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Noncoding RNAs in the Glycolysis of
Ovarian Cancer
Chunmei Zhang and Ning Liu*

Department of Obstetrics and Gynecology, Shengjing Hospital of China Medical University, Shenyang, China

Energy metabolism reprogramming is the characteristic feature of tumors. The
tumorigenesis, metastasis, and drug resistance of ovarian cancer (OC) is dependent
on energy metabolism. Even under adequate oxygen conditions, OC cells tend to convert
glucose to lactate, and glycolysis can rapidly produce ATP to meet their metabolic energy
needs. Non-coding RNAs (ncRNAs) interact directly with DNA, RNA, and proteins to
function as an essential regulatory in gene expression and tumor pathology. Studies have
shown that ncRNAs regulate the process of glycolysis by interacting with the predominant
glycolysis enzyme and cellular signaling pathway, participating in tumorigenesis and
progression. This review summarizes the mechanism of ncRNAs regulation in
glycolysis in OC and investigates potential therapeutic targets.

Keywords: circular RNAs, long non-coding RNAs, microRNAs, glycolysis, ovarian cancer

1 INTRODUCTION

Ovarian cancer (OC) is currently the most deadly gynecologic malignancy with insidious and rapidly
progressive onset. Most patients have advanced pelvic and abdominal metastases by the time of
diagnosis, and the 5-years survival rate is only 20–30% worldwide (Vafadar et al., 2020; DiSilvestro
et al., 2021; Vergote et al., 2021). OC account for 5% of all cancer deaths in women (Yang et al., 2021;
Youssef et al., 2021) due to the low survival rates resulting from late diagnosis. The standard
treatment for OC is tumor resection combined with platinum-based chemotherapy. However, the
majority with advanced disease will replase or even develop drug resistance, leading to curative
failure and ultimately mortality (Giudice et al., 2021; Xie H et al., 2021; Xu et al., 2021). Therefore, it is
essential to investigate new treatment options to improve the outcome of OC.

Tumorigenesis is considered an energy metabolic disease. Compared with metabolism of healthy
and neoplastic cells, researchers found the oxidative phosphorylation pathway is dominant to
provide ATP in normal cells, while the glycolytic pathway is the primary energy supply in tumor cells
(Nakagawa et al., 2020; Tyagi et al., 2021). Even in the presence of sufficient oxygen, the glycolytic
pathway, an alteration known as the Warburg effect, or aerobic glycolysis, accounts for over 95% of
energy supply (Sun et al., 2018; Harris and Fenton 2019; Lu 2019). The altered glycolytic pathway is a
characteristic difference between neoplastic and healthy cells (Icard et al., 2018). Tumor cells can
produce more nucleotides, fatty acids, proteins, and ATP through enhanced aerobic glycolysis as the
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material basis for rapid proliferation and invasiveness (Poff et al.,
2019). Meanwhile, the Warburg effect reduces reactive oxygen
species production, improves cellular antioxidant capacity, and
reduces apoptosis (Yue et al., 2016; Shulman and Rothman 2017;
Yue et al., 2019). In addition, aerobic glycolysis can produce large
amounts of lactic acid, which creates an acidic microenvironment
to facilitate invasion and metastasis of the tumor cells (Schwartz
et al., 2017; Tekade and Sun 2017; Chen et al., 2018).

Noncoding RNAs (ncRNAs) primarily include microRNAs
(miRNAs), long noncoding RNAs (lncRNAs), and circular RNAs
(circRNAs) (Jusic et al., 2020; Deogharia and Gurha 2021;
Rahimian et al., 2021). The ncRNAs bind to multiple
molecular targets to form regulatory networks in various
biological activities, including initiating specific cellular
biological responses, regulating gene expression, intracellular
signaling, and epigenetic modifications (Ding et al., 2021;
Ducoli and Detmar 2021). NcRNAs are involved in a variety
of life activities such as regulation of gene expression, intracellular
signaling and epigenetic modifications. Apart from participation
in tumorigenesis, ncRNAs also account paramount role in the

glycolytic process of tumors (Li Q et al., 2021; Lu et al., 2021; Park
et al., 2021; Razavi et al., 2021; Wang et al., 2021). This review
summarizes the possible molecular mechanisms of ncRNAs in
the process of glycolysis and potentially effective targeted
therapies for OC.

2 GLUCOSEMETABOLISM IN NEOPLASTIC
CELLS

Reprogramming of energy metabolism is the hallmark of cancer.
Healthy cells generally undergo glycolysis to produce lactate only
under anaerobic conditions with limited energy production,
while the glycolysis of tumor cells in aerobic conditions
(Chandel 2021; Reinfeld et al., 2021). Although glycolysis
produces low levels of ATP compared to oxidative
phosphorylation, cancer cells can rapidly uptake the available
ATP and intermediates from glycolysis for the transduction of the
biosynthetic pathway (Bacigalupa and Rathmell 2020; Cao et al.,
2020). The reprogrammed metabolism contributes to tumor cell

FIGURE 1 | The mechanism diagram of Warburg effect. The Warburg effect states that in the presence of sufficient oxygen supply, tumor cells still prefer glycolysis
for energy to the more efficient oxidative phosphorylation, a phenomenon known as the Warburg effect.
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metastasis, preventing apoptosis and promoting other malignant
features.

2.1 Warburg Effect
Warburg effect is mainly a compensatory activity of tumor to
adapt to the external environment (Lu et al., 2015; Cassim et al.,
2020) (Figure 1) Efficient aerobic glycolysis facilitates tumor cell
proliferation allowing tumor cells to produce abundant ATP from
extracellular nutrients. Although the total energy produced per
glucose during the Warburg effect is less than that by oxidative
phosphorylation, ATP production by aerobic glycolysis can
exceed that of oxidative phosphorylation with glucose available
(Linehan and Rouault 2013; Hitosugi and Chen 2014). On the
other hand, the Warburg effect provides tumor cells with
intermediates for biosynthetic pathways, including ribose for
nucleotide synthesis, glycerol, citrate, and nonessential amino
acids for lipid synthesis (Ward and Thompson 2012; Upadhyay
et al., 2013). Glucose can also produce nicotinamide adenine
dinucleotide phosphate via the pentose phosphate pathway.
Therefore, the Warburg effect is vital for facilitating tumor cell
bioenergetics and biosynthesis.

2.2 Factors Affecting Aerobic Glycolysis
2.2.1 GLUTs
Compared with healthy cells, tumor cells exhibit an efficient
aerobic glycolysis rate, which requires increased glucose flux to
improve the efficiency of glucose uptake (Yang et al., 2020).
Therefore, the expression and activity of Glucose Transporters
(GLUTs) and glycolytic rate-limiting enzymes, such as HK,
PFK and PK were significantly upregulated in tumor cells to
facilitate the inevitably increased glucose consumption
(Foltynie 2019; Bommer et al., 2020; Faustman 2020).
Oncogenes regulate GLUT1 to intervene the glucose intake
and tumor cell metabolism. The c-myc induces GLUT1
overexpression leading to increased glucose uptake (Leen
et al., 2013; Huang L et al., 2021; Su et al., 2021). P53 can
inhibit GLUT1 expression in cells, resulting in decreased
glucose uptake and thus inhibiting tumor development
(Feng et al., 2018). GLUT3 is expressed in most cancer cells
but rarely in normal cells, facilitating glucose consumption
(Cazzato et al., 2021; Libby et al., 2021). Targeting GLUT can
inhibit the degree of aerobic glycolysis, affecting tumorigenesis
(Fu et al., 2021; Kim E et al., 2021).

2.2.2 HK Isoforms
Glycolysis is a complex process that starts with glucose
catalyzation by various non-rate limiting and rate-limiting
enzymes to form lactate (Ganapathy-Kanniappan 2018; Fan
et al., 2019). The classical glycolysis involves three rate-
limiting enzymes, HK, PFK, and PK, mediating different
processes and playing essential roles in glucose metabolism
(Shakespear et al., 2018; Yellen 2018), HK has four isoforms,
HKI, HKII, HKIII, and HKIV, catalyzing glucose to glucose-6-
phosphate (G6P) (Zuo et al., 2021). HKI and HKII present
high affinity for mitochondria, and HK1 expression is present
in most mammalian tissues (Zhong and Zhou 2017; Garcia
et al., 2019). HKII is abundantly present in fat, heart, and

skeletal muscle (Mathupala et al., 2009; Tan and Miyamoto
2015). with a higher glycolytic rate than HKI(Tan and
Miyamoto 2015). HKIV, also known as glucokinase, is
present in hepatocytes with the lowest affinity for glucose
and no inhibition by G6P (Xu and Herschman 2019;
Kasprzak 2021). HKII is essential for tumor metabolism.
Increased expression of HKII promotes proliferation and is
associated with poor prognosis in tumor patients (Roberts and
Miyamoto 2015; Tan and Miyamoto 2015).

2.2.3 PFK and PK
Fructose 2, 6-bisphosphate (F26BP) can diminish the
inhibition of ATP and increase glucose uptake by
interacting with PFK1(Kalezic et al., 2021; Zuo et al., 2021).
The substrate can abnormally inhibit PFK, and ATP has a dual
effect on PFK (PK is an evolutionarily conserved metabolic
enzyme that catalyzes pyruvate production from
phosphoenolpyruvate) (Shen et al., 2020; Zhao et al., 2020).
Almost all mammalian genomes, including humans, encode
two PK genes, PKLR and PKM, which express four PK
isoforms (L, R, M1, and M2) (Jyoti et al., 2020; Yang et al.,
2021). PKL and PKR are encoded by the PKLR gene and are
expressed in hepatocytes and erythrocytes, respectively (Park
et al., 2020; Storkus et al., 2021). The PKM gene encodes PKM1
and PKM2 through selective splicing (Chen k et al., 2021;
Itoyama et al., 2021). PKM1 is expressed in normal
differentiated tissues (Zhong et al., 2021), while PKM2 is
expressed in highly proliferative cells such as embryonic
cells, stem cells and tumor cells (Wang et al., 2021).
Physiologically, PKM1 exists as a tetramer, while PKM2 can
exist as a tetramer or a dimer (Hu et al., 2020; Rai et al., 2020).
Fructose 1,6-2 phosphate is a transactivator of PKM2 but has
little effect on PKM1 (Xu et al., 2019; Angiari et al., 2020).

3 TUMOR AEROBIC GLYCOLYTIC
SIGNALING PATHWAY

C-myc can regulate the transcriptional process of various
glycolytic genes (Gu et al., 2017). C-myc can bind to the
regulatory region of hexokinase 2 (HK2) and thus play an
essential role in tumor aerobic glycolysis (Huang WL et al.,
2021; Su et al., 2021). PK catalyzes the final step of glycolysis,
PKM2, which is only found in self-renewable groups such as
stem cells and tumors (Li et al., 2017; van Niekerk and
Engelbrecht 2018). C-myc can directly activate the PKM2
promoter region and upregulate PKM2 expression, thus
promoting tumor aerobic glycolysis (Li et al., 2017; Yin
et al., 2019). In addition, c-myc can induce PKM2 splicing
by indirectly regulating hnRNP protein, thus promoting
aerobic glycolysis (Gu et al., 2017). Glucose-6-phosphate
dehydrogenase is a key enzyme in the glucose metabolism
pathway. C-myc binds to the promoter region of glucose-6-
phosphate dehydrogenase to promote its expression and thus
the pentose phosphate pathway (Tang et al., 2021).

Ras-mediated metabolic reprogramming provides vital
functions in tumorigenesis (Lin et al., 2021). The Ras
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signaling pathway can promote aerobic glycolysis and provide
lactate and α-ketoglutarate through various enzymes
(Campbell and Philips 2021; Chen B et al., 2021). Ras can
promote glucose uptake by upregulating the expression of
GLUT1 on the cell membrane surface, which in turn
increases aerobic glycolysis efficiency (Healy et al., 2021). In
addition, PI3K-Akt-mTOR signaling is also a significant
regulator of glucose uptake, promoting GLUT1 expression
and protein translocation from the inner membrane to the
cell surface (Krencz et al., 2021; Sanaei et al., 2021). P53 is the
most critical oncogene, affecting the cell cycle by encoding
transcription factors (Liu et al., 2019; Alvarado-Ortiz et al.,
2020). P53 can inhibit aerobic glycolysis by regulating TP53-
mediated glycolysis and apoptosis-inducing factor expression
(Strycharz et al., 2017; Itahana and Itahana 2018; Smiles and
Camera 2018), regulating mitochondrial respiratory function,
pentose phosphate pathway, and glycolysis-related enzymes
(Kruiswijk et al., 2015; Werner et al., 2016). PTEN proteins
exert their tumor-suppressive effects through three
predominant signaling pathways, PI3K/AKT, local adherens
spot kinase and mitogen-activated protein kinase (Mendes
et al., 2016). PTEN inhibits tumorigenesis by activating
PI3K/AKT pathway (Ortega-Molina and Serrano 2013).
Phosphoglycerate kinase 1 (PGK1) can function as a
glycolytic enzyme or phosphorylated as a protein kinase
(He et al., 2019; Zhang et al., 2019). PTEN directly interacts
with PGK1 to control aerobic glycolysis in tumors, and PTEN
encodes a protein with phosphatase activity that inhibits

phosphorylated PGK1, which ultimately inhibits aerobic
glycolysis and tumor cell proliferation (Nie et al., 2020; Chu
et al., 2021).

4 THE REGULATORY MECHANISM OF
NCRNAS IN THE GLYCOLYSIS OF
OVARIAN CANCER
The ncRNAs can regulate the expression of criticalgenes or
enzymes of glycolytic pathway through different cellular
signaling pathways, which promote the malignant
development by regulating glucose metabolism in OC. Here,
we summarize the mechanisms of miRNAs, lncRNAs and
circRNAs in the regulation of glycolysis in OC (Figure 2).

4.1 MicorRNAs in the Glycolysis of Ovarian
Cancer
The miRNAs are a group of 18–24 nucleotide noncoding RNAs
that bind to the 3-terminal noncoding region of the target mRNA,
altering gene expression (Sakshi et al., 2021; Yang et al., 2021)
(Figure 3). The aberrant expression of miRNA in tumor cells
revealed that miRNAs play an essential role in tumor
development by regulating the expression and function of
their associated target genes and participating in a variety of
physiological and pathological processes (Barrera-Rojas et al.,
2021; Pidikova and Herichova 2021; Roy et al., 2021). Abundant

FIGURE 2 | ncRNAs may play a vital role in regulating glycolysis of ovarian cancer through different signal pathways and mechanisms.
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miRNAs have been proved to regulate tumor metabolism and
function as an essential role in the process of glycolysis in OC
(Table 1).

Studies have shown that miRNAs control the expression of
several key enzymes of glycolysis to regulate the glycolytic
process. As the critical rate-limiting enzymes of glycolysis,
HK2 catalyzes the first irreversible step of glycolysis, which
increases at significantly elevated levels in a variety of tumor
cells. HK2 can significantly inhibit the function of
mitochondria from regulating tumor growth, survival, and
metastasis (Huang L et al., 2021; Yu et al., 2021). PKM2
becomes an essential component of tumorigenesis by
providing a metabolic advantage that tumor cells can utilize
the upstream lipids of glycolytic intermediates as precursors

for lipid, amino acid, and nucleic acid synthesis (Xia et al.,
2021; Yuan et al., 2021). Zhou et al., found that 20(S)-Rg3
significantly attenuated DNA methyltransferase 3 alpha
(DNMT3A)-mediated methylation and promoted the
inhibition of HK2 and PKM2 by miR-532–3p, thereby
antagonizing the Warburg effect in OC cells (Zhou et al.,
2018). Zhang et al., found that miR-145 could target
DNMT3A to reduce methylation of the pre-miR-145
promoter region. The feedback loop between these two
miRNA was a characteristic feature of the Warburg effect,
promising a potential therapeutic target for OC(Mirzaei et al.,
2016; Zhang et al., 2018). Lu et al., reported a similar regulatory
machanism between miR-603 and DNMT3A, and the
DNMT3A-miR-603-HK2 regulatory axis may be the critical

FIGURE 3 | Biogenesis of micro RNAs (miRNAs). RNA polymerase II regulates the transcription of miRNAs. As pri-miRNAs are transcribed, pri-miRNAs are
processed by several sequential cleavages to produce mature miRNAs. Finally, mature miRNAs are integrated into Argonaute to form the miRNA-induced silencing
complex (RISC).

TABLE 1 | miRNAs involved in glycolysis in ovarian cancer.

MiRNAs Role Expression Target Mechanism Type of
model

References

miR-29b Tumor
suppressor

Down AKT2/AKT3 Inhibit HK2/PKM2 expression and Warburg effect SKOV3, A2780 Teng et al. (2015)

miR-383 Tumor
suppressor

Down LDHA Inhibit LDHA expression Human samples Han et al. (2017)

miR-21 Oncogene Up / Promote AKT phosphorylation and glycolysis enzymes
expression

SKOV3, TOV21G Guo et al. (2017)

miR-
532–3p

Oncogene Up HK2 and PKM2 Inhibit HK2 and PKM2 expression SKOV3 Zhou et al. (2018)

miR-145 Tumor
suppressor

Down HK2 and
DNMT3A

DNMT3A-miR-145-HK2 regulatory axis Human samples Zhang et al.
(2018)

miR-603 Tumor
suppressor

Down HK2 and
DNMT3A

DNMT3A-miR-603-HK2 regulatory axis / Lu et al. (2019)

miR-1180 Oncogene Up / Activate the Wnt signaling pathway SKOV3, COC1 Gu et al. (2019)
miR-
519a-5p

Tumor
suppressor

Down HIF1-α Inhibit HK2/PKM2 expression and Warburg effect SKOV3 Lu et al. (2020)

miR-195 Tumor
suppressor

Down MICU1 / OVCAR4, A2780-
CP20

Rao et al. (2020)
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molecular mechanism in the glycolytic pathway of OC(Lu
et al., 2019; Pourhanifeh et al., 2020).

Lactate dehydrogenase A (LDHA) is an important metabolic
enzyme belonging to the 2-hydroxy acid oxidoreductase family
that plays a crucialrole in intracellular anaerobic sugar
metabolism (Guan H et al., 2021; Huo et al., 2021). Hypoxic
conditions induced the overexpression of LDHA, which shifts the
metabolic pathway of ATP synthesis from oxidative
phosphorylation to aerobic glycolysis. Therefore, the inhibition
of LDHA is considered a promising strategy for tumor therapy
(Jiang et al., 2021; Martinez-Ordonez et al., 2021). Han et al.,
demonstrated that miR-383 regulates LDHA expression in OC
cells, impeding glycolysis, cell proliferation and invasion (Han
et al., 2017). Tumor glycolytic activity is enhanced to adapt to
ischemic and hypoxic environment by inducing an energy
metabolic switch as the metabolic basis of its hypoxia
tolerance (Wang et al., 2021). This process activateshypoxia-
inducible factor-1 (HIF-1), a widely present dominant oxygen
regulator in mammals, triggers various biological events,
including glycolytic activation and tumorigenesis (Favier et al.,
2015; Moldogazieva et al., 2020). Lu et al., reported that 20(S)-Rg3
upregulates miR-519a-5p expression by reducing DNMT3A-
mediated DNA methylation of miR-519a-5p, thereby
inhibiting HIF-1α and promoting the Warburg effect, leading
to malignant progression of OC(Lu et al., 2020).

Aberrant activation and inactivation of oncogenes regulate
abnormal energy metabolism to adapt to tumor growth demands
(Yeung et al., 2008; Meijer et al., 2012). Teng et al., demonstrated
that inhibition of miR-29b promotes the expression of AKT2/3,
pakt2/3, HK2, and PKM2 and regulates pyruvate and NAD+/
NADH levels (Teng et al., 2015). The miR-29b regulates the
Warburg effect in OC by modulating AKT2/AKT3, which is a
potential therapeutic target for OC. Moreover, miR-21 could
promote AKT phosphorylation and glycolysis enzymes
expression in OC(Guo et al., 2017). The miR-1180 could
activate the Wnt signaling pathway and regulate the glycolysis

progression of OC(Gu et al., 2019). Rao et al., demonstrated that
miR-195 significantly inhibited tumor growth, increased tumor
proliferation time, and improved overall survival by targeting
MICU1 to inhibite glycolysis and chemoresistance (Rao et al.,
2020).

4.2 LncRNAs in the Glycolysis of Ovarian
Cancer
LncRNAs are a category of noncoding RNAs with over 200
nucleotides in length, tissue specificity and low species
conservation (Jalaiei et al., 2021; Zhao et al., 2021). LncRNAs
bind to proteins through their unique secondary structure to form
RNA-protein complexes (Dashti et al., 2021; Janaththani et al.,
2021; Mardani et al., 2021) and interact with multiple RNAs to
form complex gene expression regulatory networks (Sun and
Feinberg 2021; Wu et al., 2021). LncRNAs also target miRNAs
through their 3′UTR region to regulate the effective
concentration and activity, which affects the repressive effect
on the target mRNAs(Sun and Feinberg 2021; Wu et al., 2021).
(Figure 4). Above all, lncRNAs are the critical regulators in the
process of glycolysis in OC (Table 2).

Small nucleolar RNA host gene 3 (SNHG3) promotes
glycolysis and oxidative phosphorylation to induce OC drug
resistance by binding to miR-186–5p and upregulating
EIF4AIII expression (Li et al., 2018). H19 promotes glycolysis
and malignant progression of OC by binding miR-324–5p to
promote PKM2 expression (Zheng et al., 2018). LINC00857 acts
as a pro-oncogene by binding miR-486–5p to promote Yes1
associated transcriptional regulator (YAP1) expression,
promoting OC cell proliferation, migration, invasion, and
glycolytic progression (Lin et al., 2020). Nuclear paraspeckle
assembly transcript 1 (NEAT1) can play an essential role in
OC malignant growth, metastasis and glycolysis by binding to
miR-4500 and thus promoting basic leucine zipper and W2
domains 1 (BZW1) expression (Xu et al., 2020). HOXB-AS3
regulates both LDHA and ECAR expression by binding to miR-
378a-3p in the glycolytic process of OC(Xu et al., 2021). OIP5-
AS1 binds miR-128–3p to promote the expression of CCNG1,
which leads to the malignant progression of OCthrough the
glycolytic process (Liu et al., 2021). Moreover, LINC00504 is
involved in the glycolytic process of OC by binding miR-1244.
However, the specific downstream genes need more elaboration
(Liu et al., 2020).

HIF is a nuclear transcription factor that facilitates cells to
adapt to the hypoxic environment (Knutson et al., 2021;
Cowman and Koh 2022). Liu et al., found that upregulation
of gastric carcinoma proliferation enhancing transcript 1
(GHET1) positively correlated with tumor size, metastasis,
proliferation, and colony formation in OC patients (Liu and Li
2019). Further studies confirmed that GHET1 interacted with
von Hippel-Lindau (VHL) to prevent VHL-mediated hypoxia-
inducible factor-1α (HIF-1α) degradation and increased
HIF1α protein levels in OC cells. The up-regulated HIF-1α
promoted glucose uptake and lactate production in OC cells.
Tao et al., reported that LINC00662 was highly expressed in
OC cells and was strongly associated with overall survival of

FIGURE 4 | The competing endogenous RNA mechanism of Long
noncoding RNAs (lncRNAs). LncRNAs can inhibit the degradation of
downstream mRNAs by binding different miRNAs, which in turn regulates the
expression of pro- or oncogenes, ultimately leading to malignant
progression of tumors.
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TABLE 2 | lncRNAs involved in glycolysis in ovarian cancer.

LncRNAs Role Expression Target Mechanism Type of
model

References

LINC00092 Oncogene Up / Bind to PFKFB2 Human samples, SKOV3 Zhao et al. (2017)
SNHG3 Oncogene Up miR-

186–5p
Promote EIF4AIII expression Human samples, SKOV3, TOV-21G,

OVCAR3
Li et al. (2018)

H19 Oncogene Up miR-
324–5p

Promote PKM2 expression SKOV3 Zheng et al. (2018)

GHET1 Oncogene Up / Interact with VHL and up-regulate HIF1-α HOSEpiC, SKOV3, TOV-21G, 3AO,
A2780

Liu and Li (2019)

LINC00504 Oncogene Up miR-1244 / HOSEpiC, SKOV3, CAOV3, OVCAR3,
HO-8910

Liu et al. (2020)

LINC00662 Oncogene Up miR-375 Promote HIF1-α expression IOSE-29, SKOV3 Tao et al. (2020)
LINC00857 Oncogene Up miR-

486–5p
Promote YAP1 expression SKOV3, CAOV3, A2780, IOSE-29 Lin et al. (2020)

NEAT1 Oncogene Up miR-4500 Promote BZW1 expression CAOV3, ES-2, iose80 Xu et al. (2020)
HOXB-AS3 Oncogene Up miR-

378a-3p
Promote LDHA and ECAR expression SKOV3, A2780 Xu et al. (2021)

OIP5-AS1 Oncogene Up miR-
128–3p

Promote CCNG1 expression IOSE-80, OVCAR-3, SKOV-3 Liu et al. (2021)

CTSLP8 Oncogene Up / Promote c-Myc expression by binding to
PKM2

SKOV-3, SKOV3-DDPee Li X et al. (2021)

SNHG22 Oncogene Up / SP1 and HIF1-α can promote SNHG22
expression

ES-2, HO8910, OVCAR-3, A2780 Guan N et al.
(2021)

LINC00035 Oncogene Up / Promote SLC16A3 expression by binding to
CEBPB

IOES80, CAOV-3, A2780, SKOV3, CoC1 Yang et al. (2021)

FIGURE 5 | Biogenesis of circular RNAs (circRNAs). Most circRNAs are derived from pre-mRNA. Due to their composition, circRNAs are classified into several
types, including exonic circRNAs, exon-intron circRNAs and intronic circRNAs. CircRNAs can perform biological functions by binding miRNAs, binding proteins or
translating into polypeptides. In addition, circRNAs are also enriched in exosomes and are good markers for disease diagnosis.
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OC patients (Tao et al., 2020). Mechanistic studies confirmed
that LINC00662 act as a competitive RNA to regulate HIF-1α
expression by directly binding to miR-375, which in turn
regulates the proliferation and glycolysis of OC cells. Guan
et al., found that SP1 and HIF1-α can promote SNHG22
expression and promote the glycolytic process and
malignant progression of OC(Guan H et al., 2021).

In addition, there are lncRNAs that can directly regulate the
expression of genes involved in the glycolytic process of OC.
LINC00092 binds 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 2 (PFKFB2) and thus promotes malignant
metastasis of OC by altering glycolysis and maintaining the
local support function of cancer-associated fibroblasts (CAF)
(Zhao et al., 2017; Hashemipour et al., 2021). Li et al.,
revealed that CTSLP8 expression increases in chemoresistant
tumor tissues, which promotes c-Myc expression and thus
upregulates glycolysis by facilitating the binding of PKM2 to
the c-Myc promoter region (Li Q et al., 2021). Yang et al.,
demonstrated that LINC00035 promotes malignant
progression of OC by regulating glycolysis and apoptosis
through CEBPB-mediated SLC16A3 transcription (Yang et al.,
2021).

4.3 circRNAs in the Glycolysis of Ovarian
Cancer
Most circRNAs are expressed from known protein-coding genes
and consist of exons forming a covalently closed loop structure by
aberrant reverse splicing (Figure 5). CircRNA formation
mechanisms included intron pairing-driven circularization,
RNA-binding protein (RBP)-driven circularization, and lasso-
driven circularization. The circRNAs play critical biological
functions in eukaryotic organisms, which compete for
miRNAs. By base-complementary pairing with the target
mRNA 3-UTR, miRNAs can block the translation and stability
of target RNA-binding Proteins (RBPs) can interact with
circRNAs and regulate circRNA splicing, replication, folding,
stabilization and localization (Huang and Zhu 2021; Zeng
et al., 2021). In summary, the circRNAs act as miRNA
sponges and interact with RBPs to perform transcriptional
functions in organisms. The open reading frames in circRNAs
enrich exosomes and can be translated into polypeptides for early
diagnosis and prognosis (Kim H et al., 2021; Sinha et al., 2021;

Wang et al., 2021). The circRNAs are critical in regulating the
process of glycolysis in OC (Table 3).

Circ-ITCH was downregulated in OC and positively
correlated with 5-years overall survival in OC patients (Lin
et al., 2020) while the overexpression significantly inhibited
proliferation, invasion, glycolysis and promoted apoptosis in
OC cells. Sun et al., demonstrated the downregulation of circ-
RHOBTB3 in OC tissues and cells, and overexpression
significantly inhibited cell proliferation, metastasis, and
glycolysis (Yalan et al., 2020). Circ-RHOBTB3 inhibited OC
progression by inactivating the PI3K/AKT signaling pathway.
The expression of hsa_circ_0025033 was found to be upregulated
in OC, and downregulation of hsa_circ_0025033 significantly
inhibited OC cell colony formation, migration/invasion and
glycolytic metabolism (Hou and Zhang 2021).
Hsa_circ_0025033 promotes LSM4 expression by binding
miR-184. Xie et al., demonstrated that the hsa_circ_0002711/
miR-1244/ROCK1 regulatory axis promotes malignant
progression of OC in vivo by regulating Warburg effect and
tumor growth (Xie W et al., 2021). Hsa_circ_MUC16 promotes
OC cell proliferation, glycolytic metabolism, migration and
invasion by targeting the miR-1182/S100B regulatory axis
(Yang et al., 2021).

