth inhibition. Additionally, when HepG2 cells are stimulated by
quercetin, the expression level of miR-34a increases and the sensitivity of HCC cells to quercetin
decreases [112]. In addition, a new experiment has shown that Dulcitol, a natural product extracted from
Euonymus, not only downregulates the protein expression of SIRT1 and Bcl-2 but also inhibits the
proliferation of liver cancer cells. Research results have shown that dulcitol induces apoptosis and inhibits
the proliferation of HepG2 cells as a SIRT1 inhibitor [113]. Gallotannin is a hydrolyzable tannic acid that
also promotes apoptosis and senescence of HCC cells [114]. Resveratrol (RES) is a polyphenol
compound rich in grapes and red wine, and it is an anticancer mechanism that inhibits SIRT1 to induce
HCC cell apoptosis [115].

6 Conclusion and Prospective

Chronic hepatitis will develop into liver cirrhosis and HCC without intervention. Therefore, it is
necessary to clarify the mechanism of SIRTs in HCC. The above research results all demonstrate the
mechanism by which SIRT1 participates in the body, and it may be possible to make a breakthrough in
the treatment of HCC in the future [116]. Additionally, many studies have provided insight into the
effects of the clustered regularly spaced short palindrome repeats/CRISPR-associated protein 9 system
(CRISPR/Cas9) on SIRT biology, and SIRT editing has shown its relevance to tumors in the latest
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research. For example, human papillomavirus 16 (HPV16) uses its E1 and E2 proteins to bind the host
genome, and the SIRT1 acetylase participates in viral DNA replication. Importantly, the replication of the
virus is decreased by knocking out SIRT1. Therefore, enzyme-inhibited SIRT1 may become a new
method to prevent or treat HPV [117].

CRISPR/Cas9-mediated gene knockout (KO) provides a theoretical basis for the development of novel
therapies for HCC. Aspartate β-hydroxylase (ASPH) expression is involved in HCC growth and progression,
and its protein level is higher in HepG2 cells. ASPH knockout significantly reduces cell proliferation, thereby
retarding HCC progression [118]. In addition, a new type of nuclease crisp/Cas13 specifically recognizes
RNA sequences and cuts RNA. In the future, Cas13 will be used to destroy lncRNAs that increase
SIRT1 in HCC. Furthermore, the ability of Cas13 to recognize specific RNAs has been demonstrated in
cancer diagnosis [119,120]. Additionally, many RNAs involved in the regulation of HCC will become
important targets for the diagnosis and treatment of HCC. All these data show the promising application
prospects of SIRT editing in HCC.

SIRTs are promising in the treatment of diseases, and the related research is advancing. It is necessary to
identify the targets of SIRTs in diseases, especially in HCC, and to clarify their mechanism of action.
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