5 FUTURE PERSPECTIVESAND
CONCLUSION

The development and progression of OC is a complex
physiological process. The invasion and metastasis of OC is
a complicated process, which poses difficulties for early
detection, intervention, and treatment (Tymon-Rosario
et al., 2021; Wang et al., 2021). The Warburg effect is one
of the recognized metabolic features of tumor cells (Abi Zamer
et al., 2021; Nakagawa et al., 2021). Active glycolysis remains a
common feature of cancer metabolism, and metabolic
reprogramming increases the expression of critical enzymes
and, ultimately, lactate secretion. Lactate in the tumor
microenvironment can promote malignant progression and
tumor immune escape (Hashemian et al., 2020; Mirzaei and
Hamblin 2020; Holloway and Marignani 2021; Nakagawa
et al., 2021). Various oncogenes and signaling pathways
regulate the glycolytic enzymes to affect the rate of

TABLE 3 | circRNAs involved in glycolysis in ovarian cancer.

CircRNAs Role Expression Target Mechanism Type of
model

References

Circ-ITCH Tumor suppressor Down miR-
106a

Promote CDH1 expression A2780, OVCAR3, ISOE80 Lin et al. (2020)

RHOBTB3 Tumor suppressor Down / Inactivate PI3K/AKT signaling pathway, IOSE-80, OVCAR-3,
SKOV-3

Yalan et al. (2020)
Inhibit GLUT1, HK2 and LDHA expression

Hsa_circ_0025033 Oncogene Up miR-184 Promote LSM4 expression A2780, OVCAR3, ISOE80 Hou and Zhang (2021)
Hsa_circ_0002711 Oncogene Up miR-

1244
Promote ROCK1 expression OVCAR-3 Xie W et al. (2021)

Circ-MUC16 Oncogene Up miR-
1182

Promote S100B expression A2780, SKOV-3, ISOE80 Yang GJ et al. (2021)
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glycolysis (Almeida et al., 2021; Chandel 2021). Although the
glycolytic process has drawn attention in the control of
oncogenic features, the mechanisms of critical enzymes and
complex interactions with signaling are not well studied in OC,
considering the high heterogeneity of tumors.

Findings have confirmed the regulatory role of ncRNAs on the
Warburg effect of tumor cells and highlight their significance in
tumor biology research. The expression of specific ncRNAs in
tumors predicts tumors’ biological properties and their possible
outcomes and prognosis. On the other hand, ncRNAs may also
become target sites for tumor treatment. However, there are still
relatively few discoveries lacking systematic content and reliable
clinical evidence. In summary, ncRNAs play an essential role in
OC aerobic glycolysis, regulating the activity and content of
specific enzymes and acting as transcriptional activators to
regulate the expression of metabolism-related genes. In
addition, these ncRNAs interact with other critical factors
related to glucose metabolism and initiate various oncogenic
processes. In the future, it is vital to confirm and elucidate the
role of ncRNAs in OC aerobic glycolysis and their potential as

molecular biomarkers. Investigating the correlation of ncRNA
and aerobic glycolysis is promising for the interaction network of
ncRNAs and the feedback regulation in tumorigenesis.
Elucidating the mechanism of ncRNAs in the aerobic
glycolysis of OC will provide new insights into OC research
and provide new strategies for clinical treatment.
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GM-CSF-miRNA-Jak2/Stat3 Signaling
Mediates Chemotherapy-Induced
Cancer Cell Stemness in Gastric
Cancer
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1Gansu General Surgery Clinical Medical Center, Gansu Provincial Hospital, Lanzhou, China, 2Department of Clinical Medicine,
Ningxia Medical University, Yinchuan, China, 3Key Laboratory of Molecular Diagnostics and Precision Medicine for Surgical
Oncology in Gansu Province, Gansu Provincial Hospital, Gansu, China, 4NHC Key Laboratory of Diagnosis and Therapy of
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Chemotherapy serves as the first choice in clinic to treat advanced gastric cancer.
However, emerging evidence indicated the induction of drug resistance and cancer
stem cells occasionally by chemotherapy, which seriously limit the therapeutic effects,
but the regulatory mechanism remains unclear. Here we treated two human gastric cancer
cell lines SGC7901 and BGC823 with 5-Fluorouracil (5-Fu) or Cisplatin (DDP) in vitro. The
survived cells showed significant increase of drug resistance, cell stemness and cytokine
GM-CSF expression and secretion. As such, GM-CSF was applied to stimulate gastric
cancer cells, followed by the subpopulation of CD133+ CSC analysis, sphere formation
assay and stemness genes expression analysis. As a result, CSCs showed induction by
GM-CSF treatment. A gastric cancer animal model further indicated that the gastric cancer
cells significantly promoted tumor growth after GM-CSF treatment in vivo. High-
throughput miRNA and mRNA sequencing analyses identified a subset of miRNAs and
mRNAs under regulation of both 5-Fu and GM-CSF in gastric cancer cells, including
upregulation of miR-877-3p and downregulation of SOCS2. Targeted overexpression or
knockdown ofmiR-877-3p in gastric cancer cells revealed the oncogenic function ofmiR-
877-3p in regulating gastric cancer by suppressing target gene SOCS2. Jak2/Stat3
signaling pathway, as a downstream target of SOCS2, showed activation in vitro and
in vivo after treatment withmiR-877-3p or GM-CSF. Our findings not only revealed a novel
mechanism through which chemotherapy induced CSCs in gastric cancer via GM-CSF-
miRNA-Jak2/Stat3 signaling, but also provided an experimental evidence for appropriate
dose reduction of adjuvant chemotherapy in treatment of cancer patients.

Keywords: gastric cancer, cancer stem cells, GM-CSF, miR-877–3p, chemotherapy

INTRODUCTION

Gastric cancer (GC), as the fourth leading cause of cancer death all over the world (Sung et al., 2021),
shows good clinical outcomes to chemotherapy including 5-Fluoride (5-FU) and Cisplatin (DDP)
(Seo et al., 2019). However, chemo-resistance is commonly observed in patients with GC after
chemotherapy (Choi et al., 2002). Chemotherapy-induced resistance was reported to be related to the

Edited by:
Zhengquan Yu,

China Agricultural University, China

Reviewed by:
Zhaoyuan Hou,

Shanghai Jiao Tong University, China
Cong Lv,

China Agricultural University, China

*Correspondence:
Hui Cai

caialonteam@163.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Pharmacology of Anti-Cancer Drugs,
a section of the journal

Frontiers in Pharmacology

Received: 15 January 2022
Accepted: 14 March 2022
Published: 05 May 2022

Citation:
Xiang X, Ma H-z, Chen Y-q, Zhang D-z,
Ma S-x, Wang H-j, Liu D-m, Yuan Y
and Cai H (2022) GM-CSF-miRNA-

Jak2/Stat3 Signaling Mediates
Chemotherapy-Induced Cancer Cell

Stemness in Gastric Cancer.
Front. Pharmacol. 13:855351.

doi: 10.3389/fphar.2022.855351

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8553511

ORIGINAL RESEARCH
published: 05 May 2022

doi: 10.3389/fphar.2022.855351

17

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.855351&domain=pdf&date_stamp=2022-05-05
https://www.frontiersin.org/articles/10.3389/fphar.2022.855351/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.855351/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.855351/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.855351/full
http://creativecommons.org/licenses/by/4.0/
mailto:caialonteam@163.com
https://doi.org/10.3389/fphar.2022.855351
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.855351


acquisition of stem cell-like properties in cancer cells (Li and
Clevers, 2010; Xu et al., 2015). This type of cell is called cancer
stem cells (CSCs), which are characterized by self-renewal,
differentiation, strong tumor-regenerative ability and resistance
to therapy. CSCs are believed to play important roles in tumor
invasion, cancer metastasis and cancer recurrence (Alison et al.,
2012; Schulenburg et al., 2015). Since the first identification of
CSCs in myeloid leukemia in 1997, numerous studies have
identified CSCs in multiple types of solid cancer tumors
including breast cancer, brain cancer, prostate cancer and GC
(Bonnet and Dick, 1997; Al-Hajj et al., 2003; Ricci-Vitiani et al.,
2007; Takaishi et al., 2009). Although the regulation of chemo-
resistance and cancer relapse by CSCs has been well
demonstrated, the molecular mechanisms remain unclear.

Tissue damage and inflammatory response caused by
chemotherapy are believed as one of the main causes of
chemo-resistance. In addition to kill cancer cells,
chemotherapy causes the abundance changes of a variety of
inflammatory factors in the microenvironment, affecting the
chemotherapeutic outcomes (Edwardson et al., 2019). For
example, granulocyte-macrophage colony-stimulating factor
(GM-CSF), as a monomeric cytokine involving in the immune
modulation and hematopoiesis, can be induced by
chemotherapy (Hong, 2016; O’Shaughnessy et al., 1994).
GM-CSF is mostly secreted by activated monocytes,
macrophages, T cells, B cells, fibroblasts, mast cells, vascular
endothelial cells, and a variety of cancer cells (Shi et al., 2006),
regulating proliferation and maturation of immune cells
including dendritic cells, granulocytes and macrophages
(McLeish et al., 1998; Pei et al., 1999; Ju et al., 2016).
Emerging evidence indicates GM-CSF acting as a tumor-
driver in some cases by promoting tumor growth and
progression in multiple cancer types, such as meningiomas,
gliomas, skin cancer, head and neck cancer, lung cancer, and so
on (Pei et al., 1999; Obermueller et al., 2004; Gutschalk et al.,
2006; Uemura et al., 2006; Hong, 2016; Sielska et al., 2020).

MicroRNAs (miRNAs) are a class of highly conserved
small non-coding RNA with 18–24 nucleotides in length.
Typically, miRNAs bind to the 3′-untranslated region (3′-
UTR) of target mRNAs, directing the formation of miRNA-
mRNA silencing complexes and leading to degradation or
translational inhibition of the targeted mRNAs (Bartel, 2009;
Su et al., 2015). MiRNAs play an important role in regulating
cancer cell stemness, tumor regeneration, metastasis and
chemo-resistance during the development and progression
of cancer (Sun et al., 2014; Rupaimoole and Slack, 2017) via
targeting various signaling pathways including Wnt, Akt, Jak/
Stat, et al. (Gomes et al., 2016; Matsui, 2016; Mihanfar et al.,
2019). For example, miR-106a-3p induced apatinib resistance
in gastric cancer cells by targeting the Cytokine signaling
(SOCS) system and activating Jak2/Stat3 signaling (Guo et al.,
2019). Activation of the Jak2/Stat3 signaling promotes cell
proliferation and cell stemness in cancer (Yu et al., 2014; Park
et al., 2019). SOCS proteins function as negative regulators of
cytokine-triggered cell signaling. In gastric cancer, Jak/Stat
signal pathway is frequently deregulated by the SOCS family
and miRNAs (Zhou et al., 2015; Guo et al., 2019).

In the current study, we demonstrated the increased level of
GM-CSF both inside and outside of the survived gastric cancer
cells after treatment with 5-FU or DDP, which was associated
with promoted drug resistance and cell stemness. In order to
determine the relationship between the increased GM-CSF level
and promoted cell stemness after chemotherapy in GC,
exogenous GM-CSF was applied to the culture medium of
GC cells, followed by the analysis of CD133+ CSC
subpopulation, indicating positive regulation of cancer cell
stemness by GM-CSF stimulation in vitro. A GC animal model
further demonstrated increased growth of tumors derived from
the GM-CSF-treated GC cells in vivo. To further reveal the
regulatory mechanism, high-throughput miRNA and mRNA
sequencing analyses were applied to the GC cells before and
after chemotherapy or GM-CSF treatment. As a result, a subset of
miRNAs was identified with deregulation upon treatment with 5-
FU or GM-CSF, including upregulation of miR-877-3p and
downregulation of SOCS2. Functional assays demonstrated
that miR-877-3p is capable to promote GC cell proliferation
and cell stemness. SOCS2 was identified as a key direct target
gene of miR-877-3p in GC, where miR-877-3p suppressed the
expression of SOCS2 and promoted cancer cell stemness and
chemoresistance subsequently by activating Jak2/Stat3 signaling.
The current study is the first to demonstrate a mechanism
through which GM-CSF-miRNA-Jak/Stat signaling mediates
chemotherapy-induced cell stemness and drug resistance in
gastric cancer.

MATERIALS AND METHODS

Animals. Six-week-old immune-deficient female nude mice were
purchased from the SiPeiFu Animal Company (Beijing, China)
for in vivo assays. 2×106 SGC7901 cells with or without GM-CSF
stimulation were transplanted per mouse by subcutaneous
injection to establish the animal model with gastric cancer. All
animal studies were performed following the relevant guidelines,
regulations and protocols approved by our Institutional Animal
Care and Use Committee.

Cells. Human gastric cancer cell lines SGC7901 and BGC823
were purchased from the cell bank of the Chinese Academy of
Sciences at Shanghai, China, maintained in our lab, and cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) with 1%
penicillin-streptomycin and 10% fetal bovine serum (Gibco,
United States). All of these cells were cultured at 37°C with
5% CO2 in a humidified environment.

RNA Extraction, miRNA and mRNA sequencing,
Bioinformatics analysis. Total RNA was extracted using
Trizol reagent (Invitrogen, Thermo Fisher Scientific) following
the manufacturer’s instructions. The quantity of the total RNA
was accessed by NanoDrop One spectrophotometer (Thermo
Fisher Scientific), and the integrity of the RNA was assessed by
Bioanalyzer 2,100 (Agilent, CA, United States) with RIN number
>7.0, and confirmed by electrophoresis with denaturing agarose
gel. After quality check, approximately 1 μg of total RNA was
used to prepare small RNA library according to protocol of
TruSeq Small RNA Sample Prep Kits (Illumina, San Diego,
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United States), and approximately 1 μg of total RNA was used for
mRNA library. In two libraries, we performed the single-end
sequencing (1 × 50 bp) on an Illumina Hiseq2500 and paired-end
sequencing (2 × 150 bp) on an illumine Novaseq™ 6000 LC-Bio
Technology Company, Ltd., (Hangzhou, China) following the
vendor’s recommended protocol. Differentially expressed
miRNAs based on normalized deep-sequencing counts were
analyzed using Student’s t-test. The screening criteria were a
fold change >−2 and p < 0.01. The differentially expressed
mRNAs were selected with log2 (fold change) > 1 or log2
(fold change) <−1 and with statistical significance (p-value <
0.05) by the edgeR package. After quality control, bioinformatics
analyses (Heatmaps and Venn diagram) were performed with the
online OmicStudio tools at http://www.omicstudio.cn/tool.

Plasmids, oligos, and transfection.miR-877-3pmimics, anti-
miR-877-3p inhibitors, and corresponding negative controls were
synthesized by RiboBio Co., Ltd. (Guangzhou, China). Firefly
luciferase reporter plasmids carrying either wild type or mutated
SOCS2 3′UTR were constructed by Genomeditech company
(Shanghai, China). Oligo transfection was performed using
lipofectamine 2000 (Invitrogen, United States) following the
manufacturer’s instructions. A final concentration of 30 nM of
miRNA mimic or negative control was used in all in vitro assays.

First strand cDNA preparation and Real-Time PCR. Total
RNAs were extracted by using Trizol reagent (Invitrogen,
Thermo Fisher Scientific). The method of adding a poly A tail
to small RNAs was used for reverse transcription of miRNAs.
Prime script™ RT Reagent kit with gDNA Eraser (Takara, Japan)
was used for reverse transcription of mRNAs. Power Up SYBR
Green Master Mix (Applied Biosystem, Thermo Fisher Scientific)
and Applied Biosystems QuantStudio 6 (Applied Biosystem,
Thermo Fisher Scientific) were used for real-time PCR assays.
GAPDH and 5s rRNA were used for mRNA and miRNA
normalization. GAPDH forward: 5’-GGAGCGAGATCCCTCCA
AAAT-3’; reverse: 5’-GGCTGTTGTCATACTTCTCATGG-3’; 5s
forward: 5’-AGTACTTGGATGGGAGACCG-3’; miR-877-3p
forward: 5’-UCCUCUUCUCCCUCCUCCCAG-3’.

Quantitative analysis of GM-CSF. Secreted GM-CSF in the
supernatant of SGC7901 or BGC823 cells before or after
treatment with 5-FU or DDP was quantified using sandwich
ELISA following the manufacturer’s instructions (Multi Sciences,
Hangzhou, China).

Western Blot. Cells were lysed in RIPA buffer (Beyotime,
China), and protein concentration was measured using a BCA
Assay Kit (Beyotime, China). 50μg protein lysates were prepared
and resolved by 8–12.5% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS/PAGE) and transferred onto an
Immuno-Blot Polyvinylidene difluoride (PVDF) membrane
(Millipore, United States). The membranes were then blocked
with 5% non-fat milk in TBST for 1 h at room temperature and
subsequently incubated with the primary antibodies in 1:1,000
dilution overnight at 4°C. After washing with TBST three times,
then the membrane was incubated with the secondary antibody
for 1 h at room temperature. Protein bands were visualized using
the Minichemi chemiluminescence Imaging System (Beijing Sage
Creation Science Co., Ltd., China). The following antibodies were
used for Western blot: anti-SOCS2 (2779T, Cell Signaling

Technology), anti-JAK2 (3230T, Cell Signaling Technology),
anti-p-JAK2 (4406T, Cell Signaling Technology), anti-STAT3
(9139T, Cell Signaling Technology), anti-p-STAT3 (9145T, Cell
Signaling Technology), anti-OCT4 (2750S, Cell Signaling
Technology), anti-NANOG (4903S, Cell Signaling Technology),
anti-GAPDH (sc-47724, Santa Cruz), anti-KLF4 (sc-393462,
Santa Cruz), anti-h-TERT (sc-377511, Santa Cruz), anti-
GM-CSF (sc-32753, Santa Cruz) and anti-β-tubulin
(ab18207, Abcam). Secondary antibodies (1:10,000) were
HRP-linked anti-rabbit IgG (7074S, Cell Signaling
Technology) and HRP-linked anti-mouse IgG (7076S, Cell
Signaling Technology).

Cell proliferation assay. For proliferation assay, 3,000 cells
per well were seeded into 96-well culture plates in triplicate. and
incubated for 2 days at 37°C in a humidified incubator with 5%
CO2. Every 24 h interval, each well was added with 10 μL CCK-8
solution (SB-CCK8, Sharebio, Shanghai, China), then cultured
for 3 h at cell culturing condition followed bymeasurement of OD
value at 450 nm wavelength (SpectraMax M5, MolecularDevices,
United States).

Colony formation assay. Cancer cells were plated into a 6-
well plate at a density of 2,000 cells/well, and after 7-14 days
culture until visible colonies were formed. Then, colonies were
washed with PBS and fixed with 4% paraformaldehyde. Finally,
the visible colonies were stained with 0.5% crystal violet for 20
min. All experiments have three repetitions.

Sphere formation assay. After GC cells were transfected with
miRNA-877-3p (mimic, negative control and inhibitor) for 24h,
2,000 GC cells per well were seeded into a 6-well ultra-low
attachment cell culture plate (Corning, United States), and
cultured with 20 ng/ml of bFGF (R&D Systems, United
States), 20 ng/mL EGF (Sigma, United States), and 1×B27
supplement (Invitrogen, United States) in stem cell medium
DMEM/F12. The number and sizes of tumorsphere in each
well were determined after incubation for 10 days.

Luciferase reporter assay. pGL-3 luciferase reporter plasmids
carrying either wild type or mutated SOCS2 3’UTR and Renilla
luciferase plasmid (pRL-TK) were co-transfected into 293T cells
with miR-877-3p mimic or negative control in a 24-well plate.
After 18-h transfection. Luciferase activities were determined
with the Dual-Luciferase Reporter Assay kit (Promega, USA).

Statistical analysis. Quantitative data are expressed as mean
±SEM unless otherwise stated. Statistical significance was
determined using Student’s t-test followed by least-significant
difference (LSD). The data were considered to be significant when
the P < 0.05.

RESULTS

Induction of drug resistance andGM-CSF expression/secretion
by chemotherapy in gastric cancer. In view of observation GM-
CSF is overexpressed in tumor cells after radiotherapy and
induced tumor migration (Vilalta et al., 2014; Vilalta et al.,
2018). GM-CSF combined with chemoradiation could trigger
abscopal effect (Benna et al., 2020). Highly expressed granulocyte
colony-stimulating factor (G-CSF) and granulocyte colony-
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FIGURE 1 | Induction of drug resistance and GM-CSF expression/secretion in the survived gastric cancer cells after chemotherapy. (A): IC50 analysis of the
survived SGC7901 and BGC823 cells after treatment with 5-FU or DDP for 72 h. (B): QRT-PCR analysis of the GM-CSF mRNA levels in the survived SGC7901 and
BGC823 cells. (C): Western blot analysis of the GM-CSF protein levels in the survived SGC7901 and BGC823 cells. (D): ELISA analysis of the GM-CSF levels in
supernatants of the survived SGC7901 and BGC823 cells. Data are presented as the mean ± SEM (N = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 2 |GM-CSF treatment promoted cancer cell stemness in vitro and tumorigenesis in vivo. (A,C): Flow cytometry analysis ofCD133+CSCs in SGC7901 (A)
and BGC823 (C) cells before and after stimulation with exogenous GM-CSF in the cell culture medium. B and D: Quantitative analysis of A (B) and C (D). (E,F): QRT-PCR
analysis of the stemness genes expression (h-Tert, Klf4, Nanog and Oct4) in SGC7901 (E) and BGC823 (F) cells with or without treatment with GM-CSF. (G): Western
blot analysis of the stemness genes expression in SGC7901 and BGC823 cells with or without treatment with GM-CSF. (H): A gastric cancer xenograft model by
transplantation of SGC7901 cells with or without stimulation with GM-CSF into nude mice (n = 10 in each group). (I): Tumor growth curves in (H). (J): Tumor images in
(H). (K): Tumor weight in (H). Data are presented as the mean ± SEM (N = 3 for in vitro assays, and N = 10 for in vivo assay). *p < 0.05, **p < 0.01, ***p < 0.001.

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8553515

Xiang et al. GM-CSF Induces Gastric CSCs

21

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


FIGURE 3 | Knockdown ofmiR-877-3p suppressed gastric cancer cell proliferation. (A): High-throughput miRNA sequencing analyses on SGC7901 cells with or
without stimulation with 5-FU or GM-CSF identified a group of deregulated miRNAs, including miR-877-3p. (B,C): Knockdown of miR-877-3p in SGC7901 (B) and
BGC823 (C) cells suppressed cell proliferation assayed by CCK8. (D,E): Knockdown of miR-877-3p in SGC7901 (D) and BGC823 (E) cells suppressed the cellular
colony formation. Data are presented as the mean ± SEM (N = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 4 | Knockdown ofmiR-877-3p suppressed gastric cancer cell stemness. (A,B): Knockdown ofmiR-877-3p in SGC7901 and BGC823 cells suppressed
the subpopulation of CD133+CSCs. (C,D): Knockdown ofmiR-877-3p in SGC7901 and BGC823 cells suppressed the sphere formation ability in the serum-free culture
condition. (E,F): QRT-PCR (E) and western blot (F) analyses of the stemness genes including h-Tert, Klf4, Nanog and Oct4 in SGC7901 cells with or without
overexpression or knockdown of miR-877-3p. (G,H): QRT-PCR (G) and western blot (H) analyses of the stemness genes in BGC823 cells with or without
overexpression or knockdown of miR-877-3p. Data are presented as the mean ± SEM (N = 3). *p < 0.05, **p < 0.01, ***p < 0.001.

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8553517

Xiang et al. GM-CSF Induces Gastric CSCs

23

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


stimulating factor receptor (G-CSFR) leads to poor survival in
gastric cancer (Fan et al., 2018). Tumor-derived GM-CSF
promotes gastrointestinal tumorigenesis (Wang et al., 2014),
we herein applied in vitro and in vivo assays to validate the
phenotypes and determine the regulatory mechanism. Human
gastric cancer cells SGC7901 and BGC823 were treated with a low
concentration of 5-FU or DDP for 72 h in vitro. Survived cells
were collected for further analysis including IC50, cell stemness, as
well as GM-CSF levels. As shown in Figure 1A, both survived
SGC7901 and BGC823 cells showed increased IC50 and drug
resistance, associated with increased GM-CSF levels at both
mRNA and protein levels in cells (Figures 1B,C) and in
secretion in the supernatant (Figure 1D).

GM-CSF treatment promoted cancer cell stemness in vitro
and tumorigenesis in vivo. SGC7901 and BGC823 cells were
stimulated with exogenous GM-CSF by adding into the cell
culture medium, followed by the CD133+ CSC subpopulation
analysis. As a result, The CD133+ CSC subpopulation increased
from 2.69% to 9.09% in SGC7901 cells (Figures 2A,B), and from
2.72% to 12.52.% in BGC823 cells (Figures 2C,D) after
stimulation, respectively. In addition, a group of well-defined
stemness genes including h-Tert, Klf4, Nanog and Oct4 was
examined by quantitative RT-PCR and western blot analyses
in the 2 GC cell lines before or after treatment with GM-CSF. In
consistent with the results in Figures 2A–D, these stemness genes
showed induction in expression at both mRNA and protein levels
by GM-CSF stimulation (Figures 2E–G).

In order to further determine the effects of GM-CSF on
tumorigenesis in vivo, a gastric cancer xenograft model was
established by transplantation of SGC7901 cells with or
without stimulation with GM-CSF into immunodeficient
female nude mice through via subcutaneous injection, followed
by continuous tracking of the tumor growth (Figure 2H). The
tumor growth curves (Figure 2I), tumor images (Figure 2J) and
tumor weight (Figure 2K) indicated significant promotion of
tumor growth by GM-CSF stimulation.

miR-877-3p mediated chemotherapy and GM-CSF
induced tumor progression in gastric cancer. To identify
the key genes regulating chemotherapy-induced or GM-CSF-
induced tumor progression in gastric cancer, SGC7901 cells
with or without stimulation with 5-FU or GM-CSF were
applied for a high-throughput miRNA sequencing analysis.
As a result, a subset of miRNAs was identified with a
differential expression upon treatment with 5-FU and GM-
CSF, respectively (Figure 3A). Some miRNAs, such as miR-9-
5p, miR-196a and miR-422a, have been well documented to
regulate tumorigenesis and cancer stem cells in gastric cancer
(Pan et al., 2017; He et al., 2018; Liu et al., 2020), while the
function of miR-877-3p remains unclear in GC. As shown in
Supplementary Figure S1, quantitative real-time PCR
analysis validated of miR-877-3p overexpression in both
SGC7901 and BGC823 cells were treated with 5-FU and
DDP respectively. Therefore, we focused on miR-877-3p to
determine the relationship between upregulation of miR-877-
3p and chemotherapy-induced drug resistance and cell
stemness. Overexpression or knockdown of miR-877-3p was
applied to gastric cancer cells (Supplementary Figures S2,

S3), followed by CCK8 cell proliferation and colony formation
assay. As shown in Figures 3B–E, knockdown of miR-877-3p
suppressed cell proliferation and colony formation in both
SGC7901 and BGC823 cells, respectively. Whereas
overexpression of miR-877-3p dramatically increased cell
proliferation and colony formation in both SGC7901 and
BGC823 cells (Supplementary Figure S6).

Overexpression of miR-877-3p promoted the cell
stemness in both SGC7901 and BGC823 cells. After
overexpression or knockdown of miR-877-3p in both
SGC7901 and BGC823 cells, the changes of the CD133+

CSC percentage were determined by flow cytometry
analysis. As shown in Figure 4A, knockdown of miR-877-
3p in SGC7901 cells decreased CD133+ CSC subpopulation.
Similar results were obtained from BGC823cells (Figure 4B).
In addition, As shown in Figures 4C,D, sphere formation
assays were performed to further determine the stemness
changes after knockdown of miR-877-3p in both SGC7901
and BGC823 cells. Quantitative analysis indicated that
knockdown of miR-877-3p decreased both sphere number
and sphere size. Whereas overexpression of miR-877-3p
dramatically increased CD133+ CSC subpopulation and
sphere formation in both SGC7901 and BGC823 cells
(Supplementary Figure S7). Moreover, a group of well-
defined stemness genes including h-Tert, Klf4, Nanog and
Oct4 was examined in both SGC7901 and BGC823 cells by
quantitative RT-PCR and western blot analyses. The results
showed that overexpression or knockdown of miR-877-3p
remarkably increased or decreased the expression of h-Tert,
Klf4, Nanog and Oct4 at both mRNA (Figures 4E,G) and
protein levels (Figures 4F, 4H).

miR-877-3p activated Jak2/Stat3 signaling through
targeting SOCS2. In order to determine the molecular
mechanism(s) by which miR-877-3p promotes gastric
cancer development and progression, RNA-seq was applied
to the SGC7901 cells with or without stimulation with 5-FU or
GM-CSF, deriving 176 downregulated genes by 5-FU
treatment and 207 downregulated genes by GM-CSF
treatment (Figures 5A,B). Bioinformatic analysis was using
TargetScan Human8.0 (http://www.targetscan.org/vert_80/)
predicted 5,091 potential target genes of miR-877-3p. From
these three groups of genes, 32 genes were overlapped
including SOCS2 (Figure 5C). Quantitative real-time PCR
analysis validated downregulation of SOCS2 at the mRNA
levels by overexpression of miR-877-3p in both SGC7901 and
BGC823 cells (Supplementary Figure S4). Upregulation of
SOCS2 was shown after knockdown of miR-877–3p in both
SGC7901 and BGC823 cells (Supplementary Figure S5).
Western blot analysis further demonstrated downregulation
or upregulation of SOCS2 at the protein levels by
overexpression or knockdown of miR-877-3p in both
SGC7901 and BGC823 cells (Figures 5D,E). In order to
demonstrate the direct interaction between SOCS2 and
miR-877-3p, luciferase (Luc) reporter constructs carrying
either wide type (WT) or miR-877-3p-binding sites-
mutated (MU) 3′UTR of SOCS2 were co-transfected with
miR-877-3p mimics into 293T cells (Figure 5G). As a
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FIGURE 5 | miR-877-3p activated Jak2/Stat3 signaling through targeting SOCS2 in gastric cancer. (A,B): RNA-seq analysis of the SGC7901 cells with or without
stimulation with 5-FU (A) orGM-CSF (B) identified a list of differentially expressed downregulated genes. (C): 32 genes were overlapped from the 176 downregulated genes
by 5-FU treatment, 207 downregulated genes by GM-CSF treatment, and 5,091 potential target genes of miR-877-3p predicted by TargetScan Human8.0, including
SOCS2. (D,E): Western blot demonstrated inhibition of SOCS2 by miR-877-3p overexpression and promotion of SOCS2 by miR-877-3p knockdown in both
SGC7901 and BGC823 cells. (F): Sequence alignment of wide type (WT) or miR-877-3p-binding sites-mutated (MU) 3′UTR of SOCS2. (G): luciferase reporter assay
demonstrated inhibition ofWT-SOCS2-3′UTRbymiR-877-3p, but not MU-SOCS2-3′UTR. (H,I): Western blot demonstrated positive or negative regulation of p-Jak2 and p-
Stat3 by overexpression or knockdown of miR-877-3p in both SGC7901 and BGC823 cells. (J): Western blot demonstrated downregulation of SOCS2 and activation of
Jak2/Stat3 signaling by GM-CSF treatment in the tumors from the mice model. Data are presented as the mean ± SEM (N = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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result, WT-SOCS2-Luc was inhibited bymiR-877-3p, but MU-
SOCS2-Luc was not, supporting the target interaction between
SOCS2 3′-UTR and miR-877-3p via sequence
complementarity (Figures 5F,G). In view of the well-
defined tumor-suppressing function of SOCS2 by inhibiting
Jak2/Stat3 signaling (Uen et al., 2018; Ren et al., 2019), we
detected the effects of miR-877-3p on Jak2/Stat3 signaling in
GC. As shown in Figures 5H,I, p-Stat3 and p-Jak2 were
induced by overexpression of miR-877-3p, and suppressed
by knockdown of miR-877-3p in both SGC7901 and BGC823
cells, which was further validated by western blot analysis on
the tumor samples derived from the mouse model (Figure 5J).

DISCUSSION

Since GM-CSF is able to induce pluripotent stem cells to
differentiate into mature granulocytes, macrophages and
T cells in bone marrow, it has been used in clinic to protect
cancer patients against chemotherapy- or radiotherapy-induced
neutropenia. However, emerging evidence found that application
of GM-CSF therapy occasionally promoted tumor progression
(Uemura et al., 2004; Metcalf, 2010), indicating complexity of the
GM-CSF-based cancer therapy. Herein, we experimentally
demonstrated a mechanism through which chemotherapy or
GM-CSF-based therapy of gastric cancer may induce cancer
cell stemness and drug resistance.

Activation of Jak/Stat3 signaling pathway plays a critical
role in promoting tumorigenesis, epithelial and mesenchymal
transition (EMT), chemo-resistance, and cancer cell stemness
(Jin, 2020). In gastric cancer, overexpression of p-Stat3
increased sphere formation from CD44+ CSCs (Hajimoradi
et al., 2016). In the current study, we are the first to identify
miR-877-3p with upregulation in the chemo survived gastric
cancer cells, which was mediated by GM-CSF induction but in
turn suppressed SOCS2 and activated Jak/Stat3 signaling. This
is in consistence with the literature about the oncogenic
function of miR-877-3p in Pancreatic Cancer by interacting
with STARD13 (Xu and Zheng, 2020). In addition to Jak/Stat3,
PI3k/Akt and Erk signaling pathways have been reported to
have interacted with GM-CSF in regulating tumor cell
proliferation and migration (Kawaguchi et al., 2004; Carlson
et al., 2011). Although we did not analyze in the current study
whether these two pathways are involved in regulating the
GM-CSF-induced cell stemness and drug resistance, our high-
throughput RNA sequencing data analyses suggested
activation of PI3k/Akt signaling after GM-CSF treatment in
gastric cancer.

In conclusion, CSCs are believed to be the main source of
cancer initiation, relapse, and drug resistance. Therapeutic
strategies targeting CSCs hold great promise in the fight
against cancer. The current study demonstrated a novel
mechanism regulating chemotherapy-induced CSCs and
drug resistance in gastric cancer.

FIGURE 6 |Working Model. Schematic representation of the mechanism through which GM-CSF increased the expression ofmiR-877-3p in gastric cancer cells,
which suppressed the expression of SOCS2 as a target gene. SOCS2, as a suppressor gene of Jak2/Stat3 signaling, mediated the chemotherapy-induced cancer cell
stemness and drug resistance.
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Methylation is an important mechanism contributing to cancer pathology. Methylation of
tumor suppressor genes and oncogenes has been closely associated with tumor
occurrence and development. New insights regarding the potential role of the
adenosine receptor-independent pathway in the epigenetic modulation of DNA
methylation offer the possibility of new interventional strategies for cancer therapy.
Targeting DNA methylation of cancer-related genes is a promising therapeutic strategy;
drugs like 5-Aza-2′-deoxycytidine (5-AZA-CdR, decitabine) effectively reverse DNA
methylation and cancer cell growth. However, current anti-methylation (or methylation
modifiers) are associated with severe side effects; thus, there is an urgent need for safer
and more specific inhibitors of DNA methylation (or DNA methylation modifiers). The
adenosine signaling pathway is reported to be involved in cancer pathology and
participates in the development of tumors by altering DNA methylation. Most recently,
an adenosine metabolic clearance enzyme, adenosine kinase (ADK), has been shown to
influence methylation on tumor suppressor genes and tumor development and
progression. This review article focuses on recent updates on ADK and its two
isoforms, and its actions in adenosine receptor-independent pathways, including
methylation modification and epigenetic changes in cancer pathology.

Keywords: DNA methylation, adenosine, receptor-independent pathway, adenosine kinase, ADK isoforms, ADK
inhibitor, cancer therapy

1 INTRODUCTION

The relationship between cancer and DNA methylation was first described by Feinberg and
Vogelstein, who revealed that changes in DNA methylation promote the development of
invasive colorectal cancer (Feinberg and Vogelstein, 1983). This led to the hypothesis that
epigenetic silencing of tumor suppressors promotes carcinogenesis, as well as the finding that
reversing this silencing suppresses tumor growth and may prevent tumorigenesis (Feinberg and
Vogelstein, 1983). Aberrant DNA methylation has been confirmed to influence the development of
numerous human cancers (Nejman et al., 2014; Sun et al., 2014). DNA hypermethylation in cancer
cells has been studied most extensively as targeting promoter regions, especially the tumor
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suppressor genes. The promoter region of tumor suppressor
genes is structurally rich in CpG and focal hypermethylation
often occurs in its promoter region (López-Moyado et al., 2019),
which leads to gene silencing, genomic instability, cell apoptosis,
altered DNA repair, and cell cycle control (Wu and Bekaii-Saab,
2012). Hypermethylation inactivates the transcription of tumor
suppressor genes, but it does not change the sequence of the gene
itself. The methylation process and status can potentially be
reversed and regulated.

DNA methylation utilizes methyl from S-adenosylmethionine
(SAM). DNA methyltransferase (DNMT) catalyzes DNA
methylation by transferring the methyl group from SAM to a
target adenine or cytosine at a specific DNA site (Zhao et al., 2015),
SAM is thus irreversibly converted to S- adenosylhomocysteine
(SAH). SAH is then converted into adenosine and homocysteine
(Hcy) by S-adenosylhomocysteine hydrolase (SAHH). Studies
showed that increased downstream adenosine product can
reversely influent the SAH to Hcy and transmethylation. Blockade
of an adenosinemetabolic enzyme, adenosine kinase (ADK) results in
reduced adenosine removal and causes adenosine accumulation, and
also elevates SAH level (Boison et al., 2002); the increased SAH, as a
potent inhibitor of all DNMT, allows reversal of aberrant DNA
methylation and expression of antioncogene (James et al., 2002).

Of note, adenosine, as an essential biological molecule of life,
plays an important role in various aspects of cancer pathology,
such as tumor immunity, tissue ischemia, hypoxia,
revascularization, and apoptosis (Fishman et al., 2009a;
Antonioli et al., 2013). Adenosine can conduct its
manipulatory effects via the G protein-coupled four subtypes
of adenosine receptors, i.e., adenosine A1, A2A, A2B, and A3

receptors (A1R, A2AR, A2BR, and A3R) (Fredholm et al., 2005;
Jacobson, 2009). The activation of adenosine receptors is
primarily determined by the availability of extracellular levels
of adenosine. In addition to the aforementioned receptor-
dependent actions, adenosine also yields receptor-independent
actions, which rely on metabolic and intracellular levels and the
metabolism of adenosine (Boison and Yegutkin, 2019). ADK
plays a crucial role in the regulation of both extracellular and
intracellular adenosine levels (Jacobson and Reitman, 2020) and
adenosine receptor-dependent and independent pathways, in
coordination with other adenosine metabolizing enzymes
(Boison and Yegutkin, 2019). We will briefly review adenosine
metabolism with a focus on the relationship between receptor-
independent pathways of adenosine and DNA methylation in
cancer.

2 DEOXYRIBONUCLEIC ACID
HYPERMETHYLATION IN
TUMOR-SUPPRESSOR GENES
DNA methylation, one of the most abundant epigenetic
modifications modulates gene expression and affects cellular
processes of metabolism, survival, proliferation, and apoptosis,
among others. (Weber et al., 2007; Baylin et al., 2001).
Methylation occurs on cytosines within dinucleotide CpG
islands (CGIs) which are rich in CpG and usually located at

the promoter regions of genes (Oates et al., 2006). It is
commonly associated with a transcriptionally repressed
status. However, methylation-dependent transcriptional
changes can result in both gain and loss of function
depending on the gene region affected (Weber et al., 2007).
DNA methylation consists of two functionally overlapped
aspects: de novo and maintenance methylation. A new DNA
methylation commonly yields 5-methylcytosine (5-mC), which
is established by transferring the methyl group from
S-adenosylmethionine (SAM) to cytosine at a CpG site by
DNA methyltransferases DNMT3A and DNMT3B (Egger
et al., 2006; Hung and Shen, 2003). DNMT3A and DNMT3B
mediate de novo DNAmethylation that does not require a DNA
template with preexisting methylation (Okano et al., 1999)
whereas DNMT1 contributes to maintaining methylation that
involves replicating methylation patterns into a newly-
synthesized DNA strand (Goyal et al., 2006). On the other
hand, a demethylation system also exists, which includes ten-
eleven translocation methylcytosine dioxygenases (TETs) and
thymine DNA glycosylase (TDG)-base excision repair (BER)
(Pan et al., 2017). The TETs catalyze the oxidation of 5-
methylcytosine to 5-hydroxymethylcytosine, and its
downstream oxidation products: 5-formylcytosine and 5-
carboxylcytosine, are removed by TDG of BER (Figure 1).
Both methylation and demethylation systems contribute to
the dynamically balanced methylation status of the genome
(Weber et al., 2007).

De novomethylation is mediated by DNMT3A and DNMT3B
to transfer methyl group (-CH3). Methylation is maintained by
DNMT1. Demethylation of DNA is mediated by TET, TDG, and
BER. A certain extent of promoter CpG island methylation
impairs transcription, silencing gene expression.

FIGURE 1 | Overview of DNA methylation in CpG of the gene promoter
region.
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Alternation in DNA methylation patterns is of importance in
cancer pathology without affecting genome editing (Feinberg and
Tycko, 2004) while DNA both hypermethylation and
hypomethylation are seen in cancers (Das and Singal, 2004;
Franco et al., 2008; Sinčić and Herceg, 2011). Cancer-
associated methylome alterations are attributable to
expressional changes of DNMTs (Morey et al., 2006; Gao
et al., 2013; Micevic et al., 2017), which can result in increased
genomic instability, expression of oncogenes, and/or decreased
expression of tumor suppressor genes (Zhang et al., 2017;
Valencia and Kadoch, 2019). Specifically, hypomethylation
commonly occurs in oncogenes during cancer development
and has been extensively reviewed (Mendizabal et al., 2017); in
contrast, DNA hypermethylation is mostly found in tumor
suppressor genes (Su et al., 2018). In the present review, we
will focus on hypermethylation of tumor suppressor genes and
possible adenosine regulations.

Hypermethylation resulting in epigenetic silencing was first
demonstrated in the studies of retinoblastoma patients, in which
hypermethylation was discovered in the promoter of the
retinoblastoma tumor-suppressor (RB1) gene (Greger et al.,
1989). Since then, a large number of tumor-suppressor genes
have been identified as being silenced by DNA hypermethylation
in tumorigenesis of different cancers. In colorectal cancers: 1) a
cytokinesis-related gene Septin9 was identified highly correlated
with the occurrence and development of colorectal cancer
(Tanaka et al., 2002) and DNA methylation is the main
mechanism regulating Septin9 gene expression (Sellin et al.,
2011; Connolly et al., 2011), which mediates cytokinesis
failure, leading to aneuploidy, centrosome amplification, and
multipolar mitosis, eventually cause cell division and
carcinogenesis (Sun et al., 2019; Cortez et al., 2016). In
addition, the methylation level of the Septin9 gene is also
considered to have clinical guiding significance due to the
correlation with malignancy (Sun et al., 2019; Bae et al., 2017)
and the overall survival of patients (Yang et al., 2019).
Methylation of Septin9 in peripheral blood is the first blood
DNA methylation marker approved by the US Food and Drug
Administration (FDA) for CRC screening (Church et al., 2014),
and is now widely used as a colorectal cancer biomarker (Xie
et al., 2018). 2) MLH1, as the homolog of MutL, the main protein
of the mismatch repair (MMR) system (Gelsomino et al., 2016), is
silenced due to the hypermethylation of its promoter (Liu et al.,
2017), resulting in deficient mismatch repair (dMMR)
(Yamamoto and Imai, 2015). The replication errors of
microsatellites (MS) cannot be corrected and accumulate
continuously, resulting in microsatellite instability (MSI).
Significance correlations were found in MLH1 promoter
methylation and gender, tumor position, tumor differentiation,
MSI, MLH1 protein expression, and v-RAF murine sarcoma viral
oncogene homolog B1(BRAF) mutation in CRC patients (Li et al.,
2013). In gastric cancer: runt-related transcription factor 3
(RUNX3) is an important downstream target of transforming
growth factor-beta (TGFb) superfamily signaling, CpG silencing
in the promoter region of regulated genes by hypermethylation is
thought to be one of the mechanisms leading to loss of gene
function (Fan et al., 2011). Through the detection of plasma

samples, RUNX3 methylation level was considered to be a risk
factor for gastric cancer metastasis and a potential indicator of
gastric cancer progression (Fan et al., 2011). In breast cancer, the
following genes are described: 1) ataxia-telangiectasia mutation
(ATM) gene, a tumor suppressor plays a crucial role in
maintaining genome integrity by activating cell cycle
checkpoints and promoting the repair of DNA double-strand
breaks (Wengner et al., 2020). Hypermethylation in ATM gene
promoter downregulates ATM mRNA expression and positively
correlates with increased tumor size and advanced disease stages
III and IV (Begam et al., 2017; Cao et al., 2018). 2) a DNA repair
gene, breast cancer 1 (BRCA1) - when a pathogenic mutation
occurs, resulting in homologous recombination deficiency, the
damaged DNA is difficult to repair, and it has been proved to
easily lead to malignant tumors such as triple-negative breast
cancer (TNBC) (Sharma, 2016). By comprehensively comparing
the molecular biological characteristics of TNBC patients with
BRCA1 hypermethylation and BRCA1 mutation, Dominik
Glodzik et al. found the frequency of BRCA1 promoter
hypermethylation correlates with clinicopathological variables,
molecular subtypes, and patient outcomes in the early-stage of
TNBC. This study indicated hypermethylation of the BRCA1
promoter region as a potential biomarker of early TNBC
occurrence (Glodzik et al., 2020).

Together, the evidence indicates that DNA hypermethylation
in the promoter region of tumor suppressors plays a crucial role
in tumorigenesis, which is an epigenetic hallmark of various types
of cancer. Table 1 lists representative tumor suppression genes
with hypermethylation in their promoters. Indeed, the
demethylation treatment strategy was proposed after
discovering abnormal hypermethylation in tumors and
researchers started the attempt to reverse hypermethylation
(Issa, 2007). 5-Aza-2′-deoxycytidine (5-AZA-CdR, decitabine)
(Karahoca andMomparler, 2013) was shown to have the ability to
reverse DNA methylation, activate tumor suppressor genes, and
promote apoptosis (Flohr and Breull, 1975), with possible
mechanisms relied on the inhibition of DNMT1 (Chen et al.,
2019). In a xenograft mouse model bearing the colon cancer line,
HCT116, the 5-AZA-CdR was shown to demethylate the CDH13
gene, restoring its expression, resulting in a suppression of tumor
growth (Ren and Huo, 2012). However, related experiments
confirmed that gene re-expression in response to 5-AZA-CdR
was transient and re-silenced upon drug removal (Bender et al.,
1998; Egger et al., 2007). Besides, studies have also pointed out
that 5-AZA-CdR treatment has always been interpreted with
caution since the 5-AZA-CdR treatment can non-selectively
affect the entire genome (Christman, 2002; Sigalotti et al.,
2014). The non-selective demethylation yielded from 5-AZA-
CdR may trigger serious adverse reactions, which limit its clinical
use. Thus, methylation inhibitors with fewer side effects and
higher selectivity on cancer cells are of interest for development.

3 ADENOSINE REGULATIONS IN CANCER

Adenosine is an endogenous purine nucleoside and an
intermediary metabolite in DNA methylation. Adenosine
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accumulation has been observed in tumor tissues, which is
associated with tumor growth, invasion, metastasis, and
immune evasion in tumor pathology (Mastelic-Gavillet et al.,
2019; Borodovsky et al., 2020; Wang et al., 2021). Adenosine has
immunosuppressive effects on intratumoral immune populations
(Stagg and Smyth, 2010). It can bind cell surface receptors and is
secreted in a paracrine or autocrine manner or reverse regulate
DNA methylation through substrate accumulation, thus exerting
its biological effect. Major pathways regarding adenosine
production, metabolic removal, and transportation across the
cell membranes have been extensively reviewed otherwise
(Boison and Yegutkin, 2019), we briefly summarize them as
follows.

Adenosine production and transportation in cancer tissues are
similar to physiological conditions; extracellular ATP and ADP
can rapidly metabolize to adenosine monophosphate (AMP)
majorly through two steps of dephosphorylation: 1) The first
step, ATP and ADP are both converted to AMP by ecto-
nucleoside triphosphate diphosphohydrolase-1 (CD39); then 2)
AMP can generate adenosine by the final dephosphorylation
reaction catalyzed by the enzyme ecto-5′-nucleotidase (CD73)
(Fishman et al., 2009b) - this called CD39/CD73 pathway.
Alternatively, cyclic ADP ribose hydrolase (CD38) can convert
adenosine diphosphate ribose (ADPR) to AMP, this process can
be regulated by ecto-nucleotide pyrophosphatase/
phosphodiesterase 1, NPP1 (CD203a) (Gazzoli et al., 2002;
Häusler et al., 2011). Afterward, CD73 converts AMP into
adenosine–called CD38/CD203a pathway. In adenosine
transportation across membranes, equilibrative nucleoside
transporter (ENT) and concentrative nucleoside transporters
(CNTs) play important roles (Song et al., 2017); Adenosine
removal differs between intracellular and extracellular.
Extracellular adenosine is converted to inosine by adenosine
deaminase (ADA), which is widely expressed in the plasma as
well as on the cell membrane. Inosine is then derivatized
(removed from ribose) by purine nucleoside phosphorylase
(PNP), which converts it to hypoxanthine. It is worth noting

that ADA not only metabolizes adenosine, it also allosterically
modulates ARs, resulting in a positive effect of amplifying
downstream signals (Borea et al., 2018) including 1) enhanced
AR1 sensitivity to adenosine (SU Xiaoyang, 2018); 2) interaction
of ADA-CD26 complex in T cells with ADA-anchored protein in
dendritic cells enhanced T cell proliferation (Pacheco et al.,
2005), etc.

While the metabolism of intracellular adenosine is mainly
dominated by ADK. The major adenosine removal enzyme ADK
has two isoforms with distinguished subcellular expression
patterns; while ADK short isoform (ADK-S) is expressed
dominantly in cytosolic space, ADK long isoform (ADK-L) is

TABLE 1 | Promoter hypermethylated genes in cancers.

Cancer Type Gene Detection Hypermethylation Indication References

Colorectal
cancer

Septin9 Peripheral blood assays Tumor malignancy (Sun et al., 2019; Yang et al., 2019)
Affect overall survival of patients

MLH1 Immunohistochemistry (indirect) Tumor differentiation and position Li et al. (2013)
BRAF mutation

Gastric
cancer

RUNX3 Peripheral blood assays Tumor differentiation Fan et al. (2011)
Risk factors for the carcinogenesis of chronic atrophic
gastritis with H. pylori infection
Tumor malignancy

Lung cancer SHOX2 Bronchial aspirates Peripheral
blood assays

Early detection of lung cancer with high sensitivity and
specificity

Kneip et al. (2011)

Breast Cancer APC Peripheral blood assays Better sensitivity than traditional tumor markers for
early detection of breast cancer

(Van der Auwera et al., 2009; Swellam et al.,
2015; Debouki-Joudi et al., 2017)

BRCA1 Peripheral blood assays Biomarkers of early TNBC occurrence (Sharma, 2016; Winter et al., 2016)

Prostate
Cancer

CDH13 Peripheral blood assays Increased risk of death Independent predictor of a poor
prognosis

Wang et al. (2014)

FIGURE 2 |Major pathways of adenosine production, metabolism, and
transport.
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solely located in the nuclei (Cui et al., 2009; Fedele et al., 2005).
Intracellular adenosine is mainly removed by ADK-S, which
converts adenosine to AMP (Boison and Yegutkin, 2019).
Adenosine can also be directly inactivated on the cell
surface by adenosine deaminase (ADA). In addition,
adenosine metabolism also depends on adenosine
phosphoribosyltransferase (APRT) to catalyze adenine
reaction with ribose 1-phosphate to generate phosphate and
adenosine in the nucleus. However, when energy consumption
increases and/or energy supply is compromised, ATP is
converted into AMP by adenylate kinase-1 (AK1) and
nucleotide diphosphate kinase (NDPK), and then
dephosphorylated into adenosine by 5-nucleotidase
(Eltzschig et al., 2012). This process promotes extracellular
ATP regeneration through a reversible phosphonate transfer
reaction (Boison, 2013). The nucleoside transporters and
adenosine removal enzymes maintain a dynamic balance
between extracellular and intracellular adenosine (Figure 2).
Due to mitochondria being the main source of ATP,
mitochondrial bioenergy is related to adenosine homeostasis
(Ashar et al., 2017).

Moreover, adenosine metabolism is a part of the
transmethylation pathway, in which DNA can be methylated
by DNMTs while SAM donates methyl group (-CH3) via a
methyltransferase (MT) - catalyzed transmethylation reaction
(Figure 2). Then, the SAM converted SAH is hydrolyzed to
adenosine and Hcy by SAHH. Interestingly, the nuclear form of
ADK-L drives methyl flux, enhancing DNA and histone
methylation (Yegutkin, 2014).

Extracellular adenosine turnover is mediated by AR, ENT, and
CNT. Factors that mediate adenosine production and removal
include the enzymes CD39, CD73, ADK, and ADA. Additionally,
intracellular adenosine metabolism depends on the cytoplasmic
form of ADK-S and ADA. In the nucleus adenosine is part of the
transmethylation pathway in which DNA is methylated by
DNMT. ADK-L participates in driving the methyl groups
through the transmethylation pathway affecting DNA and
histone methylations. For the sake of clarity, only the most
important enzymes are mentioned.

4 ADENOSINE RECEPTOR-DEPENDENT
PATHWAY IN CANCER

Substantial evidence indicates that adenosine mediates its
physiological effects (Borea et al., 2018) as well as its
pathophysiological actions in cancer (Fishman et al., 2009a;
Franco et al., 2021) through the activation of four adenosine
receptors (ARs), i.e., A1R, A2AR, A2BR, and A3R. Activation of
ARs by specific ligands, agonists, or antagonists will regulate the
occurrence and development of tumors through a series of
signaling pathways (Borea et al., 2018; Franco et al., 2021).
A1R has been studied mainly in glioblastoma (Synowitz et al.,
2006; Fishman et al., 2009a), where A1R activation on microglia/
macrophages in the tumor suppresses not only the production of
cytokines such as interleukin-1β but also stromal
metalloproteinase (MMP) (Tsutsui et al., 2004). Based on that,

A1R is thought to have the effect of inhibiting tumor growth
(Synowitz et al., 2006). Besides, what cannot be ignored is the
important role of ARs in tumor immunity. In the tumor
microenvironment, adenosine suppresses antitumor immunity,
essentially through A2AR and A2BR (Buisseret et al., 2018). In
particular, the A2AR, due to the high concentration of Ado in the
tumor microenvironment, activates Gs-coupled A2AR and leads
to an increase in cAMP, thereby inhibiting the activation of
tumor lymphocytes (Fishman et al., 2009a; Merighi et al., 2019).
Therefore, selective antagonism of A2AR can reduce cAMP levels,
thereby enabling lymphocytes to effectively fight tumor cells
(Franco et al., 2021). So far, a large number of clinical trials
on A2AR/A2BR antagonists are also in progress (Franco et al.,
2021). On the other hand, adenosine was observed to increase
HIF1α protein accumulation under hypoxia situations through
cell surface A3R interaction in various tumors (Merighi et al.,
2005), and HIF1α plays an important role in tumor VEGF
expression and angiogenesis (Merighi et al., 2005). Based on
the relationship between tumor, hypoxia, and adenosine
concentrations, A3R antagonists are considered to have a
potential role in cancer therapy (Franco et al., 2021).
Adenosine receptor-dependent pathway in cancer was already
described in detail by Pier Andrea (Borea et al., 2018).

5 ADENOSINE RECEPTOR-INDEPENDENT
PATHWAY WITH DEOXYRIBONUCLEIC
ACID METHYLATION IN CANCER
As an ATPmetabolite, adenosine is released by all cell types and is
shown to accumulate in tumor cells, which is associated with
increased angiogenesis, high metabolism rate, and compromised
hypoxia of the microenvironment (Losenkova et al., 2020).
Accumulation of adenosine in the tumor microenvironment
(TME) (de Lera Ruiz et al., 2014) has been proven to play an
important role in tumor immunity, high concentrations of
adenosine inhibit tumor immune effects (Ohta and Sitkovsky,
2001; Ohta et al., 2006; Ohta, 2016) and facilitate angiogenesis
(van de Veen et al., 2020), which offers the possibility of targeting
adenosine in cancer pathology and manipulation of adenosine
actions represents a potential anti-cancer strategy. Meanwhile,
solid tumors can maintain adenosine gradients - the adenosine
levels in the tumor center are higher than in the peripheral area of
the tumor (Ohta et al., 2006). High levels of adenosine are shown
to hinder tumor growth and proliferation. For instance,
peripheral tumor cells located in the parenchyma and stroma
have been shown to have high proliferative and invasive abilities
(Seetulsingh-Goorah, 2006) and their proliferation can be
suppressed by adenosine (Seetulsingh-Goorah, 2006; Schiedel
et al., 2013). Based on that, Sanna S. Virtanen et al. found
adenosine with relatively high (10 μmol/L for the former and
50 μmol/L for the latter) concentrations showed the ability to
inhibit tumor invasion and migration (Schiedel et al., 2013).
Besides, incubation of human prostate carcinoma cell line PC-3
cells triggered a concentration-dependent increase in cAMP
levels with increasing adenosine concentrations. However, in
the presence of A2BR-selective antagonists, no changes in
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cAMP levels were observed (Schiedel et al., 2013). In addition, in a
study on glioblastoma, Helena Marcelino et al. found that
proliferation/viability of glioblastoma cells was significantly
reduced after 30 μM doses of adenosine for three consecutive
days. At the same time, the cocktail of adenosine receptor
antagonists (Fredholm et al., 2001) was administered, but the
tumor suppressor effect was not affected (Marcelino et al., 2021).

The above described discrepant effects of adenosine on pro-
and anti-tumor cell growth suggest a possible involvement of
multiple mechanisms. In other words, its inhibitory effect on
proliferation is proposed beyond receptor-mediated adenosine
activity (Virtanen et al., 2014), though the underlying
mechanisms remain unclear. Possible metabolic contributors
that determine high-adenosine level mediated inhibition may
include extracellular adenosine deaminase activity, subsequent
cellular uptake, interconversion of transported nucleosides,
simultaneous inhibition of multiple protein kinases (Virtanen
et al., 2014), as well as ADK actions. However, the potential
involvement of multiple pathways in adenosine production,
transportation, and metabolism, suggests the complexity of
adenosine’s effect on tumor pathology.

Importantly, the metabolism of adenosine also affects the
methylation process. When SAM/SAH is an important source
of adenosine, it can reverse regulate DNA methylation through
the substrate accumulation effect (Kloor and Osswald, 2004; Viré
et al., 2006). Kai X et al., by observing the effects of different
concentrations of adenosine (0, 1.5, 3.0, 4.5 mmol/L) and
treatment time (24, 48, 72, 96 h) on the proliferation,
apoptosis, and HMLH1 expression of human colorectal cancer
cell SW480, found that after treating colorectal cancer cells with
different concentrations of adenosine, the hypermethylation of
tumor suppressor genes hMLH1 was reversed and inhibited the
proliferation of tumor cells. This kind of positive effect increased
with the addition of exogenous adenosine concentration and
treatment time (Xie et al., 2014). Meanwhile, Li Q et al. found
that after treating human colorectal cancer cells SW480 with
adenosine (3.0 mmol/L) for 72 h, the activity of methyltransferase
(DNMT1 and DNMT3A) in these cells was inhibited, and similar
to the above finding the hypermethylation of tumor suppressor
genes RECK was reversed (Li et al., 2015). Like the
aforementioned, alternations in DNA methylation patterns
impact the occurrence and development of tumors (Klutstein
et al., 2016). Studies regarding adenosine and DNA methylation
status have also been reported in non-tumor disorders such as
epilepsy, showing that inhibition of DNA methyltransferase
activity during adenosine release is associated with restoration
of global DNA methylation levels (Williams-Karnesky et al.,
2013), this suggests that adenosine manipulation is a potential
strategy in cancer manipulation via DNA methylation.

However, side effects such as flushing, dyspnea, chest pain,
hypotension, bradycardia, etc. make the usage of exogenous
adenosine less feasible for cancer treatment (Pritchard et al.,
2010; Galagudza et al., 2012; Gul et al., 2020). A further question
is whether systemic adenosine leads to a reversal of global
methylation status or affects the site that should have been
hypomethylated. Another concern is adenosine receptor-
mediated action showed a cancer-promoting effect.

Conversely, accumulating evidence supports ADK as a
therapeutic target in cancer (Boison and Yegutkin, 2019;
Murugan et al., 2021). The expression of ADK was shown to
be upregulated in specific cancer types, including colorectal
cancer (Giglioni et al., 2008), and breast cancer (Wang and
Yang, 2014; Shamloo et al., 2019). Most recently, it has been
found that a significantly enhanced expression of ADK in
specimens of patients with glioma, both the tumor center and
peritumoral tissue (de Groot et al., 2012). The general increase of
purine metabolizing enzymes including ADK may allow
accelerated purine metabolism to support the growth of cancer
(Vannoni et al., 2004; Giglioni et al., 2008).

6 TARGETING ADENOSINE KINASE ON
DEOXYRIBONUCLEIC ACID
METHYLATION IN CANCER
The above described receptor-independent pathway mechanisms
of adenosine play important roles in various types of cells with
diverse functions (Boison et al., 2002). As an essential adenosine
removal enzyme, inhibition of ADK can be more effective to
decrease the cellular reuptake of adenosine and thereby increase
the ambient concentration of extracellular adenosine (Newby
et al., 1983; Davies et al., 1984). ADK inhibition was hypothesized
to function as a site- and event-specific modulator for adenosine
levels (Yamamoto and Imai, 2015; Cortez et al., 2016). This also
provides a new direction for the treatment of tumors–targeting
overexpression of ADK to regulate onsite adenosine level and
DNA methylation, thereby affecting the proliferation and
apoptosis of tumor cells. ADK-based adenosine intervention can
avoid the aforementioned side effects of systemic adenosine
administration (Liu et al., 2019) and pharmacokinetics
limitation of the very short half-life in circulation (Hwang et al.,
2016). ADK inhibitors have been revealed to have anti-
inflammatory, antinociceptive, and anticonvulsant features
(McGaraughty et al., 2005), and is being considered for the
treatment of various diseases, including diabetes (Annes et al.,
2012) and diseases of the nervous system (Chen et al., 2016).

ADK inhibitor development was initially based on 5-
iodotubercidin (5-ITU), and 5′-amino-5′-deoxyadenosine
(Cottam et al., 1993; Wiesner et al., 1999; Chen et al., 2016).
Since then, several types of ADK inhibitors have been developed,
which are classified as nucleoside and non-nucleoside ADK
inhibitors (Boison, 2013). Nucleoside ADK inhibitors are
adenosine derivatives that have hydroxylated ribose or
cyclopentane rings, and additional purines or pyrimidine
heterocyclic bases (Gomtsyan and Lee, 2004). The 5-aza group
of the purine ring is replaced by a carbon connected to iodine.
These compounds bind to enzymes to competitively inhibit
adenosine (McGaraughty et al., 2005). In contrast, non-
nucleoside ADK inhibitors lack ribose or cyclopentane rings,
while some of them are constructed on pyrimidine or pyridyl
pyrimidine nuclei. The non-nucleoside ADK inhibitors have been
shown to relieve pain and inflammation in animal models
(McGaraughty et al., 2005). Some ADK inhibitors are based
on 6-(het)aryl-7-deazapurine pro-nucleotides that can inhibit
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cell growth by strongly inhibiting ADK activity (Spácilová et al.,
2010), however, the mechanism of this finding has not been
further investigated. Helena Marcelino et al. tested the effect of
two ADK inhibitors on tumor cells in experiments on
glioblastoma, and the results suggested that both ITU (25 μM)
and ABT702 (15 μM) affected cells proliferation/viability
(Marcelino et al., 2021). Co-incubation of ITU (25 μM) and
adenosine (30 μM) produced a strong and similar decrease in
cell proliferation in both GBM cell lines compared to ITU alone,
this suggests that only 25 mM ITU may be sufficient to generate
the maximum accumulation of intracellular adenosine
(Marcelino et al., 2021). Zhang LM et al. showed that 5-ITU
with concentrations (1, 2, 4, 6, 8, 10 μmol/L) for 48 h could
significantly inhibit proliferation and induced apoptosis in a
colon cancer cell line HT-29 (Zhang and Xie, 2015).
Compared to the inhibitory effect of each concentrations
group on HT-29 cells, the 6 μmol/L group showed a better
effect on HT-29 cells, and the tumor suppressor gene DLC-1
in HT-29 cells was up-regulated and its methylation level was
decreased after being treated with 2, 4, and 6 μmol/L ITU,
respectively, this effect increases with increasing concentration
(Zhang and Xie, 2015). As discussed above, ADK may play a
potential adenosine receptor-independent epigenetic function,
however, current available ADK inhibitors have not yet been
reported to have high selectivity to target ADK-L or ADK-S. To
distinguish the role of ADK-S and ADK-L on the regulation of
cytoplasmic or nuclear adenosine levels and their possible
epigenetic functions, using genetic approaches may bring us
the answer.

Targeted therapy is a new strategy for cancer treatment. The
goal is to use gene therapy to suppress the endogenous expression
of ADK, with or without selectively targeting its two isoforms,
i.e., the nuclear ADK-L and cytosolic ADK-S (Chen, 2010).
Previous studies identified two independent promoters driving
the expression of ADK isoforms, suggesting that each of the two
isoforms of ADK are independently regulated at the
transcriptional level (Cui et al., 2011), and independent
transcriptional regulation may in turn indicate distinct
physiological functions of the two isoforms (Boison, 2013).
Besides, distinguish expression locations of two isoforms
indicate that ADK-L (vs. ADK-S) has a unique role in
proliferation and differentiation - two main nuclear activities
associated with cancer pathology (Cui et al., 2009; Kiese et al.,
2016). In patients with grade II and III gliomas, both subtypes
of ADK are increased in the tumor and peritumoral areas, in
addition to the detection of tumor invasion in the peritumoral
tissue suggesting that ADK is involved in glioma progression
and ADK level elevations may be associated with epilepsy in
glioma patients (Huang et al., 2015). Amir E et al. reported a
high positive correlation between ADK-L expression and
whole-genome methylation in HeLa cells, (Wahba et al.,
2021). Most recently, Shen HY et al. revealed that the
expression level of ADK-L in breast cancer tissue was
elevated compared to adjacent tissues, while the ADK-S
expression level had no significant change, by measuring the
protein expression level (Shamloo et al., 2019). Selective
knockout of ADK isoforms via CRISPR/Cas9-mediated

approaches suppressed breast cancer cell migration and
invasion, which with the elevation of a tumor-related
enzyme, matrix metalloproteinases, and downregulation of
cyclin D2 and THB1 (Shamloo et al., 2019). Williams
Karnesky et al. transfected ADK deficient BHK-AK2 cells
with ADK-L- or ADK-S-expressing plasmids (Williams-
Karnesky et al., 2013). ADK-L receptors showed a 400%
increase in overall DNA methylation compared to controls,
while ADK-S receptors showed only a modest 50% increase in
overall DNA methylation. While both isoforms of ADK are
involved in the regulation of overall DNA methylation, the
nuclear subtype is more effective in regulating DNA
methylation (Williams-Karnesky et al., 2013). ADK-L affects
epigenetic remodeling by regulating methyltransferase activity
and is considered the preferred mechanism for adenosine
clearance in the nuclei (Boison and Yegutkin, 2019). ADK-L
is directly related to the S-adenosylmethionine-dependent
transmethylation pathway, which drives DNA and histone
methylation (Boison, 2013). ADK-S regulates extracellular
adenosine concentration for the availability of ARs
activation (Pignataro et al., 2007; Boison and Yegutkin, 2019).

These studies support the observed functional differences of
ADK-L and ADK-S in cancer. While ADK-L and ADK-S control
adenosine concentrations in the nucleus and cytoplasm/
extracellular respectively, ADK-L may play a role in adenosine
receptor-independent regulation of epigenetic functions, and
ADK-S determines adenosine availability for activation of
adenosine receptors (Pignataro et al., 2007; Williams-Karnesky
et al., 2013). Additional experimental evidence is needed to
evaluate this notion. Together, selective inhibition of ADK-L is
indicated as a novel adenosine receptor-independent strategy to
offer a new perspective on cancer therapy, which may achieve
more precise cancer intervention than general ADK or ADK-S
manipulation.

7 PROSPECT AND CHALLENGE

With the observations that ADK inhibitions with isoform- and
site-selective manners enhance the beneficial effect of
endogenous adenosine and avoid various side effects of
systemic manipulation of adenosine and adenosine receptors,
research on ADK has made considerable progress in recent years.
The emergence of new molecular tools including genetic
approaches has enabled deeper exploration of ADK function.
Further characterization of the metabolism of adenosine in
different subcellular contexts, including cytoplasm, nucleus,
and extracellular space, is needed for potential targeted ADK
therapy. Studies have shown that elevated adenosine levels are
related to apoptosis in various cancers (Xie et al., 2014; Jafari et al.,
2017), whichmay be attributed to nuclear ADK-L (vs. ADK-S). In
addition, the ADK effects on epigenetics, especially DNA
methylation, may also be through its direct interaction with
other nuclear proteins (Wang et al., 2005; Mohannath et al.,
2014) rather than its regulation on the adenosine level. We should
always bear in mind the challenge that increased adenosine levels
can: 1) inhibit immune and inflammatory responses; 2) stimulate
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angiogenesis: epigenetic regulation of pro-angiogenic genes by
ADK, and is thought to be another mechanism by which ADK
is involved in cancer (Murugan et al., 2021). Knockdown of ADK
decreases the methylation level of the VEGFR2 promoter region,
which elevates intracellular adenosine and promotes proliferation,
migration, and angiogenesis of human endothelial cells (Xu et al.,
2017)—all aspects that may promote tumor growth. Last but not
least, the downregulation of ADK found in hepatocellular
carcinoma cells (YH, 2017) suggests the diversity of ADK
changes across cancers. In summary, additional studies are
needed to fully understand the role of adenosine in cancer
pathology and to reveal the anticancer potential of ADK inhibition.
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Metabolic reprogramming is an emerging hallmark of tumor cells. In order to

survive in the nutrient-deprived environment, tumor cells rewire theirmetabolic

phenotype to provide sufficient energy and build biomass to sustain their

transformed state and promote malignant behaviors. Amino acids are the

main compositions of protein, which provide key intermediate substrates for

the activation of signaling pathways. Considering that cells can synthesize

arginine via argininosuccinate synthase 1 (ASS1), arginine is regarded as a

non-essential amino acid, making arginine depletion as a promising

therapeutic strategy for ASS1-silencing tumors. In this review, we summarize

the current knowledge of expression pattern of ASS1 and related signaling

pathways in cancer and its potential role as a novel therapeutic target in cancer.

Besides, we outline how ASS1 affects metabolic regulation and tumor

progression and further discuss the role of ASS1 in arginine deprivation

therapy. Finally, we review approaches to target ASS1 for cancer therapies.

KEYWORDS

metabolic reprogramming, arginine, amino acid, resistance, prognosis

Introduction

A key characteristics of tumor metabolism is the capability to hijack and remodel

existing metabolic pathways to obtain sufficient nutrients from a nutrient-deprived

environment and use these nutrients to sustain cell survival and build cellular

material (Pavlova and Thompson, 2016). Amino acids serve as the primary

compositions of protein, which provide important intermediate substrates for the

activation of signaling pathways. Therefore, therapies of amino acid depletion that

impair amino acid utilization via targeting key enzymes engaged in amino acid

metabolism have been extensively studied (Tabe et al., 2019). Arginine is utilized by

various metabolic pathways to mediate a series of cellular processes including protein

synthesis and production of nitric oxide (NO), creatine phosphate, agmatine, polyamines,

ornithine, and citrulline (Tong and Barbul, 2004) (Figure 1). Given that cells can

synthesize arginine from citrulline and aspartate via argininosuccinate synthase 1

(ASS1) and argininosuccinate lyase (ASL), arginine is considered as a non-essential

amino acid (Chen et al., 2021). Thus, arginine depletion may be a promising therapeutic

strategy for cancer management.
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ASS1 is the enzyme that catalyzes the conversion of nitrogen

from ammonia and aspartate from glutamine to form

argininosuccinate. The somatic silence of ASS1 expression is

commonly observed in a wide range of tumors, such as

mesothelioma, non-small-cell lung cancer, myxofibrosarcomas

(Huang et al., 2013; Szlosarek et al., 2017; Giatromanolaki et al.,

2021). Moreover, low ASS1 expression levels in tumor tissues are

associated with unfavorable clinical outcomes in a wide variety of

malignancies. ASS1 loss not only confers tumor cells with lack of

tumor suppressor functions but also endows tumor cells to bemore

reliant on arginine supplement. As illustrated in previous review,

ASS1 and arginine metabolism represent compelling molecular

targets for cancer management. In this review, we summarize the

current knowledge of expression pattern of ASS1 and related

signaling pathways in cancer and the potential role as a novel

therapeutic target in cancer. Besides, we outline how ASS1 affects

metabolic regulation and tumor progression and further discuss the

role of ASS1 in arginine deprivation therapy. Finally, we review

approaches to target ASS1 for cancer therapies.

ASS1 regulation and signaling networks

ASS1 was initially identified in the liver, and functions as a

rate-limiting enzyme for arginine metabolism. Dysregulated

promoter methylation is regarded as a key feature of tumors

via downregulating tumor suppressor genes (Kulis and Esteller,

2010). It is worth noticing that ASS1 silencing is resulted from the

epigenetic silencing of the ASS1 promoter viamethylation of the

CpG islands, which has been observed in multiple tumor types

(Syed et al., 2013). For instance, ASS1 promoter is frequently

hypermethylated in myxofibrosarcoma, resulting in the aberrant

loss of ASS1 expression to mediate tumor aggressiveness (Huang

et al., 2013). Methylation landscape in cisplatin-resistant bladder

cancer has shown that ASS1 is hypermethylated, leading to

downregulated expression (Yeon et al., 2018). Aberrant

methylation in the promoter of ASS1 makes ovarian tumor

cells more resistant to platinum-induced cell death (Nicholson

et al., 2009). Tumoral expression levels of ASS1 are also regulated

when encountering external factors from the tumor

microenvironment to metabolically benefit tumor cell survival.

Under acidic and hypoxic conditions, it has been demonstrated

that hypoxia inducible factor alpha (HIF1α) binds to ASS1 and

downregulates the expression levels of ASS1, providing tumor

cells with a metabolic advantage for survival (Silberman et al.,

2019). Besides, arginine and glutamine starvation therapies can

downregulate HIF1α to upregulate ASS1 expression (Long et al.,

2017). Transcription factor c-Myc could directly bind to the

promoter of ASS1, mediating arginine deiminase resistance in

melanoma cells (Long et al., 2013). Methyltransferase 14

(METTL14), a RNA N6-adenosine methyltransferase,

participates in tumor development via modulating RNA

function (Chen et al., 2020). ASS1 is a target of METTL14-

mediated N6-methyladenosine modification (Miao et al., 2022).

Specifically, METTL14 upregulation increases mRNA m6A

modification of ASS1 and suppresses ASS1 transcriptional

expression. Additionally, miRNAs are also essential for the

expression of ASS1. In renal cancer cell, miR-34a-5p directly

FIGURE 1
Illustration of arginine metabolism in cells. ADC, arginine decarboxylase; ADI, arginine deiminase; ARG, arginase; ASL, arginine-succinate lyase;
ASS1, arginine-succinate synthetase 1; GAMT, guanidinoacetate-N-methyltransferase; NO: nitric oxide; NOS: nitric oxide synthase; OCT, Ornithine
carbamoyl transferase.
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binds to the 3′ untranslated region of ASS1 to reduce its protein

expression, while ASS1P3 serves as a competing endogenous

RNA for miR-34a-5p to modulate ASS1 expression (Wang et al.,

2019). Similarly, lncRNA 00312 attenuates tumor proliferation

and invasion by functioning as a competitive endogenous RNA

binding to miR34a-5p, making miR34a-5p unable binding to

ASS1 to reduce ASS1 expression (Zeng et al., 2020). Considering

that post-translational modification is essential for the stability of

protein, it mediates diverse cellular processes. For instance, the

TRAF2 E3 ubiquitin ligase binds to ASS1, leading to increased

ubiquitination and degradation of ASS1 to reduce arginine

biosynthesis. The diverse regulation pattern of ASS1

transcriptional and protein expression makes it a promising

therapeutic target, and it is necessary to investigate the

underlying mechanisms engaged in the expression of ASS1.

ASS1 and metabolic adaptation

Arginine is a precursor for a wide variety of molecules

engaged in the regulation of tumor initiation and

development (Zhang et al., 2021). Tumoral downregulation of

ASS1 confers tumor cells to be more dependent on extracellular

arginine since ASS1-negative cells fail to mediate arginine

biosynthesis for tumor survival. The reliance on extracellular

arginine has been regarded as arginine auxotrophy, which has

been exploited as an’‘Achilles’ heel for cancer management.

Thus, ASS1 has been established as a key indicator of arginine

auxotrophy. Network analysis of the metabolomics revealed that

ASS1-negative glioblastoma cells exhibit altered arginine and

citrulline metabolism (Mörén et al., 2018). In ASS1-negative

glioblastoma cells, levels of alanine and glutamate are reduced,

whereas levels of α-ketoglutarate and pyruvate are increased,

indicating that ASS1-negative glioblastoma cells are converting

less pyruvate to alanine. Multiple pathways for citrulline

production are upregulated, and degradation of arginine in

ASS negative cells is decreased. In addition, ASS1 functions as

an indicator for glutamine-deprivation response. ASS1 inhibition

leads to increased sensitivity to both arginine and glutamine

deprivation, whereas ASS1 overexpression increases resistance to

both arginine and glutamine deprivation (Long et al., 2017).

Depletion of extracellular arginine in arginine-auxotrophic

cancer cells causes mitochondrial distress and transcriptional

reprogramming. Mechanistically, arginine starvation induces

asparagine synthetase (ASNS), depleting these cancer cells of

aspartate, and disrupting their malate-aspartate shuttle (Cheng

et al., 2018). A metabolite profiling of arginine depletion by

pharmacological inhibition exhibits elevated serine biosynthesis,

glutamine anaplerosis, oxidative phosphorylation, and impaired

aerobic glycolysis (Kremer et al., 2017).

Pyrimidines play key role in mediating tumor cell survival

and proliferation through providing the nucleic acids and other

precursors for cell membrane synthesis (Mollick and Laín, 2020;

Siddiqui and Ceppi, 2020). During the synthesis process, the

pyrimidine ring structure is formed through a multi-step

pathway with glutamine and aspartate as main precursors,

which is conversed to dihydroorotate by the three activities of

the multifunctional enzyme carbamoyl-phosphate synthase 2,

aspartate transcarbamylase, dihydroorotase complex (CAD) (Del

Caño-Ochoa et al., 2019; Li et al., 2021). It has been found that

tumoral ASS1 expression determines aspartate availability for

pyrimidine synthesis (Rabinovich et al., 2015). Intracellular

aspartate functions as a substrate for both ASS1 and the

enzymatic complex CAD. Tumoral ASS1 loss increases

cytosolic aspartate availability for CAD for the synthesis of

pyrimidine nucleotides to promote proliferation (Rabinovich

et al., 2015). In renal cellular carcinoma, loss of ASS1 and

ASL makes aspartate flux towards pyrimidine synthesis to

support tumor proliferation (Khare et al., 2021).

The reaction catalyzed by ASS1 is essential for the citrulline-

NO cycle. NO is a crucial regulator of multiple cellular processes,

such as tumor cell proliferation and angiogenesis

(Somasundaram et al., 2019). Decreased levels of NO

metabolites and nitric oxide synthase expression have been

observed in renal cellular carcinomas and tumor cells lacking

ASS1 and ASL (Khare et al., 2021). Combined ASS1 and ASL

downregulation significantly reduces aspartate level to impair

NO production via decreased substrate availability or enzymatic

activity. Therefore, ASS1 downregulation influences NO

metabolism and promotes tumor cell survival and

proliferation via mitigation of cytotoxic effects of NO

accumulation. Under glucose deprivation, ASS1 expression is

induced by c-MYC, therefore promoting tumor cell survival by

upregulating NO production and activating the gluconeogenic

enzymes via S-nitrosylation (Keshet et al., 2020). This metabolic

rewiring leads to enhanced gluconeogenesis to increase serine,

glycine and purine synthesis. In this ASS1-expressed tumors,

purine synthesis inhibition is effective and sensitizes these

tumors to immune checkpoint inhibition therapy.

ASS1 loss is associated with polyamine metabolic

reprogramming. Results from transcriptomic and metabolomic

profiling illustrates that ASS1-lacked cells exhibit reduced

accumulation of acetylated polyamine metabolites and

therefore a compensatory elevation in the expression of

polyamine biosynthetic enzymes (Locke et al., 2016).

Different role of ASS1 in tumor
progression

Numerous studieshave shown that tumoralASS1 functionsas a

tumorsuppressortosustaintheanti-tumorfunctioninawidevariety

of tumors (Huang et al., 2013; Allen et al., 2014).Downregulation of

ASS1 has been found to play a tumor suppressor role in multiple

malignancies. ASS1 exerts its role mainly through its arginine

metabolism-dependent mechanisms. It is gradually recognized
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that ASS1 play different role according to different tumor types.

Renal tumors exhibit downregulated ASS1, and loss of

ASS1 redirects aspartate towards pyrimidine synthesis and

regulates NO production to support enhanced proliferation,

uncovering promising metabolic vulnerabilities in renal cellular

carcinoma. Besides, it has also been demonstrated that ASS1 may

function as a tumor suppressor via metabolism–independent

mechanism. In hepatic cell carcinoma cells, ASS1 induces cell

death by upregulating ER stress response, independent of

arginine metabolism. Specifically, ASS1 overexpression effectively

inhibits tumorgrowthbyactivatingPERK/eIF2α/ATF4/CHOPaxis
in Huh7 and SNU475 cells, indicating upregulating tumoral ASS1

expression as a promising strategy in tumors with low ASS1

expression (Kim et al., 2021). In renal cellular carcinoma,

androgen receptor could reduce ASS1 expression to promote

SW-839 and OSRC-3 cell proliferation via ASS1P3. Thus, this

androgen receptor-induced ASS1 downregulation as a

therapeutic target for treatment.

Incontrast to its tumor-inhibitingeffects,ASS1has apro-tumor

roleintumorproliferationandmetastasis,andthemechanismsseem

to vary and differ depending on the specific type of tumor. Based on

the differential transcriptional expression analyses of colorectal

cancer (CRC) tumors, urea cycle enzymes including ASS1 has

been identified to be transcriptionally upregulated in KRAS-

mutant primary CRC. Bateman et al. elucidated that

ASS1 inhibition impairs CRC survival and proliferation.

Metabolomic profiling has pointed that ASS1 inhibition reduces

the levels of oncogenic metabolite fumarate, resulting in impaired

glycolytic phenotype and reducedCRCprogression (Bateman et al.,

2017). Snail is a master regulator and transcriptional repressor of

epithelial-mesenchymal transition. In colorectal cancer, Snail

mediates tumor cell metastasis by preventing non-coding RNA

LOC113230-induced degradation of ASS1. Snail regulates

arginine biosynthesis by suppressing LOC113230-induced

LRPPRC/TRAF2/ASS1 axis (Jia et al., 2021). In gastric cancer,

ASS1 knockdown leads to impaired tumor cell invasion by

promoting autophagy-lysosome machinery to degrade Snail and

Twist (Tsai et al., 2018).

ASS1 and resistance to chemotherapy

Numerous studies have reported that ASS1 loss is correlated

withthedevelopmentofchemotherapeuticresistance intumors.For

instance, epigenetic silencing of ASS1 confers ovarian tumor cells

resistance to platinum chemotherapy. Thus, the expression level of

ASS1 has also been regarded as a predictor of clinical outcome in

ovarian cancer patients treatedwith platinum-based chemotherapy

(Nicholson et al., 2009). In hepatocellular carcinoma, ASS1 loss has

been found to be associated with resistance to cisplatin. Moreover,

ASS1 overexpression effectively improves the anti-tumor effect of

chemotherapy by activating the PERK/eIF2α/ATF4/CHOP axis.

Treatment with decitabine, a hypomethylating agent to increase

ASS1promoter activity, can effectively reduce cisplatin resistance in

SNU449 andHuh7 cells.Apoptosis level indicatedby cleavedPARP

andcaspase-3 issignificantlyupregulated inSNU449andHuh7cells

after combination treatment with cisplatin and decitabine (Kim

et al., 2021).

ASS1 and arginine deprivation therapy

Tumors with ASS1 loss fail to mediate the arginine

biosynthesis, making these cells to be more reliant on

extracellular arginine for tumor survival. Thus, arginine

depletion therapy may be a promising therapeutic strategy for

ASS1-negative tumors. In nearly 70% of tumors, ASS1 loss has

been observed, resulting in more efforts to exploit the metabolic

vulnerability for development of arginine deprivation therapy.

Arginine deprivation therapy is considered to be more effective

in ASS1-negative tumors than tumors with low level of

ASS1 expression. Arginine deprivation can induce signal

alteration. For example, arginine deprivation impairs mTOR

and p70S6K activation with consequent inactivation of PI3K/

Akt pathway (Wang et al., 2020). PEGylated arginine deiminase

(ADI-PEG20) is an arginine-metabolizing enzyme to mediate

arginine degradation, which is currently being tested in many

clinical trials. ADI-PEG20 has been verified to exhibit anti-tumor

effect in a wide range of tumors, including primary acute myeloid

leukemia, metastatic melanoma, hepatocellular carcinoma,

thoracic cancer (Izzo et al., 2004; Ascierto et al., 2005; Miraki-

Moud et al., 2015; Beddowes et al., 2017). ADI-PEG 20 treatment

increases T cell infiltration in the low PD-L1 tumor

microenvironment to enhance the anti-tumor effect of PD-1

inhibition (Chang et al., 2021). ADI-PEG20 also significantly

improves progression-free survival in patients with ASS1-loss

mesothelioma (Szlosarek et al., 2017). In pancreatic tumor, ADI-

PEG20 can also augment the anti-tumor effect of radiation via

the activation of ER stress signaling pathway (Singh et al., 2019).

ADI-PEG 20 has also been found to be specifically effective in

MYC-driven tumors (Chalishazar et al., 2019). ADI-PEG20 can

disrupt pyrimidine pools in ASS1-lacked high-grade gliomas to

increase tumor sensitivity to the antifolate and pemetrexed (Hall

et al., 2019). Although promising results from the preclinical and

clinical trials, there are tumors exhibiting resistance to ADI-

PEG20. It has been well-established that the re-expression of

ASS1 is a main reason for tumor resistance to ADI-PEG20. In

mesothelioma cells exhibiting ADI-PEG20 resistance, it is

believed that this resistance is induced by regain of

ASS1 expression by demethylation of the ASS1 promoter.

Considering the efficacy of ADT as a single agent therapy is

limited due to frequently observed resistance, combined arginine

deprivation and other therapeutic targets may be an answer to

improve the therapeutic effect. For instance, HDAC inhibition

has been found to induce degradation of a key DNA repair

enzyme C-terminal-binding protein interacting protein (CtIP),
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leading to DNA damage and apoptosis. Arginine deprivation and

HDAC inhibition can synergistically mediate DNA damage and

degradation of CtIP, resulting in apoptosis (Kim et al., 2020). In

addition, a metabolic synthetic lethal strategy has been developed

to combine ADI-PEG20 with chloroquine to induce cell death in

ASS1-deficient sarcomas (Bean et al., 2016). More importantly,

combination treatment of ADI-PEG 20 with chemotherapeutic

drugs has been extensively studied. Several clinical trials

indicated that this combination treatment has acceptable

safety profiles and anti-tumour activity against ASS1-deficient

solid tumors (Hall et al., 2019; Szlosarek et al., 2021; Yao et al.,

2021; Chan et al., 2022). Summary of ADI-PEG20 utilization in

tumor management has been illustrated in Table 1.

The safety and anti-tumor activities of a newly developed

arginine depleting drug pegylated recombinant human arginase

(PEG-BCT-100) has been verified in patients with advanced

arginine auxotrophic tumors (Cheng et al., 2021). PEG-BCT-

100 has been tested in chemo naïve post-sorafenib hepatocellular

carcinoma, showing well-tolerated with moderate disease control

rate (Chan et al., 2021). More clinical studies should be designed to

further verify the safety and anti-tumor efficacy, and the potential

effects of combination therapy with other chemotherapeutic and

targeted agents should also be further explored.

Implicit of ASS1 in cancer treatment

Prognostic and predictive value of ASS1 in
cancer

In non-small-cell lung cancer, lack of expression of ASS1 in

tumor cells is associated with high angiogenesis. Patients with

ASS1 expression in tumor cells exhibit a favorable prognosis,

which may be related to high density of iNOS-expressing tumor-

infiltrating lymphocytes in tumor cells with ASS1 expression

(Giatromanolaki et al., 2021). ASS1 is lower in renal cell

carcinomas compared with paired normal tissues, and a lower

ASS1 expression is correlated with a worse prognosis in patients

with renal cell carcinoma (Wang et al., 2019).

Development of ASS1 activator for cancer
treatment

Considering the tumor suppressor role of ASS1 in tumor cells,

exploring potent ASS1 agonist to activate ASS1 expression and

activity in tumor cells with low ASS1 expression is a promising

therapeutic strategy. It has been demonstrated that spinosyn A and

its derivative LM-2I exhibit anti-tumor function, which is

regulated by activation of ASS1. Mechanistically, spinosyn A

binds to ASS1 at the 97th cysteine site in tumor cells, thus

increasing ASS1 enzymatic activity and anti-tumor effect (Zou

et al., 2021). Currently, the investigation on the development of

ASS1 activators is still limited, it is still required to explore deeper

to identify the safety and efficacy of ASS1 activators.

Conclusion

ASS1 is an enzyme that catalyzes the conversion of nitrogen

from ammonia and aspartate from glutamine to form

argininosuccinate. The down-regulation of ASS1 expression are

very common in various tumors, and associated with

clinicopathological factors and prognosis. For precision

therapeutic purposes, it is important to understand the

mechanisms driving malignant diseases to identify the most

promising therapy for individual patients. Currently, the down-

regulation of ASS1 expression is extensively studied in

mesothelioma, non-small-cell lung cancer, myxofibrosarcomas

and others. Arginine deprivation leads to immunosuppression,

and the removal of L-arginine can improve the elimination of

arginine-auxotrophic tumors. However, the removal of L-arginine

TABLE 1 Summary of ADI-PEG20 utilization in tumor management.

Tumor types Regimen Clinical phase References

Melanoma ADI-PEG20 1/2 Ott et al. (2013)

Acute myeloid leukemia ADI-PEG20 2 Tsai et al. (2017)

Mesothelioma ADI-PEG20 2 Szlosarek et al. (2017)

Hepatocellular carcinoma ADI-PEG20 2 Yang et al. (2010)

Hepatocellular carcinoma ADI-PEG20 2 Glazer et al. (2010)

Hepatocellular carcinoma ADI-PEG20 3 Abou-Alfa et al. (2018)

Acute myeloid leukemia ADI-PEG20 + cytarabine 1

Metastatic melanoma ADI-PEG20 + cisplatin 1 Yao et al. (2021)

Recurrent high-grade glioma ADI-PEG20 + pemetrexed + cisplatin 1 Hall et al. (2019)

Metastatic Uveal Melanoma ADI-PEG20 + pemetrexed + cisplatin 1 Chan et al. (2022)

Non-squamous non-small cell lung cancer ADI-PEG20 + pemetrexed + cisplatin 1 Szlosarek et al. (2021)

Pancreatic adenocarcinoma ADI-PEG20 + nab-paclitaxel + gemcitabin 1/1B Lowery et al. (2017)

Frontiers in Pharmacology frontiersin.org05

Sun and Zhao 10.3389/fphar.2022.935553

44

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.935553


has no inhibition on the development of non-auxotrophic tumors,

given that these tumors synthesize L-arginine from citrulline by

expressing ASS1. Therefore, it is necessary to identify the

auxotrophic and non-auxotrophic tumors. To date, numerous

studies of phase 1–3 clinic trials are being conducted to evaluate

the efficacy of ADI-PEG20 therapy in diverse tumor types for its

anti-tumor activity, it is still required to explore deeper to identify the

cancer types that can be effectively treated with ADI-PEG20

therapy. In addition, combination of ASS1 activators with anti-

tumor drugs like chemotherapy and TKIs could augment the

anti-tumor effect of traditional regimens. Given that ASS1 is

commonly downregulated in multiple tumor types and

participates in the regulation of tumor development

depending on diverse mechanisms, it may be a robust

potential therapeutic target for cancer management.
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Connections between
metabolism and epigenetics:
mechanisms and novel
anti-cancer strategy

Chen Chen†, Zehua Wang† and Yanru Qin*

Department of Oncology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China

Cancer cells undergo metabolic adaptations to sustain their growth and

proliferation under several stress conditions thereby displaying metabolic

plasticity. Epigenetic modification is known to occur at the DNA, histone,

and RNA level, which can alter chromatin state. For almost a century, our

focus in cancer biology is dominated by oncogenic mutations. Until recently,

the connection between metabolism and epigenetics in a reciprocal manner

was spotlighted. Explicitly, several metabolites serve as substrates and co-

factors of epigenetic enzymes to carry out post-translational modifications

of DNA and histone. Genetic mutations in metabolic enzymes facilitate the

production of oncometabolites that ultimately impact epigenetics. Numerous

evidences also indicate epigenome is sensitive to cancer metabolism.

Conversely, epigenetic dysfunction is certified to alter metabolic enzymes

leading to tumorigenesis. Further, the bidirectional relationship between

epigenetics and metabolism can impact directly and indirectly on immune

microenvironment, which might create a new avenue for drug discovery. Here

we summarize the effects of metabolism reprogramming on epigenetic

modification, and vice versa; and the latest advances in targeting

metabolism-epigenetic crosstalk. We also discuss the principles linking

cancer metabolism, epigenetics and immunity, and seek optimal

immunotherapy-based combinations.

KEYWORDS

cancer metabolism, epigenetics, immunity, novel anti-cancer strategy, oncology

1 Introduction

Cancer metabolism is based on the principle that cancer cells undergo metabolic

adaptations to sustain their uncontrolled proliferation. Such adaptations render malignant

cells to exhibit altered metabolism compared to the normal cells. In 1920s, Warburg firstly

proposed (Kaye, 1998; Chinnaiyan et al., 2012) that cancer cells display enhanced glycolysis and

increased secretion of lactate even with abundant oxygen supply. This phenomenon is termed

as “Warburg effect” or aerobic glycolysis. Moreover, an emerging class of metabolic alterations

enables tumor cells to take up available ample nutrients and utilize them to produce ATP,

generate biosynthetic precursors for cell anabolism, and tolerate stresses related to malignancy,
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such as hypoxia and nutrient starvation (Owen et al., 2002; Koppenol

et al., 2011; Lunt and Vander Heiden, 2011; Metallo et al., 2011;

Mullen et al., 2011; Wise et al., 2011; Cantor and Sabatini, 2012; Ahn

and Metallo, 2015). In this context, cancer metabolism provides a

selective advantage during tumorigenesis. Metabolic reprogramming

(Figure 1) is now recognized as a hallmark of cancer (Hanahan and

Weinberg, 2011; Pavlova and Thompson, 2016), which could be

intrinsically regulated by genotype and epigenotype, or extrinsically

affected by tumor microenvironment (TME).

Epigenetics was firstly established by Conrad Waddington in

1942 (Cairns et al., 2011), which refers to the study of modification

in gene expression or cellular phenotype that occurs without

changes in DNA nucleotide sequences (Possemato et al., 2011).

The basic unit of chromatin organization is nucleosome, which is

composed of DNA and histone octamer. Chromatin state is a

dynamic event that controls gene transcription. Epigenetic

modification of gene expression occurs at the DNA, histone,

and RNA level. The most well-characterized examples are DNA

methylation, histone methylation, acetylation, phosphorylation,

ubiquitination, and microRNA-dependent gene silencing

(Margueron and Reinberg, 2010). It is widely recognized that

epigenetic dysfunction is a common feature of many cancers

(Ribich et al., 2017). Numerous excellent reviews have

summarized the biology fundamentals of chromatin-modified

proteins (CMPs) (Tessarz and Kouzarides, 2014; Piunti and

Shilatifard, 2016; Soshnev et al., 2016) and the therapeutic

potentials to target CMPs in tumor (Pfister and Ashworth, 2017).

For almost a century, our focus in cancer is dominated by

oncogenic mutations. Until recently, the connection between

metabolism and epigenetics was emphasized in cancer biology.

Metabolism reprogramming is known to affect epigenetic

landscapes through different mechanisms. Conversely,

epigenetic regulation contributes to altered metabolic

activities. Hence, cancer metabolism and epigenetics are

highly interwoven in a reciprocal manner. This great

breakthrough has gained wide interest in targeting both

altered metabolism and modified epigenetics. However,

whether these two hallmarks synergistically attack tumor

remains unknown. Noteworthy, such a complex relationship

has the potential to affect immune system, such as trained

immunity, T cell activation, macrophage activation. A novel

strategy is to target epigenetics-metabolism axis in

combination with immunotherapy, potentially boosting more

potent antitumor responses.

FIGURE 1
Metabolism reprogramming in cancer cells. Metabolism reprogramming is characterized by a class of altered pathway, including enhanced
glycolysis with increased lactate production, and enhanced pentose phosphate pathway, fatty acid synthesis, and glutamine metabolism. These
metabolic pathways support energy supply and macromolecule biosynthesis, such as nucleotides, amino acids, and lipids. Metabolites that are
produced by altered metabolism have the potential to control signaling or epigenetic pathways by regulating reactive oxygen species,
acetylation, and methylation. Upregulated genes or proteins are labels red, whereas downregulated genes or proteins are labeled blue. GLUT,
glucose transporter; MCT, monocarboxylate transporter; SLC1A5, solute carrier family 1 member 5; TCA, Tricarboxylic acid cycle; G6PD, glucose-6-
phosphate dehydrogenase; HK, hexokinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PKM, pyruvate kinase M 2; LDH, lactate
dehydrogenase; ACSS2, Acyl-CoA short-chain synthetase-2; ACSS1: Acyl-CoA short-chain synthetase-1; ACLY: ATP citrate lyase; GLS, glutaminase;
GDH, glutamate dehydrogenase; PDC: pyruvate dehydrogenase complex; FH, fumarate hydratase; SDH, succinate dehydrogenase; IDH1/2,
isocitrate dehydrogenase 1/2; HCY, homocysteine; PPP, pentose phosphate pathway; ATP, adenosine triphosphate; ADP, adenosine diphosphate;
AMP, adenosine monophosphate; AMPK, AMP-activated protein kinase; OGT, O-GlcNAc transferase; OGA, O-GlcNAcase.
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In this review article, we firstly summarize the metabolic

alterations that drive epigenetic changes in cancer, and vice versa.

We next describe the therapeutic opportunities by targeting

metabolism-epigenetic crosstalk. Further, we discuss the

principles linking metabolism, epigenetics to immunity and

introduce the rationale for novel immunotherapy-based

combinations. Our aim is to introduce the fundamentals of

connection between metabolism and epigenetics in cancer

biology and discuss potential pharmacological strategies that

can exploit the metabolism and epigenetics in malignancy.

2 Metabolism shapes the epigenetic
state of cancer cells

Tumors are likely to harbor epigenetic changes driven by

their cellular metabolism. There are several different mechanisms

explaining the influx from metabolism to chromatin.

2.1Metabolites are either substrates or co-
factors for epigenetic enzymes

Epigenetic enzymes employ several metabolic intermediates

as substrates or co-factors to carry out post-translational

modifications of DNA and histone (Katada et al., 2012),

which in turn influence metabolic gene expression. Examples

of such metabolites include: SAM, α-KG, and FAD that

participate in DNA and histone methylation; acetate, acetyl-

CoA and NAD+ that mediate histone acetylation (Thakur and

Chen, 2019). These key metabolites are produced in multiple

pathways mediated by metabolic enzymes: SAM from one-

carbon metabolism, α-KG and FAD+ from the TCA cycle,

acetyl-CoA from glycolysis and glutamine metabolism, and

NAD+ from the conjunction of glycolysis and oxidative

phosphorylation (Wang and Lei, 2018). The fundamental

interface between metabolism and epigenetics has been

summarized in Table 1.

2.2 SAM/SAH ratio affects DNA and
histone methylation

2.2.1 SAM/SAH
DNA and histone methylation are respectively mediated by

DNA methyltransferase (DNMT) enzymes and histone

methyltransferase (HMT) enzymes (Varier and Timmers,

2011), both of which utilize S-Adenosyl-methionine (SAM) as

a major methyl donor. Methylation is to transfer a methyl group

from SAM to the receptor, and the remaining residue is

S-adenosyl-homocysteine (SAH) that is inhibitory to

methyltransferase. SAM is derived from one-carbon

metabolism that plays integral roles in DNA synthesis and

methylation reaction. The most studied metabolites, like

glucose and glutamine, feed into the one-carbon cycle and

increase the availability of SAM. Both global DNA

hypomethylation and site-specific CpG hypermethylation are

frequent epigenetic abnormities observed in cancer (Sandoval

and Esteller, 2012), while histone methylation may activate or

repress gene transcription (Vakoc et al., 2005; Berger, 2007;

Bernstein et al., 2007). Therefore, SAM/SAH ratio directly

affect the methylation status of chromatin.

2.3 TCA cycle metabolites regulate DNA
and histone demethylation

2.3.1 TCA cycle metabolites
Reversal of DNA and histone methylation is catalyzed by

DNA and histone demethylase. Histone demethylation is

regulated by two classes of enzymes: lysine-specific

demethylase family (LSD1 and LSD2) (Fang et al., 2010) and

TABLE 1 Fundamental interface of metabolism and epigenetics.

Metabolism pathway Metabolic enzyme Metabolites Epigenetic enzyme Epigenetic regulation

One-carbon cycle MAT SAM/SAH KMT, PRMT DNA and histone methylation

TCA cycle FADS FAD/FADH2 LSD Histone demethylation

TCA cycle IDH, GLUD α-KG TET and JmjC demethylase DNA and histone demethylation

TCA cycle ACSS1, ACSS2, ACLY Acetyl-CoA/CoA HAT Histone acetylation

Glycolysis/TCA cycle NMNAT NAD+/NADH SIRT, PARP Histone deacetylation

TCA cycle NA AMP/ATP AMPK Phospharylation

Hexosamine NA GlcNac OGT GlcNacylation

MAT, methionine adenosyltransferase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; KMT, Lysine methyltransferase; PRMT, protein arginine methyltransferase; TCA,

Tricarboxylic acid; ACSS, acetyl-CoA synthetase short-chain family member; ACLY, ATP citrate lyase; HAT, histone acetyltransferase; NMNAT, nicotinamide mononucleotide

adenylytransferase; PARP, poly-ADP ribose polymerase; FADS, flavin adenine dinucleotides; LSD, lysine specific demethylase; IDH, isocitrate dehydrogenase; GLUD, glutamate

dehydrogenase; TET, ten-eleven translocation methylcytosine dioxygenase; JmjC, Jumonji N/C-terminal domains; ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP,

adenosine monophosphate; AMPK, AMP-activated protein kinase; GlcNac, O-linked N-acetylglucosamine; OGT, O-linked N-acetylglucosamine transferase; NA, Not Applicable
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JmjC-containing family, both of which are dependent on ferrous

adenine dinucleotide (FAD). Also, JmjC family is ferrous ion-

dependent oxygenase requiring α-KG for the enzymatic

activation (Shi et al., 2005; Klose et al., 2006). Likewise, DNA

demethylation is modulated by TET-family proteins (TET1,

TET2, and TET3), which are also FAD- and α-KG-dependent

dioxygenase (Bhutani et al., 2011; He et al., 2011; Ito et al., 2011).

Both FAD and α-KG are intermediary metabolites produced in

TCA cycle. Other TCA metabolites, such as succinate and

fumarate, are identified as antagonists for JmjC-containing

family demethylase (Xiao et al., 2012). Therefore, TCA cycle

metabolites regulate epigenetic marks on DNA and histone.

2.4 Acetyl-CoA, NAD+ and acetate
influence histone acetylation

2.4.1 Acetyl-CoA
Histone acetylation is another important epigenetic

modification that depends on histone acetyltransferase (HAT)

and histone deacetylase (HDAC) (Shahbazian and Grunstein,

2007). Acetyl-CoA is a pivotal metabolite for energy production

and anabolic process (Wellen and Thompson, 2012; Pietrocola

et al., 2015). HAT transfers the acetyl moiety of acetyl-CoA to

lysine residues of histone, while HDAC is responsible for

removing the acetyl group to reverse histone acetylation. It is

well-known histone acetylation can increase nucleosome

mobility and activate transcription elongation (Racey and

Byvoet, 1971; Cai et al., 2011). Previous study figured out, in

yeast and mammalian cells, the glycolysis dynamically governs

the acetyl-CoA quantity and correspondingly regulates HAT-

dependent histone acetylation (Friis et al., 2009; Cai et al., 2011;

Lee et al., 2014).

2.4.2 NAD+

Histone deacetylation is catalyzed by two kinds of

deacetylases: zinc-dependent and NAD+-dependent proteins.

Deacetylation results in the tight wrapping of DNA by histone

and hence promotes gene repression and silence (Imai et al.,

2000; Finkel et al., 2009). Similarly, some metabolites function as

antagonists that inhibit the activities of HDAC. For example,

butyrate can robustly antagonize HDACs I, II and IV (Candido

et al., 1978). Also, NAD+ is regarded as a catalytic co-factor for

HDAC III to mediate histone deacetylation (Thakur and Chen,

2019). Further, evidence illustrated higher histone deacetylation

levels are associated with poorer prognosis (Kurdistani, 2011).

2.4.3 Acetate
Acetate has been implicated in driving histone acetylation

and deacetylation. Recently, the role of acetate in the interaction

between metabolism and epigenetics has been emphasized

during tumorigenesis. Under hypoxia, cancer cells decrease

the reliance on glucose and glutamate and inversely increase

the demand of acetate as a substitute carbon source for lipid

synthesis (Kamphorst et al., 2014). Consequently, acetate must be

converted to acetyl-CoA either by ACSS1 in mitochondria or by

ACSS2 in the cytoplasm or nucleus (Figure 1). There is already

evidence that both acetate and acetyl-CoA facilitate tumor

growth by histone acetylation in yeast (Cai et al., 2011).

ACSS2, as the only known enzyme utilizing free acetate in

nucleus (Moffett et al., 2020), could shape the epigenetic

landscape via selective histone acetylation. More specifically,

ACSS2 is translocated from cytoplasm to the nucleus

supplying a local of acetyl-CoA (Chen et al., 2017), which

contributes to all kinds of acetylation reactions in cell nuclei.

One study indicated (Gao et al., 2016), under hypoxia condition,

ACSS2 catalyzes the conversion of acetate to acetyl-CoA in the

hepatoma carcinoma cells, facilitating the hyper-acetylation of

histone K3K9, H3K27, and H3K56 and thereby upregulating the

expression of lipogenic enzymes. This explains how acetate links

metabolite levels to epigenetic regulation and gene transcription.

Otherwise, ACSS2 acts to recycle acetate generated from HDAC-

mediated deacetylation reactions under metabolic stresses,

replenishing the cytoplasmic and nuclear storage and thus

supporting chromatin remodeling events (Moffett et al., 2020).

2.5 ATP/AMP ratio controls histone
phosphorylation

2.5.1 ATP/AMP
Some kinase could be translocated to nucleus and straightly

phosphorylate histone (Baek, 2011). For example, AMP-

activated protein kinase (AMPK) acts as sensory signal of

ATP/AMP ratio (Hardie, 2011). Conversion of ATP to AMP

aids in anabolic process via AMPK-mediated pathway, whereas

catabolism relies on the opposite switch from AMP to ATP.

Owing to metabolic stress and low ATP/AMP ratio, AMPK is

activated to phosphorylate histone H2B on serine 36 that triggers

gene expression in favor of tumor survival (Bungard et al., 2010).

2.6 Hexosamine biosynthetic pathway
mediates protein glycosylation

2.6.1 O-GlcNAc
Protein glycosylation is carried by opposite actions of

O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA),

respectively responsible for the addition and removal of

O-GlcNAc from proteins. One of the most common features

that cancer cells demonstrate is OGT overexpression leading to

protein hyper-glycosylation (Pinho and Reis, 2015). Typically,

O-GlcNAc is produced in Hexosamine biosynthetic pathway

(HBP). In this pathway, glucose is firstly converted into glucose-

6-P and then fructose-6-P. A series of metabolites, such as acetyl-

CoA, UTP, glutamine, subsequently participate in the production
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of UDP-GlcNAc, the activated substrate for O-GlcNAcylation.

Therefore, HBP integrated various metabolism pathways.

Upregulation of HBP is associated with abnormal

O-GlcNAcylation and more invasive behavior (Caldwell et al.,

2010; Wellen et al., 2010; Itkonen et al., 2013; Onodera et al.,

2014; Lucena et al., 2016). Recently, studies confirm that

enhanced glycolysis aids in protein glycosylation (Wong et al.,

2017). Moreover, OGT is associated with TETs to control

O-GlcNAcylation of histone H2B for activation of gene

transcription (Chen et al., 2013; Ito et al., 2014), while OGT is

coordinated with EZH2 to modulate H3K27me3 for silence of

tumor suppressor genes (Chu et al., 2014).

Taken together, either methylation or acetylation controls

the activation and repression of gene transcription. This event is

balanced by various epigenetic enzymes. The cellular metabolites,

such as SAM/SAH, acetyl-CoA/CoA, NAD+/NADH, ATP/AMP

ratio, commonly act as substrate or co-factors for these

epigenetic-based enzymes (Table 2, Figure 2). Their

fluctuating concentrations could regulate the epigenetic profile

and affect gene transcription.

2.7 Genetic mutations of metabolic
enzyme that modify epigenome

Mutations in metabolic enzymes subject the cells to

tumorigenesis. Such changes facilitate the accumulation of

metabolites that ultimately lead to epigenetic dysfunction

(DeBerardinis and Chandel, 2016) and immunosuppression

(Table 3).

One example is to generate oncometabolite. Oncometabolite

refers to metabolites whose great quantity increases markedly in

tumors compared with normal cells (Nowicki and Gottlieb,

2015). This new term is used to describe metabolites for

which 1) there is a well-characterized mechanism connecting

mutations in metabolic enzymes to accumulation of a certain

TABLE 2 Metabolites are either substrates or co-factors for epigenetic enzymes in cancer biology.

Epigenetic
enzymes

Examples Substrates or Co-factors Mechanisms

DNA methylation and demethylation

DNA
methyltransferase

DNMTs SAM/SAH (methionine cycle) Methyl donors for methyltransferases

DNA demethylase TETs α-KG, 2HG, succinate, fumarate, vitamin C,
FAD/FADH2

Co-factors for α-KG-utilizing dioxygenases; Inhibition of α-KG-
utilizing dioxygenases

Histone acetylation and deacetylation

Histone
acetyltransferase

HATs Acetyl-CoA (TCA cycle/acetate) Acetyl donors for acetyltransferases

Histone deacetylases HDAC, SIRT NAD+, nicotinamide, β-Hydroxybutyrate,
succinyl-CoA, butyrate

Activation or inhibition of histone deacetylase; Histone succinylation

Histone methylation and demethylation

Histone
methyltransferase

Lysine: PKMTs,
Arginine: PRMTs

SAM/SAH (methionine cycle) Methyl donors for methyltransferases

Histone
demethylases

KDMs: LSD, JmjC α-KG, 2HG, succinate, fumarate, vitamin C,
FADH2

Co-factors for α-KG-utilizing dioxygenases; Positive regulators of LSD;
Inhibition of α-KG-utilizing dioxygenases

Histone phosphorylation

Histone kinase AMPK ATP/AMP Phosphate donors for protein kinase

Protein glycosylation

Protein glycosylase OGT, OGA O-GlcNAc O-GlcNAc donors for protein glycosylation
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metabolite; 2) there is convincing evidence for some metabolites

as a predisposition to tumorigenesis. Oncometabolites are

frequently associated with aberrant DNA damage and enable

the tumor microenvironment (TME) more invasive. Currently,

D-2-hydroxyglutarate (D2HG), L-2-hydroxyglutarate (L2HG),

succinate, fumarate, and lactate are recognized oncometabolites.

2.7.1 D2HG and L2HG
The first emphasized oncometabolite is D2HG, a reduced

form of the TCA cycle intermediate α-ketoglutarate, which is

scarce in normal tissues but rises to a higher concentration in

tumors (Xu et al., 2011). This oncometabolite is caused by

NADP+-dependent isocitrate dehydrogenase (IDH1 or IDH2)

mutation. High levels of D2HG inhibit the activity of TET-family

DNA and JmjC family histone demethylase. Overall, cancer cells

harboring IDH1/IDH2 mutations display hypermethylation of

DNA and histone (Figueroa et al., 2010; Losman et al., 2013).

Mutant-IDH1/IDH2 and their relationship to D2HG have been

reviewed extensively elsewhere (Losman and Kaelin, 2013).

These mutations frequently occur in gliomas, blood cancer,

glioblastoma multiforme, and cholangiocarcinoma (Yan et al.,

2009; Vatrinet et al., 2017). Another reduced form of

α-ketoglutarate is L2HG that is accumulated due to loss-of-

function mutations of L-2-hydroxyglutarate dehydrogenase

(L2HGDH) (Aghili et al., 2009; Rogers et al., 2010). The

increased levels of L2HG have been observed in renal cell

carcinoma and brain tumors (Shim et al., 2014).

2.7.2 Succinate and fumarate
This principle also applies to another two oncometabolites:

succinate and fumarate (Yang et al., 2013).Mutational inactivation

of succinate dehydrase (SDH) and fumarate hydratase (FH)

FIGURE 2
Cellular metabolites serve as co-factors or substrates for epigenetic enzymes. Addition or removal of epigenetic marks is catalyzed by
epigenetic enzymes, of which process relies on several critical metabolites. SAH/SAM, NAD+/NADH, Acetyl-CoA/Co-A, ATP/ADP ratio act as
important molecules or signals governing epigenetic modifications. In addition, Metabolites such as succinate, fumarate, 2-HG, and lactate could
inhibit the activity of epigenetic enzymes. HMT, histone methyltransferase; LSD, lysine-specific histone demethylase; JHDM, Jumonji domain-
containing histone demethylase; HAT, histone acetyltransferase; HDAC, histone deacetylase; SIRT, sirtuins; DNMT, DNAmethyltransferase; TET, ten-
eleven translocation methylcytosine dioxygenase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; α− KG, α-ketoglutarate; NAM,
nicotinamide; NAD+, nicotinamide adenine dinucleotide (oxidized); FAD, flavin adenine dinucleotide (oxidized); FADH2, flavin adenine dinucleotide
(reduced); FH, fumarate hydratase; SDH, succinate dehydrogenase; IDH1/2, isocitrate dehydrogenase 1/2; EZH2, enhancer of zeste 2 polycomb
repressive complex 2 subunit; KMT2D, histone-lysine N-methyltransferase 2D. AMPK, AMP-activated protein kinase; Pi, phosphate group; OGT,
O-GlcNAc transferase; OGA, O-GlcNAcase.
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respectively contributes to the stacking up of succinate and

fumarate (Baysal et al., 2000; Tomlinson et al., 2002; Gottlieb

and Tomlinson, 2005), both of which interfere with α KG-

dependent dioxygenases, namely DNA and histone demethylase

(Nowicki and Gottlieb, 2015). Consequently, deficiency of SDH

and FH activity results in DNA and histone hypermethylation,

supporting the notion that oncometabolites are potentmodifiers of

the epigenome. Other studies provided additional layers of

metabolic control of epigenome. FH is observed to be

O-GlycNAcylated and consequently bring changes in histone

methylation (Wang et al., 2017). Another research proposed

that the enrichment of fumarate facilitates epithelial-to-

mesenchymal-transition (EMT) through inhibiting TET

methylase (Sciacovelli et al., 2016). Therefore, oncometabolites

perform their biological functions outside of conventional

pathways and play quantitative roles leading to aberrant

epigenome. Additionally, emerging evidence supports that both

succinate and fumarate contribute to immunosuppressive

polarization and T cell exhaustion, thereby making the tumor

microenvironment more suitable for cell migration. Explicitly,

succinate can upregulate tumor-associated macrophages (TAM)

marker gene expression, such as Arg1, Fizz1, Mhl1, andMgl2. The

expression of succinate receptor 1 is also associated with immune

inhibitory proteins, such as PD-L1, PD-1, and CTLA-4. Moreover,

fumarate could downregulate neutrophils, T-cell, and B-cell

responses, inhibit dendritic cell (DC) maturation, and motivate

CTLA-4 and PD-L1 expression.

2.7.3 Lactate
To ensure adequate ATP supply, the malignant

transformation is associated with an upregulated glycolysis (de

Groof et al., 2009). Cancer cells upregulate glycolytic enzymes

and metabolic transporters, which is connected with lactate

overproduction. A new discovery considered lactate might

have an effect on lysine residues of histone, acting in a similar

way to acetylation and gene activation (Hou et al., 2019; Zhang

et al., 2019). This phenomenon is based on the conversion of

lactate to acetyl residues and thereby stimulates tumor

angiogenesis. The accumulation of lactate also exerts an

immunosuppressive effect on TME through inhibiting the

differentiation and maturation of DC and T cell (Gottfried

et al., 2006).

2.7.4 PHGDH, PRODH, and NNMT
Cancer-specific mutations of metabolic enzymes with

implications in epigenetic regulation have been reported.

Phosphoglycerate dehydrogenase (PHGDH) is overexpressed

in breast cancer and melanoma (Locasale et al., 2011;

TABLE 3 The effect of oncometabolites on epigenetic dysfunction and immunosuppression.

Oncometabolite Metabolic
enzymes

Epigenetic
dysfunction

Immunosuppressive
effect

Malignancies References

D-2-
hydroxyglutarate

IDH1/2 DNA and histone
hypermethylation

NA Glioblastoma multiforme,
ALL, Chondrosarcoma,
Cholangiocarcinoma

Dang et al. (2009); Amary et al.
(2011); Borger et al. (2014); Shim
et al. (2014); Waterfall et al. (2014);
Colvin et al. (2016)

L-2-hydroxyglutarate L2HGDH DNA and histone
hypermethylation

NA Brain tumors, Renal cell
carcinoma

Aghili et al. (2009); Rogers et al.
(2010)

Succinate SDH DNA and histone
hypermethylation

TAM marker gene expression ↑ Pheochromocytomas,
Paragangliomas

Hao et al. (2009); Bardella et al.
(2011); Zhang et al. (2011); Yang
et al. (2013); Williamson et al.
(2015); Jiang and Yan, (2017); Mu
et al. (2017)

IL-6 secretion ↑

Fumarate FH DNA and histone
hypermethylation

Neutrophils, T-cell, B-cell
response ↓

Pheochromocytomas,
Paragangliomas

Kinch et al. (2011); Fieuw et al.
(2012); Sullivan et al. (2013); Zheng
et al. (2013b); Castro-Vega et al.
(2014); Shanmugasundaram et al.
(2014); Yang et al. (2014); Jin et al.
(2015); Zheng et al. (2015)

Inhibiting DC maturation

CD150, CD40, CD86 expression ↓
CTLA-4, PD-L1 expression ↑
IL-6, IL-1β, TNF-α secretion ↓

Lactate MCT/LDH Histone acetylation PD-1, PD-L1, CTLA-4
expression ↑

Lung carcinoma, Melanoma,
Prostate cancer

(Colegio et al., 2014; El-Kenawi
et al., 2019)

Inhibiting the differentiation of
monocytes to DCs

Inhibiting the differentiation of
progenitor cells to CD4+ and CD8+

T-cell

IDH1/2, isocitrate dehydrogenase; L2HGDH, L-2-hydroxyglutarate dehydrogenase; SDH, succinate dehydrogenase; FH, fumarate hydratase; MCT, monocarboxylate transporter; LDH,

lactate dehydrogenase; TAM, tumor-associated macrophages; ALL, acute lymphoblastic leukemia; NA, not applicable.
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Possemato et al., 2011), directing the metabolism toward the

serine biosynthesis pathway. Serine provides methyl donors to

one-carbon metabolism, thereby affecting cellular epigenetics

(Locasale, 2013). Conversely, PHGDH silence can

downregulate serine synthesis leading to tumor growth

suppression (Locasale et al., 2011; Possemato et al., 2011).

Another example is proline dehydrogenase (PRODH) that

catalyzes proline to produce pyrroline-5-carbonxylate (P5C),

which is sequentially converted into glutamate and α-KG to

affect epigenome (Phang et al., 2013). Studies showed

amplification of PRODH in immunodeficient mice displayed

tumor-suppressive characters (Liu et al., 2010). Nicotinamide

N-methyltransferase (NNMT) also modulates epigenetic events

in cancer cells. NNMT catalyzes the transfer of methyl group

from SAM to nicotinamide. Overexpression of NNMT hampers

SAM-dependent methylation of DNA and histone, along with

the procurement of more invasive phenotype (Ulanovskaya et al.,

2013).

As summarized, mutations in genes encoding metabolic

enzymes have been recognized in caner, but they are rare.

These lesions in genes related to metabolism constitute a new

class of cancer-associated mutations that is able to subvert

normal epigenetic regulation. It is tempting to speculate

that these mutations provide the hope of identifying novel

targets.

3 Epigenetic events contribute to
altered metabolism in cancer

3.1 DNA methylation

A number of metabolic enzymes are altered attributing to

DNA methylation. Examples of such enzymes involve Fructose-

1,6-bisphosphastase (FBP-1), fructose-1,6-bisphosphatase (FBP-

2), glucose transporter 1 (GLUT-1), Hexokinase (HK2), and

pyruvate kinase isozyme 2 (PKM-2).

As reported, promoter hypermethylation leads to the silence

of FBP-1 and FBP-2 in gastric, colon, liver, and breast cancers

(Kamphorst et al., 2014; Gao et al., 2016). Both FBP-1 and FBP-2

are rate-limiting enzymes for gluconeogenesis that antagonize

glycolysis. Theoretically, the silence of FBP-1 or FBP-2

contributes to glycolytic phenotype, supporting

macromolecular biosynthesis and energy production. DNA

methylation also mediates the gene overexpression of GLUT-1

that transports glucose from tumor microenvironment to

cytoplasm (Lopez-Serra et al., 2014). Oppositely, promoter

hypomethylation results in the upregulation of HK2 in

glioblastoma and hepatic carcinoma (Chen et al., 2011; Wolf

et al., 2011) and the overexpression of PKM2 in multiple cancer

types (Desai et al., 2014).

In brief, increased HK2 and PKM-2 levels promote enhanced

glycolysis, while the silence of FBP-1 and FBP-2 limit

gluconeogenesis. DNA methylation contributes to a higher

glycolytic influx, which is beneficial to the proliferation of

tumor cells.

3.2 Histone modifications

Sirtuins (SIRTs), an enzyme catalyzing histone deacetylation,

has been shown to function in cancer metabolism. Examples of

epigenetic enzymes are SIRT6, SIRT7, and SIRT2.

3.2.1 SIRT6
NAD+-dependent SIRT6 optimizes energy homeostasis by

regulating histone acetylation (Xiao et al., 2010). SIRT6 could

directly repress glycolysis in the HIF1 α-dependent way, thereby

it acts as a tumor suppressor by inhibiting the Warburg effect

(Zhong et al., 2010; Sebastián et al., 2012). Instead,

SIRT6 knockdown shifts the cell metabolism towards a

“glycolytic phenotype” inducing malignancy aggressiveness.

Specific deletions in SIRT6 have been observed in colon,

pancreatic, and hepatocellular cells (Zhang and Qin, 2014).

Also, a growing body of evidence demonstrates that

SIRT6 upregulates hepatic gluconeogenic gene expression and

increases glycerol release from adipose tissue. These findings

underline the potential to target SIRT6 for modulating cancer

metabolism (Roichman et al., 2021).

3.2.2 SIRT7
SIRT7 could directly interacts with MYC that mediates the

transcription of almost all the genes involved in glycolysis and

glutaminolysis (Barber et al., 2012; Shin et al., 2013).

SIRT7 selectively catalyzes H3K18 deacetylation that is a

repressive mark (Wong et al., 2017). Hence, SIRT7 plays an

opposite role in MYC-mediated metabolic reprogramming.

3.2.3 SIRT2
Compared to SIRT6/7, SIRT2 promotes cancer metabolism

through stabilizing MYC (Liu et al., 2013). SIRT2 specifically

deacetylases H4K16, resulting in decreased expression of

ubiquitin-protein ligase NEDD4. NEDD4 serves as a negative

regulator of MYC through ubiquitination and degradation

(Wong et al., 2017). Consequently, SIRT2 facilitates MYC-

dependent transcription and oncogenesis.

4 Novel cancer therapy targeting
metabolism-epigenetic crosstalk

4.1 Novel targets for cancer metabolism

Targeting metabolic enzymes might be novel strategy for

cancer therapy. LDH-A, a metabolic enzyme responsible for

the conversion of pyruvate to lactate, was recognized as the
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first metabolic target of the oncogene MYC (Shim et al., 1997).

Appealing evidence manifested genetic or pharmacologic

ablation of LDH-A is able to dwindle MYC-driven tumors

in the xenograft models (Fantin et al., 2006; Le et al., 2010).

Inhibition of LDH-A could delay the progression of myeloid

leukemia (Wang et al., 2014) and diminish NSCLC without

systemic toxicity in genetically engineered mouse models (Xie

et al., 2014). Hence, LDH-A is a promising target in MYC-

mutant tumors. Another attractive target is the glycolytic

protein Hexokinase (HK2). Many tumors express high

levels of HK2. Specific inhibition of HK2 delays tumor

progression in mouse models of NSCLC and breast cancer

(Patra et al., 2013). Targeting HK2 might be efficacious in

highly glycolytic tumors. Besides, PHGDH, an enzyme that

functions in the de novo serine synthesis, is found to

overexpress in human melanoma and breast cancers

(Locasale et al., 2011; Possemato et al., 2011). Targeting

PHGDH in the one-carbon metabolism has been shown to

delay tumor progression, though more studies are needed to

confirm it. Additionally, the concept of oncometabolite

opened a new window for targeted therapy. Small

molecules targeting IDH1/IDH2 demonstrate positive

outcomes in ongoing clinical trials (Yen et al., 2017). Taken

together, targeting metabolic enzyme holds great promise in

the treatment of malignancy (Olivares et al., 2015).

Targeting metabolism pathways, such as glycolysis,

glutamine metabolism, mitochondrial metabolism, and

autophagy, provides new opportunities for drug discovery

scheme. In the certain context, metabolites produced from

these metabolic pathways are able to affect epigenome. For

example, metformin, an anti-diabetic drug, has been

spotlighted on mitochondrial-mediated metabolic activity

emerging as a key target for cancer therapy (Weinberg and

Chandel, 2015). Because diabetic patients treated with

metformin not only control their blood glucose level but

also improve survival rate if cancer was diagnosed already

(Evans et al., 2005). Biguanide phenformin also displayed

anti-tumor effect by inhibiting mitochondrial complex I

(Birsoy et al., 2014). Another example is BPTES [bis-2-(5-

phenylacetamido-1, 2, 4-thiadiazol-2-yl) ethyl sulfide], one

inhibitor of glutaminase activity, is being explored for anti-

cancer characteristics (Xiang et al., 2015). Autography offers

amino acids that fuel TCA cycle. Autography inhibition is

confirmed to decrease tumor progression without significant

toxicity in the mouse models of NSCLC and pancreatic

cancers (Son et al., 2013; Karsli-Uzunbas et al., 2014). An

alternative approach is to target acetate metabolism. As

discussed above, mitochondria conventionally provide

acetyl-CoA to the normal cells, whereas cancer cells also

utilize acetate to support cell survival under hypoxia or

nutrient deprivation (Schug et al., 2015). ACCS2, a

cytosolic enzyme that converts acetate to acetyl-CoA, is

dispensable for acetate metabolism and holds great

promise for cancer therapy. In models of hepatocellular

carcinoma, genetic loss of ACSS2 is likely to reduce

tumor burden (Comerford et al., 2014). Human

glioblastoma is sensitive to inhibitors of ACSS2 as well

(Mashimo et al., 2014).

4.2 Reversal of epigenetic dysfunction by
targeting metabolism

Over the past decades, a few studies represent how advances

of metabolic effects on epigenetics can be translated into

potential therapies. One strategy is to reverse epigenetic

dysfunction by targeting cancer metabolism (Table 4).

Glycolysis inhibitors could reverse global histone

hyperacetylation. 2-Deoxyglucose (2-DG), a glucose

analog, is a rate-limiting enzyme for glycolysis. The use of

2-DG inhibits acetyl-CoA levels, which rationally promotes

histone deacetylation in multiple cancer cell lines. Hence,

glycolysis inhibition represents a candidate target for

regulating histone acetylation. Glutaminolysis produces α−
KG and acetyl-CoA. Glutaminase (GLS) is an extensively

investigated target. Relevant inhibitors include CB-839,

compound 968, and BPTEs. For example, compound-968

suppresses histone H3K4me3 in breast cancer and Zaprinast

decreases H3K9Me3 in IDH-mutant cancer cells. The utility

of GLS inhibitors could restore epigenetic dysfunction,

particularly in IDH 1/2-mutant tumors. In addition, IDH

1/2 inhibitors specifically reduce the production of 2-HG

that is an oncometabolite in IDH 1/2-mutant cells. For

instance, AG-221 and AGI-6780 treatment result in

demethylation status of DNA and histone in IDH 2-

mutant tumors; AGI-5198 prompts demethylation of

H3K9me3 and H3K27me3 in chondrosarcoma cells; GSK-

321 causes DNA hypomethylation in AML cells. NNMT

inhibitors lead to reduced SAM levels, which in turn

downregulate histone methylation. The summarized

concepts are illustrated in Table 4.

4.3 Reversal of metabolism rewiring by
targeting epigenetics

Instead, using epigenetic drugs could modulate metabolism

rewiring as well (Table 5).

There are two kinds of DNMT inhibitors therapeutically

targeting DNA methylation, respectively named 5-azacytidine

and 5-aza-2′-deoxycytidine. Both of them have been approved by

FDA to treat myelodysplastic syndrome (MDS). IDH 1/2-mutant

tumors carrying DNA hypermethylation show a high sensitivity

to DNMT inhibitor. In IDH 1-mutant glioma models, both of 5-

azacytidine and 5-aza-2′-deoxycytidine induced tumor

regression. When inducing the differentiation of IDH-mutant
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glioma cells, 5-aza-2′-deoxycytidine displayed a more potent

efficacy than IDH inhibitors. Therefore, targeting epigenetics

is a complementary approach to modulate the effect of

oncometabolites in tumor. HDAC inhibitors could induce

histone acetylation and reverse gene silence caused by

HDACs. Growing evidence suggests HDAC inhibitors

significantly suppressed glycolysis in various cancer types,

such as lung cancer, breast cancer, and multiple myeloma.

These findings manifest that inhibition of HDAC might

reverse glycolytic phenotype. The modulation of SIRT

activator and inhibitor holds promise as their regulatory roles

inmetabolism reprogramming. MiRNA-based therapeutics, such

as miRNA-143, also inhibit glycolysis by targeting hexokinase-II

3′-UTR. More examples are summarized in Table 5.

4.4 Combination therapy of metabolism
and epigenetics

Advancements in the area of cancer drug discovery have

spotlighted on the inhibitors of metabolic pathways and cancer

epigenetics. However, the efficacy of epigenetic inhibitors alone is

not satisfactory, and this approach is usually prone to drug

resistance (Zhang et al., 2020). Also, cancer cell could be

drug-resistant to suppression of a particular metabolic

pathway by upregulating compensatory pathways or

expressing alternative isoforms. Further, inhibitions of

metabolic enzymes might produce systemic toxicity owing to

their physiological role in normal cells (Pearce et al., 2013; Ito and

Suda, 2014; Erez and DeBerardinis, 2015). To achieve the

TABLE 4 Reversal of epigenetic dysfunction by targeting metabolism.

Target
pathway

Metabolic
enzyme

Pharmacological
agents

Mechanism Indications References

Glycolysis Hexokinases 2-DG (phase-I/II) 2-DG suppresses hexokinase that
is a rate-limiting enzyme for
glycolysis; 2-DG reduces acetyl-
CoA level, which inhibits the
acetylation of histones in various
cancer cell lines

lung cancer, breast
cancer, pancreatic
cancer, prostate cancer,
lymphoma

Chen and Guéron, (1992); Liu
et al. (2015)

Glutaminolysis Glutaminase (GLS) CB-839 (phase-I);
Compound-968; Zaprinast

GLS inhibitors reduce acetyl-
CoA and 2-HG level;
Compound-968 decreases
histone H3K4me3 in breast
cancer and Zaprinast reduces
H3K9me3 in IDH1-mutant
cancer cells

AML, ALL, MM, NHL,
pancreatic carcinoma

Robinson et al. (2007); Wang
et al. (2010a); Simpson et al.
(2012a); Simpson et al.
(2012b); Elhammali et al.
(2014)

Serine/glycine
metabolism

PHGDH shRNA to PHGDH Inhibiting the process of de novo
serine synthesis

NA Locasale et al. (2011);
Possemato et al. (2011)

One-carbon
cycle

SAH hydrolase DZNep; Adenosine
Dialdehyde

Both agents could increase the
SAH/SAM ratio and decrease
DNA and histone methylation

NA Jiang et al. (2008); Miranda
et al. (2009); Momparler et al.
(2012); Schäfer and
Balleyguier, (2013);
Momparler and Côté, (2015)

IDH1 inhibitor IDH1-mutant AG-120, IDH305, AG-881,
BAY1436032, FT-2102, AGI-
5198, GSK-321

IDH1 inhibitors suppress the
production of 2-HG that is a kind
of oncometabolite in IDH1-
mutant cells; AGI-5198 prompts
demethylation of H3K9me3 and
H3K27me3 in IDH1-mutant
chondrosarcoma cells; GSK-321
induces DNA hypomethylation
in IDH1-mutant AML cells

AML, solid tumors,
gliomas, hematologic
malignancies

Rohle et al. (2013); Zheng et al.
(2013a); Davis et al. (2014);
Deng et al. (2015); Kim et al.
(2015); Li et al. (2015);
Okoye-Okafor et al. (2015)

IDH2 inhibitor IDH2-mutant AG-221, AG-881, AGI-6780 IDH2 inhibitors suppress the
production of 2-HG that is a kind
of oncometabolite in IDH2-
mutant cells; AG-221 and AGI-
6780 prompt demethylation of
DNA and histone in IDH2-
mutant cancer cells

AML, solid tumors,
gliomas, hematologic
malignancies

Wang et al. (2013); Kernytsky
et al. (2015)

NNMT inhibitor N-Methylnicotinamide Nicotinamide
N-methyltransferase
(NNMT)

NNMT inhibitors reduce SAM
level and histone methylation in
NNMT-overexpressed cells

NA Kraus et al. (2014)

2-DG, 2-Deoxyglucose; GLS, glutaminase; AML, acute myeloid leukemia; ALL, acute lymphocytic leukemia; MM, multiple myeloma; NHL, Non-Hodgkin Lymphoma; NA, not applicable.
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purpose of less toxicity and potent efficiency, a rational strategy is

to develop multiple drug combinations.

As an epigenetic regulator, enhancer of zeste homology

(EZH2) inhibits gene transcription by trimethylation of

histone H3K27 in cancer cells. Mounting evidence has

suggested that EZH2 participated in the alteration of

metabolic profiles in cancer through diverse pathways,

covering glucose, lipid, amino acid metabolism. Meanwhile,

metabolic activities also affect the stability and

methyltransferase activity of EZH2, as some metabolites offer

the donors for EZH2 post-translational modifications (Zhang

et al., 2020). As a promising target, EZH2 inhibitors have been

investigated in preclinical trials, but the effectiveness of

EZH2 inhibitors alone is not satisfactory (De Raedt et al.,

2011; Baude et al., 2014; Huang X. et al., 2018). Recently,

researchers have found EZH2 inhibitor is able to weaken drug

resistance caused by metabolic activities in tumor. Solid tumor is

subject to hypoxia and glutamine deficiency because of the

underdeveloped vascular system. Hypoxia induces a metabolic

switch from oxidative to glycolytic metabolism, promoting the

dedifferentiation of tumor cells and inducing resistance to radio-

and chemotherapy. However, EZH2 inhibitors could directly

block H3K27 methylation and consequently activate the

transcription of pro-differentiation genes. Also, metabolic

pathway is likely to downregulate EZH2 activity and thereby

acts synergistically with EZH2 inhibitors (Zhang et al., 2020).

More specifically, AMPK is activated in response to energy stress

(glucose deficiency) and phosphorylates EZH2 (Cha et al., 2005).

AKT-mediated phosphorylation of EZH2 suppresses

trimethylation of lysine 27 in histone H3, facilitating the

transcription of target genes to suppress tumor growth (Cha

et al., 2005; Priebe et al., 2011; Gao et al., 2014; Kim and Yeom,

2018). Therefore, a combination of EZH2 inhibitors with

metabolic regulators is a novel strategy to rescue the poor

effectiveness of EZH2 inhibitor alone (Zhang et al., 2020).

Briefly, epigenetic and metabolic alterations mediated by

EZH2 are highly interlaced, demonstrating a synergistic effect

in treating malignancy.

A model whereby linked metabolic-epigenetic programs

reflects a new idea to target such an integrated axis. A study

(McDonald et al., 2017) on the evolution of pancreatic ductal

adenocarcinoma (PDAC) introduced an epigenetic mechanism

that links glucose metabolism to distant metastasis. Remarkably,

oxidative branch of the Pentose Phosphate Pathway (ox-PPP)

TABLE 5 Reversal of metabolism reprogramming by targeting epigenetics.

Inhibitors Target enzyme Pharmacological
agents

Mechanism Indication References

DNMT inhibitor DNA
methyltransferases

Azacitidine (approved) Non-selective inactivating DNMT1,
DNMT3A, and DNMT3B; Reversing the
hypermethylation status in IDH1-mutant
glioma cells

MDS, AML Borodovsky et al. (2013); Turcan
et al. (2013)Decitabine (approved)

Guadecitabine
(phase-III)

KDM inhibitor LSD1 (Lysine
demethylase)

ORY-1001 (phase-I) Inhibiting histone demethylation AML,
SCLC, MDS

NCT02913443

GSK2879552 (phase-I) NCT02177812

NCT02034123

HDAC inhibitor Histone deacetylases Romidepsin (approved) Prompting histone acetylation; Reducing
glucose uptake, glycolytic flux, and lactate
metabolism

T-cell
Lymphoma,
MM

Wardell et al. (2009);
Alcarraz-Vizán et al. (2010);
Amoêdo et al. (2011); Rodrigues
et al. (2015)

Vorinostat (approved)

Panobinstat (approved)

Belinostat (approved)

SIRT activator
and inhibitor

SIRT6 (Histone
deacetylases)

Linoleic acid Activating or inhibiting histone
deacetylation; Free fatty acid activates
SIRT6 that inhibits glycolysis

Unknown Feldman et al. (2013)

Myristic acid

Oleic acid

miRNA
modulator

miRNAs miRNA mimics miRNA reversed silenced miRNA function;
miRNA-143 could inhibit glycolysis by
targeting hexokinase-II 3′-UTR; Anti-
miRNA-21 could restore PTEN expression

Unknown Meng et al. (2007); Gregersen et al.
(2012)miRNA sponges

antisense
oligonucleotides

DNMT, DNA, methyltransferase; KDM, lysine demethylase; HDAC, histone deacetylase; SIRT, sirtuin; miRNA, microRNA; MDS, myelodysplastic syndrome; AML, acute myeloid

leukemia; SCLC, small cell lung cancer; MM, multiple myeloma; 3′-UTR, 3′-untranslated region.
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was a driving force for epigenetic programming (histone

H3K9 and DNA methylation) that enhanced tumorigenic

fitness during the distant metastasis. Hence, targeting ox-PPP

to reverse malignant epigenetic programs could be effective in

metastatic PDAC. Another best-studied example is the use of

AMPK activator metformin, which decreased EZHIP protein

concentrations, elevated H3K27me3, inhibited TCA cycle, and

suppressed tumor growth. Consequently, targeting integrated

epigenetic-metabolic pathway shows hopeful therapeutic

efficacy in mice models transplanted with PFA ependymomas

(Panwalkar et al., 2021).

Oncogenic signal pathways also play important roles in novel

combination therapy. A distinct work on melanoma demonstrated

that reduced α-KG levels result in histone hypermethylation and

develop the resistance toBRAF inhibitors. The combination of histone

methyltransferase and BRAF inhibitors was sufficient to overcome

resistance (Pan et al., 2016). Also, liver kinase B1 (LKB1)-deficiency

tumors carrying KRAS activation would accompany with SAM

production, leading to more potent methyltransferase activity and

increased DNA methylation levels (Kottakis et al., 2016). Combined

inhibition of DNA methyltransferase and serine metabolism could

attack LKB-loss tumors with KRAS-positive more aggressively.

Taken together, our understanding in targeting both altered

metabolism and epigenetics remains at a very early stage.

Whether these two hallmarks exert synergistic functions in

tumor is less explored, though there are a few well-elaborated

agents in ongoing clinical trials (Table 6).

5 Epigenetic, metabolic, and immune
crosstalk

5.1 Principles linking cancer metabolism,
epigenetics, and immunity

In the traditional viewpoint, immunological memory is a unique

feature of the adaptive immune system (Netea et al., 2020a).

However, “Trained immunity” is a relatively new term that refers

to myeloid cells from the innate immune system also display

memory capacity after pathogen exposure (Dominguez-Andres

and Netea, 2019; Netea et al., 2020b; O’Neill and Netea, 2020).

After the first stimuli, innate immune cells, such as macrophage and

monocyte, are epigenetically programmed (Fanucchi et al., 2021).

These epigenetic modifications unfold chromatin and expose

promoter and enhancer regions controlling immune-associated

genes, enabling them accessible to transcription factors (Klemm

et al., 2019) and permitting cells to maintain a “trained” state after

rechallenge (Saeed et al., 2014). Specifically, H3K4me3 frequently

occurs on gene promoters; H3K4me1 and H3K27Ac accumulates

on enhancers (Quintin et al., 2012; Novakovic et al., 2016). As such,

upon the secondary stimulus, immune genes are more robustly

transcribed (Fanucchi et al., 2021).

In addition, some metabolites act as substrates or co-

factors for epigenetic enzymes, which alter chromatin state

to cause transcriptional changes that are causal to trained

immunity (Fanucchi et al., 2021). For example, acetyl-CoA

mediates histone acetylation following immune stimuli

(Wellen et al., 2009; Christ and Latz, 2019), while SAM

level regulates DNA and histone methylation to control

trained immunity (Mentch et al., 2015; Ji et al., 2019). On

the contrary, NAD+ assist histone deacetylation to block

trained immunity (Yeung et al., 2004; Zhong et al., 2010;

Lo Sasso et al., 2014; Jia et al., 2018). α-KG-derived

metabolites reduce histone demethylation by competing

with α-KG-dependent KDM5 histone demethylase (Sowter

et al., 2003; Cheng et al., 2014). Explicitly, human monocytes

exposed to β-glucan will have higher concentrations of

α-KG-derived metabolites and lower activity of

KDM5 demethylases, which is associated with less

H3K4me3 demethylation and higher gene expression

(Fanucchi et al., 2021). Overall, the induction,

maintenance, and regulation of “trained immunity” is

based on the complex interplay between epigenetics and

metabolism.

TABLE 6 Ongoing clinical trials of combined anti-epigenetic drugs and anti-metabolism drugs.

Identifier Start year Combination therapy Conditions Phase Enrollment

Anti-epigenetics
drug

Anti-metabolism drug

NCT02719574 2016 Azacitidine FT-2102 AML/MDS I/II 336

NCT02677922 2016 Azacitidine AG-120 AML I/II 131

NCT03173248 2017 Azacitidine AG-120 AML III 148

NCT03471260 2018 Azacitidine AG-120 Hematologic malignancies I/II 30

NCT03683433 2018 Azacitidine AG-221 AML II 50

NCT03684811 2018 Azacitidine FT-2102 Solid tumors and gliomas I/II 200

NCT04774393 2021 Decitabine AG-120/AG-221 AML I/II 84

AML, acute myeloid leukemia; MDS, myelodysplastic syndrome; DNMT, inhibitors: Azacitidine; Decitabine. IDH, inhibitors: AG-120 (Ivosidenib); AG-221 (Enasidenib); FT-2102.
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Apart from trained immunity, the crosstalk of metabolism and

epigenetics has been reported in T cell (Bailis et al., 2019) and

macrophage activation (Liu et al., 2017). A recent study has shown

that both mitochondrial citrate export and malate-aspartate shuttle

favor histone acetylation and influence the expression of specific

genes involved in T cell activation (Bailis et al., 2019). Also, a

research figured out α-KG produced from glutamine metabolism

orchestrates M2 macrophage activation by Jmjd3-dependent

epigenetic remodeling (Liu et al., 2017). Specifically,

H3K27me3 is a repressive epigenetic marker that downregulates

the expression ofM2macrophagemarker genes (Ishii et al., 2009). It

is notable Jmjd3 is a crucial enzyme for demethylation of H3K27

(Satoh et al., 2010). α-KG derived from glutamine metabolism could

facilitate epigenetic changes in a Jmjd3-dependent demethylation of

H3K27 on the promoters of M2-specific marker genes (Bailis et al.,

2019). This result indicates α-KG and Jmjd3 synergistically

TABLE 7 Ongoing clinical trials of combined anti-epigenetic drugs and immune checkpoint inhibitors.

Identifier Start year Combination therapy Conditions Phase Enrollment

DNMT inhibitors Checkpoint inhibitor

NCT02608437 2015 Guadecitabine Ipilimumab Metastatic melanoma I 19

NCT02530463 2015 Azacitidine Ipilimumab/Nivolumab MDS/Leukemia II 160

NCT02957968 2016 Decitabine Pembrolizumab Breast cancer II 32

NCT02890329 2016 Decitabine Ipilimumab MDS/AML I 48

NCT02664181 2017 Decitabine Nivolumab NSCLC II 13

NCT03094637 2017 Azacitidine Pembrolizumab High-risk MDS II 37

NCT03264404 2017 Azacitidine Pembrolizumab Pancreas cancer II 31

NCT03019003 2017 Azacitidine Durvalumab Head and neck cancer I/II 13

NCT03308396 2017 Guadecitabine Durvalumab Kidney cancer Ib/II 57

NCT04510610 2019 Decitabine Camrelizumab Hodgkin lymphoma II/III 100

NCT04353479 2020 Decitabine Camrelizumab AML II 29

Identifier Start Year Combination Therapy Conditions Phase Enrollment

HDAC Inhibitors Checkpoint Inhibitor

NCT02616965 2015 Romidepsin Brentuximab vedotin T-cell lymphoma I 27

NCT03024437 2017 Entinostat Atezolizumab Renal cancer I/II 72

NCT03848754 2019 Pracinostat Gemtuzumab ozogamicin AML I 14

NCT03903458 2019 Tinostamustine Nivolumab Advanced melanoma IB 21

NCT03820596 2019 Chidamide Sintilimab NK/T-cell lymphoma I/II 50

NCT04651127 2020 Chidamide Toripalimab Cervical cancer I/II 40

NCT04562311 2020 Chidamide Tislelizumab Bladder cancer II 43

Identifier Start Year Combination Therapy Conditions Phase Enrollment

KMT6A Inhibitor Checkpoint Inhibitor

NCT03525795 2018 CPI-1205 Ipilimumab Advanced solid tumor I 24

NCT03854474 2019 Tazemetostat Pembrolizumab Bladder cancer I/II 30

Identifier Start Year Combination Therapy Conditions Phase Enrollment

KDM1A inhibitor Checkpoint Inhibitor

NCT02712905 2016 INCB059872 Nivolumab Hematologic tumor I/II 116

NCT02959437 2017 INCB059872 Pembrolizumab Hematologic tumor I/II 70

MDS, myelodysplastic syndrome; AML, acute myeloid leukemia; NSCLC, non-small cell lung cancer.
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promotes macrophage activation. Consequently, an attractive

strategy is to modulate glutamine metabolism to harness

macrophage-mediated immune responses.

5.2 Rational for novel immunotherapy-
based combinations

Cancer immunotherapy is rapidly developing in various

research settings, including CAR-T cell therapy, immune

checkpoint inhibitors, and adoptive transfer of tumor

infiltrating lymphocytes (Rosenberg et al., 1988; Zhao et al.,

2005; Robbins et al., 2011; Rosenberg et al., 2011; Rosenberg,

2012; Topalian et al., 2012; Maude et al., 2014). An innovative

strategy is the combination of immunotherapy with either

epigenetic inhibitors or metabolic inhibitors, or a triple

combination of them.

Epigenetics and immunology are both fast-developing fields

in cancer biology. Recent evidence provides unique

opportunities to combine epigenetics-based drugs with

immunotherapy (Zhang et al., 2020). Epigenetic-based drugs

include four pan-HDAC inhibitors and two DNMT inhibitors

approved by FDA before 2020 (Knutson et al., 2012; Yu et al.,

2017). These agents are able to change the immunosuppressive

tumor microenvironment and increased tumor-infiltrating

lymphocytes (Yanagida et al., 2001; Wang L. et al., 2010; Li

et al., 2013; Anwar et al., 2018), leading to enhanced tumor-

associated antigen presentation, activation of DC cells,

suppression of T cell exhaustion. Similar changes in TME

are also observed in tumor tissues treated with other agents,

such as inhibitors of KMT6A (EZH2), KDM1A (LSD1),

PRMT5, and BET proteins (Hemmings and Restuccia, 2012;

Kikuchi et al., 2015; Garcia and Shaw, 2017; Herzig and Shaw,

2018; Hoxhaj and Manning, 2020). Consequently, given that

epigenetic drugs boosting antitumor immune response,

immune checkpoint blockade therapies (ICBTs) and

epigenetic-based inhibitors exert synergistic functions to

sensitize less-immunogenic tumors and prevent both

primary and acquired resistance (Zhang et al., 2020).

There are numerous ongoing clinical trials summarized in

Table 7.

Metabolism can be modulated in vivo to govern anti-tumor

T cell longevity and functionality, which determines the efficacy

of immunotherapy (Chang and Pearce, 2016; O’Neill et al., 2016).

The modulation of T cell metabolism is a promising strategy to

enhance or suppress immune response (O’Sullivan and Pearce,

2015), as the characteristics of T cells are critical to determine

clinical outcomes (Klebanoff et al., 2012). Several advances have

been made in preclinical models. For example, when treating

vascularized melanoma, limiting the ability of T cells engaged in

glycolysis through suppression of hexokinase by 2-DG could

ultimately leads to enhanced anti-tumor efficacy (Sukumar et al.,

2013). Additionally, metabolic reprogramming occurs in other

immune cells within tumor microenvironment, such as

FIGURE 3
The crosstalk between metabolism and epigenetics in tumorigenesis.
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macrophages and dendritic cells (DCs). One research (Yan et al.,

2021) put forward strategies to enhance cancer immunotherapy

by manipulating metabolism reprogramming. For example, CB-

839 is a glutaminase inhibitor that has been explored in

numerous clinical trials with or without the combinations of

immunotherapy (Cerezo and Rocchi, 2020). Acetyl-CoA

acetyltransferase 1 (ACAT1) inhibitors could enhance the

activity of CD8+ T cells and reduce the inflammatory

response. Hence, ACAT1 might be a potential target to

optimize immunotherapy (Yang et al., 2016; Huang L. H.

et al., 2018; Bi et al., 2019). Indoleamine 2,3-dioxygenase

(IDO) is responsible for the conversion of tryptophan to

kynurenine in tumors. Blocking IDO can decrease Treg cells

and preserve the functionality of T cells. Combination of IDO

inhibitors (epacadostat) and immune checkpoint inhibitor

(pembrolizumab) has been shown safe enough in clinical

trials, though its efficacy needs further investigation

(Prendergast et al., 2017; Komiya and Huang, 2018; Long

et al., 2019). In summary, glutamine, acetyl-CoA

acetyltransferase 1 (ATAC1), indoleamine 2,3-dioxygenase

(IDO), lactate, and Toll-like receptors (TLRs) are likely to be

considered as novel “metabolic checkpoints”, targeting of which

could assist immune cells to achieve better anti-tumor effect.

Noteworthily, epigenetic, metabolism, and immune crosslink in

germinal-cancer-derived B-cell lymphomas (GCB) uncover a

rational triple combination therapy (Serganova et al., 2021). GCB

lymphoma is significantly heterogenous based on genetic, epigenetic,

and clinical characteristics. Epigenetic dysfunction, such as gain-of-

function mutations of EZH2 and loss-of-function mutations of

CREBP and EP300, disrupts the normal biological link between

lymphoma cells and immune TME, and motivates immune evasion

in GCB lymphoma. Also, lymphoma metabolism adaptions might

aggravate immunosuppression, leading to poorly infiltrated effector

T-cell. Considering the impacts of cancer metabolism on epigenetic

modifier and immune microenvironment, triple combination

therapy is a logic and feasible strategy for future treatment.

6 Perspectives

As reviewed, epigenetics and metabolism are highly

interconnected in a reciprocal manner (Figure 3). Such a

relationship is accentuated by the reversibility of both

processes (Henikoff and Matzke, 1997). A major goal in

exploring metabolism-dependent epigenetic modifications is

the hope of identifying novel targets for cancer therapy.

However, some aspects pertaining to metabolic-epigenetic axis

in cancers remain poorly understood.

Firstly, tumor heterogeneity is a major challenge that limits our

understanding (Hensley et al., 2016). Inconsistent metabolic

phenotypes were observed in various tumor tissues. Hence, tumor

heterogeneity allows cancer cells to escape the deleterious attacks of

inhibitors (Thakur and Chen, 2019). Secondly, the downstream

factors mediating the tumorigenic activity of oncometabolites

remains largely unknown. Thirdly, enzymatic parameters, such as

Km, Vmax, and allosteric and inhibitory binding constants, constitute

the basic element of the biochemistry (Reid et al., 2017). It is difficult

to define physiological conditions in which the concentration

dynamics of substrates and co-factors causally underlie an

alteration of chromatin status. Discrepancies exist between artificial

culture in vitro and physiological environment in vivo (Davidson et al.,

2016). Another complexity is the precise input of metabolism into

chromatin modifications, as both activation and suppression of

histone marks need metabolites. For instance, how to predict the

changes of SAM level establish the overall chromatin state and

epigenetic phenotype. Additionally, though a bunch of metabolic

enzymes function in nucleus have been identified, their individual

contribution to epigenetic alterations was less defined. Robust

experimental methods are needed to obtain accurate

measurements of metabolites in specific cellular domain. Despite

much interest in targeting both metabolism and epigenetics, poorly

understood layers that whether these two hallmarks confer

dependencies in tumors synergistically still exist.

In-depth connection between oncogenic signaling,

metabolism, epigenetics, and immunity in cancer would

facilitates effective designing of novel targeted drugs, which is

the premise of precision medicine. It is anticipated that multiple

combination therapies hold opportunities to improve care of

cancer patients. Nevertheless, several outstanding challenges will

be the major goal of future study.
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Glucose-6-phosphate dehydrogenase (G6PD) is the only rate-limiting enzyme

in the pentose phosphate pathway (PPP). Rapidly proliferating cells require

metabolites from PPP to synthesize ribonucleotides and maintain intracellular

redox homeostasis. G6PD expression can be abnormally elevated in a variety of

cancers. In addition, G6PD may act as a regulator of viral replication and

vascular smooth muscle function. Therefore, G6PD-mediated activation of

PPP may promote tumor and non-neoplastic disease progression. Recently,

studies have identified post-translational modifications (PTMs) as an important

mechanism for regulating G6PD function. Here, we provide a comprehensive

review of various PTMs (e.g., phosphorylation, acetylation, glycosylation,

ubiquitination, and glutarylation), which are identified in the regulation of

G6PD structure, expression and enzymatic activity. In addition, we review

signaling pathways that regulate G6PD and evaluate the role of oncogenic

signals that lead to the reprogramming of PPP in tumor and non-neoplastic

diseases as well as summarize the inhibitors that target G6PD.

KEYWORDS

glucose-6-phosphate dehydrogenase, pentose phosphate pathway, post-translational
modifications, metabolic reprogramming, tumorigenesis

Introduction

Glucose-6-phosphate dehydrogenase (G6PD) is the only rate-limiting enzyme in the

pentose phosphate pathway (PPP). PPP flow is therefore mainly regulated through G6PD

expression or enzyme activity. PPP involves the formation of a bypass from glucose-6-

phosphate, an intermediate product of glycolysis, which produces fructose-6-phosphate
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and glyceraldehyde-3-phosphate through two stages of oxidation

and group transfer back to glycolysis, also referred to as the

hexose monophosphate shunt.

PPP takes place in the cytoplasm and comprises oxidative

(oxPPP) and nonoxidative (non-oxPPP) phases. In the oxidative

phase, G6PD catalyzes glucose-6-phosphate to generate

nicotinamide adenine dinucleotidephosphate (NADPH) and

6-phosphogluconolactone in an NADP+-dependent manner.

NADPH is required for the synthesis of both intracellular

fatty acids and cholesterol. It also scavenges reactive oxygen

species (ROS) and maintains the reduction state of glutathione to

combat oxidative stress. As a consequence, cells with a high

demand for NADPH, such as tumor cells, exhibit a metabolic

vulnerability that could be targeted by the inhibition of G6PD as

a therapeutic strategy (Ju et al., 2020). Another important

product of the non-oxPPP is ribose-5-phosphate (R5P), which

provides important precursors for nucleotide synthesis. Rapidly

proliferating cells require products to build cell blocks and

maintain intracellular redox homeostasis (Rao et al., 2015). In

addition, metabolites in the PPP can function as signaling

molecules for the regulation of gene expression (Lin et al.,

2015; Gao et al., 2019).

In this review, we focus on current findings in post-

translational modifications (PTM) of G6PD and their roles in

tumorigenesis and pathogenesis of non-neoplastic diseases.

Transcriptional regulation of G6PD

Transcription factors regulate G6PD
expression

G6PD consists of 13 exons and 12 introns, which encode a

product of 1,545 bp. The characterization of the promoter region

shows 1) a high level (70%) of guanine and cytosine content; 2) a

TATA box, which controls the accuracy and frequency of

transcription initiation and is located in the -202 bp region

upstream of the G6PD transcription start site (Gomez-Manzo

et al., 2016). The promoter region of G6PD contains multiple

binding sites for transcription factors. The transcription factors

FIGURE 1
Transcriptional regulation of G6PD. The cartoon diagram on display consists of three main parts. On the left, activation of NF-ĸB in response to
cellular stresses or the PIEKA-FYN complex leads to the phosphorylation and activation of STAT3, which results in the translocation of p-STAT3 to the
nucleus and binding to the G6PD promoter enhancing transcription. In the middle section, signals regulate the expression of HMGA1 to promote
G6PD transcription. On the right side, HBV protein forms a complex with intracellular protein p62 and KEAP1, resulting in translocation of
NRF2 into the nucleus to promote G6PD expression. At the bottom,methylation and acetylation of histones are involved in transcriptional regulation
of G6PD.
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NeuroD1 (Li Z. et al., 2021), HMGA1 (Zhang R. et al., 2019;

Gong et al., 2020), YY1 (Wu et al., 2018), c-MYC (Yin et al.,

2017), p65 (Zhang et al., 2020), TAp73 (Du et al., 2013), Nrf2 (Liu

et al., 2015; Zhang H.-S. et al., 2019; Lv et al., 2022), and pSTAT3

(Zhang et al., 2020; Sun M. et al., 2021) can directly and

individually regulate G6PD transcription by binding to the

G6PD promoter region (Figure 1). Additionally, dual

transcription factors from the p65/pSTAT3 complex bind to

the pSTAT3 binding site rather than the p65-binding site in the

G6PD promoter region to stimulate G6PD transcription (Zhang

et al., 2020).

Transcriptional coactivators/repressors
regulate G6PD expression

Transcriptional coactivators or corepressors are also involved

in the regulation of G6PD transcription. Coactivators and

repressors, which are cellular proteins that contain a DNA

binding domain without directly binding to the promoter,

assemble with transcription factors to form transcriptional

complexes that enhance or repress gene transcription,

respectively. In pancreatic ductal adenocarcinoma cells, the

transcriptional coactivator yes-associated protein 1 interacts

with TEA domain transcription factor 1 to regulate G6PD

expression (Nie et al., 2021). In addition, HATs are involved in

the regulation of transcription as coactivators. Acetylation of

histones regulated by HATs loosens chromosome structure and

facilitates the binding of DNA to transcription factors (Li W. et al.,

2021). Histone deacetylase inhibitors (HDACs), NaBu, increases

G6PD transcription by recruiting transcription factor Sp1

(Makarona et al., 2014). On the other hand, HDACs are

transcriptional corepressors capable of transcriptional repression

or silencing. For example, liver kinase B1 (LKB1)–AMP-activated

protein kinase (AMPK) axis-mediated phosphorylation of histone

deacetylase 10 (HDAC10) promotes its translocation to the

nucleus to regulate G6PD expression (Shan et al., 2019).

Non-coding RNA regulates the expression
of G6PD

Small non-coding RNAs are also involved in the regulation of

G6PD expression.MultiplemicroRNAbinding sites exist in the 3′UTR
region of G6PD. MIR-206, a skeletal muscle-specific microRNA, is a

key regulator in skeletal muscle development.MIR-206 functions pro-

myogenically through direct binding ofG6PD to restore differentiation

of rhabdomyosarcoma cells (Coda et al., 2015). In addition, it can

inhibit skeletal muscle cell proliferation by targetingG6PD (Jiang et al.,

2019). MicroRNA has also been reported to inhibit tumor growth by

targetingG6PD. In renal cell carcinoma, large-scale transcriptome and

metabolic analyses showed that miR-146a-5p and miR-155-5p were

involved in PPP reprogramming (Boguslawska et al., 2019).

Furthermore, LINC00242 competitively bound miR-1-3p to free

G6PD from miR-1-3p-mediated repression promoting gastric

cancer progression (Deng et al., 2021).

Post-Translational modification
regulates G6PD expression in
tumorigenesis

PTM of histones is an important epigenetic mechanism

regulating the transcriptional activity of G6PD. Both acetylation

and methylation modifications of histones have been identified as

regulators of G6PD expression. Inhibition of histone deacetylase

leads to the recruitment of transcription factor sp1 to the promoter

region of G6PD (Makarona et al., 2014), which result in the

increase in G6PD expression, suggesting that acetylation may

be involved in the transcriptional regulation of G6PD. Recently,

increased levels of H3K27Ac have been identified in the G6PD

promoter region promoting HDAC10-driven transcription (Shan

et al., 2019). Methylation modifications of histone lysine residues

were also characterized as regulators of G6PD transcription.

H3K9 methylation at G6PD promoter was significantly

enriched, leading to the inhibition of G6PD expression (Lu

et al., 2022). However, the specific lysine methyltransferases or

demethylases that mediate histone methylation in G6PD

transcription remains unclear.

In addition to regulating G6PD expression at the

transcriptional level, PTMs are also involved in the stability of

G6PD through the ubiquitin-proteasome system. Hypoxia

activates G6PD expression, which could be reversed by ROS

scavengers, suggesting that hypoxia may increase G6PD

expression by inducing ROS accumulation. On the other hand,

although G6PD expression is significantly reduced under hypoxic

conditions and reversed by the proteasome inhibitor MG132, the

specific mechanism remains unclear (Chettimada et al., 2015).

Recently, von Hippel-Lindau (VHL) E3, an ubiquitin ligase, was

found to be involved in the regulation of G6PD stability. VHL

directly binds and ubiquitinates G6PD at the K366 and K403,

which in turn degrades G6PD (Wang et al., 2019). In addition,

SUMOylation and ubiquitination synergistically regulate the

stability of G6PD. Silent information regulator 2 (Sirt2) directly

binds to G6PD to increase enzyme activity through enhanced

SUMOylation and inhibition of ubiquitination (Ni et al., 2021).

Post-Translational modification of
G6PD regulates enzyme activity in
tumorigenesis

G6PD phosphorylation

Phosphorylation modifications occur mainly on serine,

tyrosine, and threonine residues, in which the hydroxyl group
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can be dehydrated with the phosphate group to form phosphate

esters. Gu et determined, using mass spectrometry, that NF-κB-
inducing kinase phosphorylation of G6PD at S40 enhances the

enzymatic activity and promotes CD8+ effector T cells (Gu et al.,

2021). Most reports have focused on the phosphorylation of

G6PD tyrosine sites (Pan et al., 2009; Ma et al., 2021). G6PD is a

substrate of the non-receptor tyrosine kinase family member Src.

Several tyrosine sites of G6PD can be phosphorylated by Src,

FIGURE 2
G6PD post-translational modifications. Phosphorylation, glycosylation, acetylation and glutarylation modifications regulate G6PD enzyme
activity and specific sites identified are shown in the central circle. Ubiquitination and SUMOylation are synergistically involved in the regulation of
G6PD protein stability. Acetylation and methylation of histones H3K27 and H3K9 regulate G6PD transcriptional expression, respectively.

FIGURE 3
Schematic diagram of G6PD (PDB: 2BH9) dimer. A dimer consisting of two G6PD monomers, each of which includes a catalytic NADP+ and
structural NADP+, respectively. The G6PD K403, Y401 and T406 sites are located close to the structural NADP+.
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including Y112, Y428, and Y507. Among them, Y112 is

considered to be the most important phosphorylation site of

Src and phosphorylation at this site increases the enzymatic

activity of G6PD and enhances PPP flow to promote

tumorigenesis (Pan et al., 2009; Ma et al., 2021). Other

members of the Src family can also directly bind

phosphorylated G6PD. Fyn, a member of the SRC family,

phosphorylates Y401 increasing the enzymatic activity of

G6PD more than three-fold in erythrocytes (Mattè et al.,

2020). In addition, salt-inducible kinase 3 (SIK3), a serine/

threonine kinase, binds and phosphorylates G6PD at

Y384 enhancing its enzymatic activity (Teesalu et al., 2017).

Protein kinase A (PKA) inhibits the expression of SIK3 (Wang

et al., 2011), which suggests that PKA and SIK3 may play

opposing roles in the regulation of G6PD activity. This is

consistent with previous reports that PKA inhibits G6PD

enzyme activity (Xu et al., 2005). In addition to tyrosine and

serine as potential phosphorylation sites for G6PD, G6PD is

phosphorylated by polo-like kinase 1 at T406 and T466 sites

increasing its enzymatic activity (Ma et al., 2017).

G6PD O-linked GlcNAc

O-linked β-N-Acetylglucosamine (O-GlcNAc) is a reversible

post-translational modification that occurs on serine or

threonine residues. This process is regulated by the addition

or removal of O-GlcNAc for O-GlcNAc transferase (OGT) and

O-GlcNAcase (OGA), respectively (Zeng et al., 2016). Recent

findings indicate that G6PD is dynamically O-GlcNAcylated at

serine 84, which dramatically increases the enzymatic activity of

G6PD.Meanwhile, G6PD glycosylation enhances PPP flow to the

building blocks of macromolecular biosynthesis promoting the

proliferation of tumor cells (Rao et al., 2015). Hypoxic or ERK-

induced G6PDO-GlcNAcylation levels are increased in an OGT-

dependent manner (Rao et al., 2015; Su et al., 2021). Thus, in

addition to directly targeting the enzymatic activity of G6PD,

targeting OGT may also be an effective strategy for inhibiting

G6PD enzyme activity.

G6PD acetylation

The level of acetylation of certain proteins in cells is

determined by the balance between histone deacetylases

(HDACs) and histone acetyltransferase (HATs), enzymes that

add or remove acetyl groups from lysine residues, respectively (Li

W. et al., 2021). KAT9/ELP3, an acetyltransferase, mediates

G6PD K403 acetylation to inhibit the enzymatic activity of

G6PD (Wang et al., 2014). Conversely, deacetylation of G6PD

mediated by deacetylase Sirt2 enhances the enzymatic activity of

G6PD and counteracts excessive oxidative stress (Wang et al.,

2014; Xu et al., 2016). Furthermore, a report by Zhang et al.

indicates that Sirt2 can bind to G6PD and regulate the

deacetylation of G6PD K171 promoting the progression of

hepatocellular carcinoma (Zhang et al., 2021). In addition to

its role as a deacetylase involved in the regulation of G6PD

enzyme activity, Sirt2 also maintains the stability of G6PD (Ni

et al., 2021). Aspirin, a common clinical analgesic and antipyretic

drug, has also been reported to be involved in the regulation of

acetylation. It has been shown that aspirin inhibits tumor cell

proliferation by inducing G6PD acetylation and correspondingly

reducing the enzymatic activity of G6PD to increases oxidative

stress (Raza et al., 2011; Ai et al., 2016).

Newly identified post-translational
modifications of G6PD

Several novel post-translational modifications located on

histone lysine residues have been identified including

propionylation, butyrylation, 2-hydroxyisobutyrylation,

succinylation, malonylation, glutarylation, crotonylation, and β-
hydroxybutyrylation (Sabari et al., 2017). Notably, there are

acylation modifications that are not exclusively restricted to

histones. Deglutarylation of G6PD by deacylasesirtuin

5 increases its enzymatic activity (Zhou et al., 2016). Moreover,

alterations in H4K8 2-hydroxyisobutyrylation can affect

intracellular glucose metabolism (Huang et al., 2017), but

whether G6PD is capable of 2-hydroxyisobutyrylation requires

further investigation. On the other hand, the lactylation

modification of histone lysine residues has been widely studied

(Zhang D. et al., 2019). Existing studies have shown that P300 and

HDAC1/3 act as lactylation modification “writers” or “erasers” to

add or remove lactic acid groups on lysine residues of histones in

macrophages, respectively (Zhang D. et al., 2019; Moreno-Yruela

et al., 2022). Consistent with glutarylation modifications,

lactylation modifications also occur in non-histone proteins.

Glycolysis-derived lactate has been found to increase high

mobility group box protein 1 lactylation to induce its ectopic

transfer from the nucleus to the cytoplasm, enhancing its release

from macrophages via exosomes (Yang et al., 2022). In

conclusion, these newly identified post-translational

modifications are not only restricted to histones (Sabari et al.,

2017), but also other proteins (Yang et al., 2022), including G6PD

(Zhou et al., 2016). Location and/or enzymatic activity of these

targets are hence regulated through these post-translational

modifications (Figure 2).

Post-Translational modifications
modify G6PD structure

The G6PD protein is composed of approximately 515 amino

acid polypeptides and has an apparent molecular mass of

approximately 59 kD. G6PD exist as an inactive monomer
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and active dimer as well as a tetramer (Hilf et al., 1975). Various

factors, including pH value and ionic strength, affect the

formation of dimers and tetramers. High values of pH and

ion concentration promote the conversion of tetramers to

dimers. Conversely, mild oxidative treatment results in the

accumulation of tetramers with a corresponding decrease in

dimers. Thus, there is an equilibrium between the dimers and

tetramers (Hilf et al., 1975). In addition to factors regulating the

structure of G6PD, NADPH converts dimers, but not tetramers,

to monomers (Bonsignore et al., 1971). Therefore, NADPH is

considered a potent inhibitor of G6PD. Depletion of NADP+, a

G6PD coenzyme, results in the conversion of the G6PD dimers

into monomers; reincubation of NADP+ with the dissociated

protein restores dimer expression. This indicates that dimers and

monomers can be reversibly converted into each other

(Cancedda et al., 1973; Au et al., 1999).

PTM modification of G6PD is involved in the regulation of

dimerization. The G6PD molecule has two NADP+ binding sites

including a structural NADP+ binding site and a coenzyme

NADP+ binding site (Kotaka et al., 2005). Structural NADP+

sites are closer to the dimeric interface of G6PD than those of

coenzyme G6PD sites, thus structural NADP+ binding sites are

more important in regulating G6PD enzymatic activity and

structural integrity than coenzyme structural sites (Au et al.,

2000). In G6PD class I mutants, mutations located at the dimer

interface and close to the NADP+ structural site lead to a 90% loss

of function (Horikoshi et al., 2021), which further suggests that

the NADP+ structural site is involved in the regulation of enzyme

activity. A total of 57 amino acids have been identified at the

dimer interface of G6PD, three of which are involved in dimer

and monomer conversions, with the remaining sites in need of

further investigation. In addition, mutations in T406, K403, and

Y401 proteins, located at the dimer interface, promote the

conversion of G6PD dimers to monomers. Specifically, FYN

and Plk1 are directly phosphorylated to activate G6PD K401 and

K406, promoting dimer formation and increasing enzyme

activity, respectively (Ma et al., 2017; Mattè et al., 2020). In

addition, KAT9-mediated acetylation of G6PD (K403) inhibits

dimer formation of G6PD (Wang et al., 2014) (Figure 3).

G6PD-Rrgulated downstream
signalings

G6PD inhibits ferroptosis

Ferroptosis is a novel type of iron-dependent regulated cell

death (Dixon et al., 2012). Morphologically, ferroptosis is

characterized by an increase in mitochondrial membrane

density, reduction or disappearance of mitochondrial cristae,

and rupture of the external mitochondrial membrane.

Mechanistically, the accumulation of lipid peroxidation by the

Fenton reaction between iron ions and ROS in cells leads to

ferroptosis. NADPH is an important intracellular reducing

equivalent to neutralize ROS and maintain redox homeostasis.

According to the MetaCyc database (Caspi et al., 2020), there are

at least 143 reactions for the conversion of NADP to NADPH,

but only a limited number of these reactions are considered to be

contributed significantly from NADP to NADPH conversion.

The major source of NADPH in mammals is folate metabolism

(methylenetetrahydrofolate dehydrogenase), glutaminolysis

(malic enzymes), and oxPPP (G6PD, 6-Phosphogluconate

dehydrogenase; 6PGD), of which G6PD is the largest

contributor to NADPH production (Chen et al., 2019).

Activation of PPP produces NADPH, which promotes

resistance of clear cell renal cell carcinoma to ROS and

ferroptosis (Zheng et al., 2021). In addition, it has been

shown that the expression of cytochrome P450 oxidoreductase

(POR), a positive regulator of ferroptosis, is significantly

increased in G6PD knockdown hepatocellular carcinoma

(HCC) cells, which suggests that G6PD may inhibit

ferroptosis through POR (Cao et al., 2021). Thus, G6PD may

regulate ferroptosis in an NADPH-dependent manner.

G6PD-mediated metabolites regulate
amp-activated protein kinase

Most studies have shown that alterations in signaling

pathways can affect metabolites in PPP. Notably, G6PD-

mediated metabolites can also regulate signaling molecules. G-

6-phosphogluconolactone, a catalytic product of G6PD, can

directly bind to Src to enhance the recruitment of protein

phosphatase 2A and inhibit the activation of AMPK (Gao

et al., 2019). In addition, Ru-5-P, the main metabolite of

oxPPP, inactivates AMPK by inhibiting the formation of liver

kinase B1 (Lin et al., 2015).

Role of G6PD In Non-Neoplastic
diseases

G6PD and virus infection

Pathogen infections are more likely to occur in G6PD-

deficient subjects because they have a decreased ability to

activate the innate immune response (Yen et al., 2020). The

Zika virus (ZIKV) genome is made up of a single-strand,

positive-sense RNA with only 10 genes bordered by two

untranslated sections (Savidis et al., 2016). ZIKV infection

elicits a glycolytic response, as shown by increased

extracellular acidification rate and expression of key glycolytic

genes (GLUT1, HK2, TPI, and MCT4), according to

bioinformation studies (Tiwari et al., 2017; Singh et al., 2020).

Furthermore, infection with ZIKV leads to metabolic

reprogramming and diversion of glycolytic carbon to PPP
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(Yau et al., 2021). Therefore, it suggest that ZIKV may increase

the flow of PPP by upregulating enzymes including G6PD. In

addition, it has been shown that activation of AMPK, a switch in

energy metabolism, attenuates ZIKV infection of host cells

(Singh et al., 2020). Indeed, pharmacological inhibition or

knockdown of AMPK reduces G6PD expression (Shan et al.,

2019). Thus, a potential regulatory mechanism for ZIKV virus

infection of host cells may be mediated through the AMPK-

G6PD axis. Similarly, during Kaposi’s sarcoma-associated

herpesvirus (KSHV) infection of the human dermal

microvascular endothelial, the metabolic pathway shifts from

glycolysis to PPP, which is accompanied by a KSHV-induced

increase in G6PD and transketolase expression (Sriram et al.,

2008). The enhancement in PPP provides KSHV with a supply of

nucleotides for the synthesis of host genes necessary for infection

or for the synthesis of viral genes during early cellular bursts of

the virus. Conversely, it is worth noting that the influenza virus

reduces G6PD expression and enzyme activity, leading to an

increase in oxidative stress and virus replication (De Angelis

et al., 2021). Consistent with influenza virus infection, HIV,

influenza A, respiratory syncytial virus, and enterovirus

71 induce oxidative stress and are usually suppressed by

antioxidants like N-acetyl cysteine (Jain et al., 2020). In

conclusion, the above studies that G6PD plays different roles

in different types of viral infections.

Since 2020, the coronavirus disease (COVID-19) was

declared as global pandemic, with hundreds of millions of

people infected worldwide and increasing numbers of people

becoming infected to date. However, no specific antiviral

medications are currently available. There have been clinical

trials using chloroquine and hydroxychloroquine (CQ/HCQ) to

treat COVID-19. Several studies have shown that COVID-19

patients with G6PD deficiency show severe hemolysis during

treatment with CQ/HCQ, which increase intracellular ROS in

therapeutic dosages (da Rocha et al., 2021). Therefore, it is

necessary to check the G6PD status of patients if CQ/HCQ is

used to treat COVID-19.

Virus induces global changes of PTMs in host cell during

infection to facilitate its successful infection and dissemination

(Hu et al., 2020). To generate progeny virus, influenza virus

replication requires a substantial number of nucleic acids for the

synthesis of viral RNA (vRNA), complementary RNA (cRNA),

and messenger RNA (mRNA). Vast amounts of energy are also

required in the process of generating large amounts of RNAs.

Pyruvate kinase M2 (PKM2), which catalyzes the production of

ATP in glycolysis, becomes more acidic due to increased

phosphorylation after influenza virus infection, and

phosphorylated PKM2, which is active as a protein kinase,

binds to RNA-dependent RNA polymerase involved in vRNA

replication. Therefore, inhibition of PKM2 may be an effective

strategy to attenuate viral replication. Whether G6PD

phosphorylation is activated after infection to promote viral

replication still needs further study (Miyake et al., 2017).

G6PD and vascular diseases

Vascular remodeling is an important pathological

phenotypic change in cardiovascular diseases, including

hypertension and atherosclerosis, in which vascular smooth

muscle plays an important role (Gong et al., 2021). Vascular

smooth muscle cells (SMCs) undergo several alterations during

biological processes, including phenotypic transformation,

proliferation, and apoptosis during disease progression.

Multiple studies have shown that G6PD deficiency increases

the risk of cardiovascular disease, which implies that G6PD

may act as a regulator of SMCs (Pes et al., 2019; Parsanathan

and Jain, 2020). Differentiated SMCs located in the middle layer

of the vessel wall can contract and relax to regulate blood flow

through the circulatory system. SMCs-restricted gene (Myocd,

Tagln, Myh11, and Cnn1) expression maintains SMCs in a

differentiated state; in contrast, downregulation of SMCs-

restricted gene expression leads to SMCs cell dedifferentiation

causing vascular remodeling. Pharmacological inhibition of

G6PD or knockdown of G6PD promotes SMCs-restricted

gene expression to maintain vascular function (Dhagia et al.,

2021). Therefore, G6PD maintains the dedifferentiated state of

SMCs cells to avoid impaired vascular function. In addition,

G6PD regulates the relaxation and contraction of vascular

smooth muscle by altering the opening and closure of ion

channels. G6PD can be activated by protein kinase C to elicit

intracellular free Ca2+ and thus enhance the contraction of

vascular smooth muscle (Ata et al., 2011). Conversely,

pharmacological inhibition of G6PD relaxes vascular smooth

muscle by opening potassium channels (Farrukh et al., 1998).

G6PD-mediated metabolites are also involved in the regulation

of vascular smooth muscle contraction. NADPH, the metabolite

catalyzed by G6PD, relaxes vascular smooth muscle by inhibiting

the dimer formation of PKG1α (Neo et al., 2013; Patel et al.,

2014).

Inhibitors

Small molecule inhibitors are useful tools for studying the

function of metabolic enzymes. To date, there are

265 compounds that could be potential G6PD inhibitors

according to data from BRENDA (https://www.brenda-

enzymes.org). However, no details of the specific inhibitors of

G6PD are yet available. In the following section, we review the

G6PD inhibitors that are widely used in basic research and

summarize their concentration and duration of application in

different cells and animal models (Tables 1, 2).

Dehydroepiandrosterone (DHEA) was identified as a non-

competitive G6PD inhibitor in 1960 (Marks and Banks, 1960).

DHEA sulfate (DHEAs) is an androgen produced by the adrenal

glands. Humans have the highest levels of circulating DHEAs of

all the primates with levels that are generally higher in males
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(3,200 ng/ml) than those in females (2000 ng/ml) (Nyce, 2021).

DHEAs is an ineffective inhibitor of G6PD and is only

transported into cells via organic anion transport protein

(OATP), which is subsequently desulfated by sulfate esterase

(SS) to eventually produce DHEA that inhibits G6PD activity

(Klinge et al., 2018). Compared with hydrophilic DHEAs,

lipophilic DHEA can function freely across cell membranes.

Therefore, DHEA is widely used in cancer research to block

G6PD enzyme activity and inhibit the proliferation and

migration of cancer cells (Wang et al., 2020; Luo et al., 2022).

Moreover, DHEA decreases intracellular NADPH levels by

inhibiting G6PD, of which the effect is more pronounced

under glucose deprivation (Roshanzadeh et al., 2019).

However, Ghergurovich et al. showed that DHEA inhibited

the enzymatic activity of G6PD in HepG2 cells, but this effect

was not sustained (Ghergurovich et al., 2020). In addition to its

TABLE 1 The effective dosages and durations or the application of G6PD inhibitors in cancer cells.

Inhibitors Cell lines Cancer type Dose (μM) Duration (H) References

6-An H1944 Lung cancer 56.37 ± 2.93 48 Sun et al., (2022)

H1299 Lung cancer 202.40 ± 39.21 48 Sun et al., (2022)

H1975 Lung cancer 6.91 ± 0.77 48 Sun et al., (2022)

A549 Lung cancer 56.27 ± 2.72 48 Sun et al., (2022)

A549/H460/H358/H441 Lung cancer 62.5 72 Best et al., (2019)

A549 Lung cancer 500 18–24 Budihardjo et al., (1998)

T98G Brain glioblastoma 250 18–24 Budihardjo et al., (1998)

MCF-7 Breast cancer 125 18–24 Budihardjo et al., (1998)

OVCAR Ovarian cancer 31 18–24 Budihardjo et al., (1998)

U251 Brain glioblastoma 1,000 - Sun et al., (2021b)

786-O kidney cancer 1,000 24 Zhang et al., (2020)

PC3 Prostate cancer 100 24 Whitburn et al., (2022)

LNCaP Prostate cancer 100 24 Whitburn et al., (2022)

MOLM-14/OCI-AML2/L60/OCI-
AML3

- 100 48 Poulain et al., (2017)

VSMCs - 1,000 12 Dong et al., (2015)

HEAC - 100 12 Dong et al., (2015)

PASM - 1,000 72 Chettimada et al., (2015)

Rat/Mouse neuronglia - 10 24 Tu et al., (2019)

Primary hepatocytes cell - 5,000 0.2 Gupte et al., (2009)

DHEA 231-C3/231-M1 Breast cancer 200 12 Luo et al., (2022)

HeLa Cervical cancer 200 0.1 Roshanzadeh et al., (2019)

WSU - HN6 Oral carcinoma 50 - Wang et al., (2020)

CAL27 Tongue carcinoma 50 - Wang et al., (2020)

GM00558 - 100 0.2 Cosentino et al., (2011)

Human red blood cells - 200 24 Handala et al., (2017)

MEF - 100 7 Heiss et al., (2013)

Rat/Mouse neuronglia - 100 24 Tu et al., (2019)

Primary hepatocytes cell - 100 10 Gupte et al., (2009)

Pulmonary artery smoot muscle cell - 100 72 Chettimada et al. (2015)

Human aortic endothelial cell - 100 12 Parsanathan and Jain, (2020)

Polydatin HESCC Esophageal carcinoma 100–300 24 Su et al., (2021)

MCF-7 Breast cancer 30 24 Mele et al., (2019)

HNSCC Head and neck squamous cell carcinoma 22 24 Mele et al., (2018)

HNSCC Head and neck squamous cell carcinoma 17 48 Mele et al., (2018)

NEOU H446 Lung cancer 10 48 Wang et al., (2022)

SMCs - 1 48 Dhagia et al., (2021)

Epi A7r5 - 50 24 Dhagia et al., (2021)

DP20 Primary bone marrow cells - 0.9 24 Hashimoto et al., (2020)
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role in cancer therapy, DHEA can be potentially beneficial in the

treatment of pulmonary hypertension and protecting against

ribavirin antiviral therapy-induced hemolysis (Patel et al.,

2014; Handala et al., 2017). Some men in the United States

take oral DHEA to boost their androgen levels to prevent aging,

but no scientific proof has been obtained. DHEA can significantly

inhibit G6PD enzyme activity, resulting in increased

susceptibility to COVID-19 (Nyce, 2021).

6-Aminonicotinamide (6-An) is a competitive non-specific

G6PD inhibitor that competitively binds to NADP+, to inhibit

G6PD enzyme activity (Köhler et al., 1970). G6PD and 6PGD can

generate NADPH fromNADP+, which suggests that 6-An can also

bind competitively with 6PGD to inhibit its activity during oxPPP.

The concentrations of 6-An thus should be considered when it is

used to inhibit G6PD enzyme activity. 6-An does not affect G6PD,

but instead, blocks 6PGD(Aurora et al., 2022). Earlier in vivo

studies revealed that 6-An inhibits the carbon-atom transfer from

glucose to ribose and suppresses oxPPP (Köhler et al., 1970). In

addition, 6-An selectively enhances the toxicity of cisplatin,

melphalan, and nitrogen mustard to promote apoptosis of

tumor cells in vitro (Budihardjo et al., 1998).

Additional drugs have been identified to inhibit the enzymatic

activity of G6PD. Polydatin, an active ingredient extracted from

the traditional Chinese medicine Polygonum multiflorum, was

identified to inhibit the activity of G6PD enzymes and NADPH

in a dose-dependent manner thus suppress the growth and

metastasis of tumor cells (Mele et al., 2018). Additionally,

(N-ethyl-N = -[(3β,5α)-17-oxoandrostan-3-yl]urea, NEOU) has

been reported to inhibit G6PD activity (Joshi et al., 2020).

Summary and perspectives

G6PD is the rate-limiting enzyme of the PPP. Along with

serving as biosynthetic substrates, the G6PD-mediated

metabolitesRu-5-P and NADPH regulate downstream

signaling cascades and induce tumorigenesis (Lin et al., 2015).

Lactatemay be employed as a substrate for lactylation

modifications to regulate the expression of downstream genes.

Lactylation modifications of non-histone proteins may be of

great interest for future research, even if no relevant reports

are currently available (Sun L. et al., 2021).

In addition, we reviewed the role of G6PD in tumorigenesis

and related non-neoplastic diseases, of which we mainly focused

on the role of post-translational modifications of G6PD. Post-

translational modifications of histones, transcription factors, and

other upstream multiple signals are involved in regulating the

expression of G6PD. Glycosylation and phosphorylation

modifications of G6PD promote dimer formation and increase

enzyme activity (Rao et al., 2015; Zeng et al., 2016; Ma et al.,

2017). Conversely, acetylation modifications promote dimer to

monomer conversion and inhibit enzyme activity G6PD (Wang

et al., 2014; Zhang et al., 2021). G6PD not only plays a role in

tumorigenesis, but also in the process of viral infection. Briefly,

viruses may inhibit intracellular metabolism and reduce the

enzymatic activity of G6PD to promote viral infection during

the early stages. Furthermore, viruses may activate metabolic

pathways, including PPP, to promote viral replication at later

stages. Finally, inhibitors of G6PD were summarized and the

potential of G6PD as a clinical therapeutic target was evaluated.

Multiple post-translational modification sites of G6PD were

identified by mass spectrometry. Serine at position 84 of G6PD

could be glycosylated to increase the enzyme activity (Rao et al.,

2015). In contrast, the enzyme activity was abolished by

acetylation modification of lysine at 403. However, the reasons

that changes in modifications affect enzyme activity need further

investigation. In addition, serine is widely known to be

phosphorylation modified, but no phosphorylation

modification was identified at serine 84. Although a variety of

G6PD modifications have been identified, there are still many

questions that deserve further investigation. Based on this review,

two questions were subsequently raised 1) Is there a prior order

of post-translational modifications that occur in G6PD? 2) How

do the various post-translational modifications collaborate? In

TABLE 2 The effective dosages and therapeutic durations of G6PD inhibitors in animal models of cancer.

Inhibitors Organism Dose Duration Injection type References

6-An Mouse 4 mg/kg/3d - Intraperitoneal injection Sun et al., (2021b)

Mouse 23 mg/kg/d - Intraperitoneal injection Zhang et al., (2020)

Mouse 20 mg/kg/10d 40d Intraperitoneal injection Best et al., (2019)

Mouse 5 mg/kg/day 23d Intraperitoneal injection Poulain et al., (2017)

DHEA Mouse 80 mg/kg/3d 20d Intraperitoneal injection Wang et al., (2020)

NEOU Mouse 1.5 mg/kg/d 21d Intraperitoneal injection Kitagawa et al., (2021)

Mouse 1.5 mg/kg/d 28d Intraperitoneal injection Joshi et al., (2020)

Epi Rats 30 mg/kg/d 28d Intraperitoneal injection Dhagia et al., (2021)

Polydatin Mouse 5 mg/kg/d 14d Intraperitoneal injection Su et al., (2021)

Mouse 100 mg/kg - Intraperitoneal injection Mele et al., (2018)
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summary, we highlight the role of post-translational

modifications of G6PD in regulating structure, enzyme

activity, and function. Therefore, targeting post-translational

modifications of G6PDmay serve as a novel therapeutic strategy.
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Epigenetics and environment in
breast cancer: New paradigms
for anti-cancer therapies

Chitra Thakur1,2*, Yiran Qiu1, Yao Fu1, Zhuoyue Bi1,
Wenxuan Zhang1, Haoyan Ji1 and Fei Chen1,2*

1Department of Pathology, Stony Brook Cancer Center, Stony Brook, NY, United States,
2Department of Pathology, Renaissance School of Medicine, Stony Brook University, Stony Brook,
NY, United States
Breast cancer remains the most frequently diagnosed cancer in women

worldwide. Delayed presentation of the disease, late stage at diagnosis,

limited therapeutic options, metastasis, and relapse are the major factors

contributing to breast cancer mortality. The development and progression of

breast cancer is a complex and multi-step process that incorporates an

accumulation of several genetic and epigenetic alterations. External

environmental factors and internal cellular microenvironmental cues

influence the occurrence of these alterations that drives tumorigenesis. Here,

we discuss state-of-the-art information on the epigenetics of breast cancer

and how environmental risk factors orchestrate major epigenetic events,

emphasizing the necessity for a multidisciplinary approach toward a better

understanding of the gene-environment interactions implicated in breast

cancer. Since epigenetic modifications are reversible and are susceptible to

extrinsic and intrinsic stimuli, they offer potential avenues that can be targeted

for designing robust breast cancer therapies.

KEYWORDS

breast cancer, epigenetics, DNA methylation, chromatin modification, metabolism,
environment, therapies
Breast cancer overview

Cancers of the breast are the most prevalent malignancy observed in women

worldwide. In the year 2022 alone, it is estimated that in the United States, nearly

287,850 new cases of invasive breast cancer and 51,400 new cases of ductal carcinoma in

situ (DCIS) would be diagnosed, while 43,250 breast cancer deaths would occur (1).

Breast cancers if diagnosed at an early stage, can significantly enhance the effective

treatment strategies and improve the survival. The five-year survival rate for early

detection is more than 90%, whereas it is reduced to 25% for patients diagnosed at the

advanced stages (2).
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Breast cancer is a highly heterogeneous disease and research

is still ongoing to clearly understand its origin and the

underlying mechanisms. The breast consists of milk producing

glands and the connective tissues comprising the fibrous and

fatty tissues. Lobules are the milk producing glands, and ducts

carry the milk to the nipples, Figures 1A, B. Most breast cancers

begin in the ducts or the lobules and based on the metastatic

spread, they can either be benign or invasive. Ductal carcinoma

in situ (DCIS) is considered as non-invasive and early-stage

breast cancer confined to the milk ducts. If cancer originates in

the ducts or lobules and metastasizes, they are considered

invasive ductal carcinoma (IDC) and invasive lobular

carcinoma (ILC) respectively. Almost, 80% of breast cancers

belong to the IDC category (4, 5).

With the emergence of new high-throughput technologies

and gene expression profiling, breast cancer has been

molecularly characterized into distinct subtypes based on the

expression of hormone receptors and proliferation statuses.

Activation of human epidermal growth factor receptor 2

(HER2), estrogen receptor (ER), progesterone receptor (PR),

proliferation marker Ki67, and/or mutations in the Breast

Cancer (BRCA) gene, has been utilized in the histological and

molecular characterization of breast cancer. These molecular

subtypes are clinically divided into major forms that include

Luminal A, Luminal B, HER2-enriched, and basal/triple negative

breast cancer (TNBC). Luminal A cancer can either be ER and/

or PR positive (+) or HER2 negative (-). Luminal B tumor can

either be ER+ and/or PR+ or PR- and/or HER2+/-. HER2

overexpressed tumors constitute the HER2 enriched group,

while TNBC lacks the ER, PR, and HER2 statuses. Luminal A

tumors have low Ki 67 levels, are of low grade, and have the best

prognosis, compared to Luminal B which have high Ki 67 levels

and are usually high grade. Among all, TNBCs, have the worst

prognosis and are aggressive due to high metastatic behavior (6–

8). Such an existence of multiple subtypes of breast cancer is

associated with distinct clinical behaviors/responses and has

significant implications in breast cancer therapies (9,

10), Figure 1C.

Genetic predisposition or family history constitutes almost

10% of all breast cancer cases. Mutations in the BRCA gene,

BRCA1 and BRCA2 is the most common germline aberrations

associated with breast cancer having a collective 70% lifetime

risk of developing breast cancer (11, 12). In fact, 15 to 20% of all

TNBC cases are linked with the germline mutations in BRCA1 or

BRCA2 (13) and in US, 12% of breast cancers are contributed by

TNBCs with a 5 year survival rate of 8 to 16 percent only (14).

Studying a series of early breast cancers revealed that the most

frequently amplified genes in the tumors are the p53, Myc,

PTEN, PIK3CA, ERBB2, CCND1, GATA 3 and FGFR1 (15).

The risk of developing breast cancer is high in patients harboring

mutations in the BRCA1, BRCA2, TP53, and PTEN genes (16). In

addition to the genetic factors, breast cancer microenvironment
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plays a major role in its development and progression where the

immune cell repertoire is cardinal (17).

Heightened or prolonged exposure to estrogen contributes

to the major risk factor for breast cancer development. The

occurrence of sporadic breast cancers is associated with exposure

to estrogen, which is a substantial risk factor for the development

of such cancers (18). Other risk factors include old age, obesity,

high breast density, alcohol intake, smoking, hormonal therapy,

and pregnancy associated factors (19–24). Additionally, early

menarche/late menopause, usage of oral contraceptives,

hormone replacement therapy, benign lesions, and radiation

therapy are some of the known risk factors (25–28). Few of them

are modifiable risk factors such as lifestyle and physical activity if

adopted successfully, can offer reduction in the disease

burden (29).
Epigenetic players in breast cancer

Dynamic and heritable modifications occurring to the

genome independently of DNA sequence, is a phenomenon

referred to as the “epigenetics”. Interestingly, cancer was the

first disease linked to epigenetic changes (30). For the onset of

cancer, the activation of oncogenes and/or the suppression of

tumor suppressor genes are the key events that are always

accompanied with epigenetic changes. These epigenetic

changes include DNA methylation, histone posttranslational

modifications, expression of micro-RNA, and long non-coding

RNA (31, 32).

Breast cancer development is a complex and multistep

process involving the synergistic crosstalk between genetic and

epigenetic alterations which are influenced by a plethora of

internal and external factors. Such factors include but not

limited to the cell’s intrinsic microenvironment, nutrient

supply, cellular stress as well as external environmental

exposures to agents that are endocrine disrupters or are of

carcinogenic nature. Altogether, critical genes involved in

proliferation, apoptosis, cell motility, invasion, etc. are

influenced by the epigenetic changes that are implicated in

breast cancer development and progression (Figure 2).
DNA methylation

One of the most well-known and major epigenetic

mechanisms is DNA methylation, which involves the

covalent addition of a methyl group (CH3) to the 5′-
position of cytosine that resides before the guanine in the

DNA sequence. Such methylat ion within the CpG

dinucleotides which are concentrated in large clusters also

called the CpG islands, regulates gene expression thereby

governing the major biological process implicated in cancer
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(33, 34). As a result of methylation, a 5-methylcytosine (5mC)

structure is formed that can either block the access of

transcription factors to the binding sites of the DNA or

engage methyl binding domain proteins (MBDs) in

conjunction with the modification of histone proteins, so

that the expression of methylated genes is prevented. In such

a scenario when the promoters of key tumor suppressor genes

are densely methylated, leads to their silencing and if
Frontiers in Oncology 03
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oncogenes are less methylated, leads to their aberrant

activation (35, 36).

DNA methylation is a reversible process where a specific

group of enzymes called the DNA methyltransferase (DNMTs)

govern the process. DNMT1, DNMT3a, and DNMT3b are the

three active DNA methyltransferases. Demethylation of DNA is

catalyzed by an enzyme family belonging to the Ten-eleven

translocation methylcytosine dioxygenases also known as ten-
FIGURE 2

Overview of Key Epigenetic Events in Breast Cancer. Mechanisms for epigenetic alterations in breast cancer are shown focusing on two major
players that include the methylation of DNA and the modification of histone proteins. Hypomethylation of oncogenes and hypermethylation of
tumor suppressor genes is an important epigenetic phenomenon in breast cancer that affects various cellular processes of proliferation,
apoptosis, migration, invasion, drug resistance, etc. Post translation modifications made to histone proteins impact gene expression by altering
the chromatin structure towards open or closed conformation. Histone methylation of lysine is implicated in both transcriptional activation and
repression depending on the methylation site that constitutes the various histone marks/code.
A

B

C

FIGURE 1

Classification of Breast Cancer (A) Breast showing the different tissue types consisting of duct, lobe, lobules, nipples, and fatty tissue. (B) Cross-sectional
view of mammary duct, consisting of basal cells and luminal cells. Breast cancer arising from the luminal or basal cells can be further characterized
based on the expression of different hormone receptors. (C) Based on the expression of ER, PR, HER2, and proliferation status as assessed by Ki67,
different molecular subtypes of breast cancer have been identified that have distinct prognostic features and response to therapies (3).
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eleven translocations (TETs), which can turn 5mC to 5-

hydroxymethylcytosine (5-hmC) by the process of

hydroxymethylation. TET1, TET2, and TET3 are three such

enzymes involved in DNA demethylation thereby recovering the

silenced genes that are once affected by the DNMTs. Together,

this entire process influences the transcriptional activation of

important genes involved in carcinogenesis and genomic

stability (37–41). Several other proteins that have DNA

demethylase activities and are implicated in breast cancer

include the growth arrest and DNA-damage inducible protein

(GADD45) and the cytidine deaminases family of proteins,

Act ivat ion-induced cyt id ine deaminase (AID) and

Apolipoprotein B mRNA editing catalytic polypeptide‐like

family (APOBEC). GADD45A has compelling associations

between DNA repair and epigenetic gene regulation (42, 43).

In breast cancer, the interaction between GADD45 and BRCA1

gene has been suggested to influence the pathogenesis of the

disease most likely via triggering the nucleotide excision repair

mechanisms (44). Interestingly, GADD45A is abnormally

methylated in breast cancer (45). AID proteins have important

roles in the active DNA demethylation, where its engagement in

the deamination of 5-mC to thymine has been reported (40, 46).

Also, AID is known to facilitate DNA demethylation and is

essential for the EMT in non-transformed mammary epithelial

cells (47). Furthermore, while, APOBEC1 possesses DNA

demethylase activity (48–50), APOBEC mutagenesis

influencing the tumor evolution in ER+/HER2-breast cancer

has been reported (51). Most recently it was shown that the

APOBEC mutagenesis prohibited the growth of breast tumors

by eliciting immunogenic responses (52).

Several genes in breast cancer exhibit CpG island

hypermethylation (53) and in several instances, abnormal

activity of DNA methyltransferases led to the hypermethylation

and silencing ofHOXA5, TMS1, p16, RASSF1A, and BRCA1 genes

of tumor suppressor behavior (54–56). Additionally, genes that

are silenced due to promoter hypermethylation include E-

cadherin, TMS1, GSTP1, and p16 (57–59). These genes are

involved in major biological processes such as estrogen

signaling, pro-apoptosis (HOXA5, TMS1), cell cycle check

points (RASSF1A, p16) and DNA repair mechanisms (BRCA1).

While one of the best examples of a breast cancer susceptibility

gene that is frequently silenced in sporadic breast tumors is the

BRCA1 gene, CpG hypermethylation of BRCA1 associated with

DNMT 3b overexpression has been reported (60). Early stages of

sporadic breast cancer exhibit the loss of cell cycle checkpoint gene

p16INK4a via aberrant CpG promoter methylation (61) and

nearly 80% of breast tumors also exhibit a decreased expression

of another cell cycle inhibitor gene p21/CIP1/WAF1 via elevated

methylation of p21/CIP1/WAF1 gene (62).

DNA methylation also follows a distinct pattern that is

displayed in different subtypes of breast cancer. For example, a

high frequency of DNA methylation has been shown in ER

+/luminal breast cancer compared to ER−/basal-like tumors (63,
Frontiers in Oncology 04
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64). Also, well-differentiated tumors have less methylated CpG

islands in comparison to poorly differentiated breast tumors

which exhibits a greater degree of methylated CpG islands (65).

Similarly, increased promoter hypermethylation of the

progesterone receptor gene has been observed in the PR

negative breast tumors (66). Such a differential methylation

pattern in the ER or PR or HER2 gene may affect the

expression of these receptors on the breast tumor and hence

can significantly impact the responsiveness of such tumors to

relevant endocrine/hormonal therapies. In an attempt to study

the DNA methylation profiles of the well-known expression

subtypes of breast cancer i.e. luminal A, luminal B, and Basal

like, 807 cancer associated genes were analyzed and it was

revealed that there is variability in the methylation profiles of

each of the three breast cancer subtypes and that the profiles are

different from each other (64).

DNA methylation alterations in normal breast tissue or

normal tissues adjacent to cancer can also give clues towards

the likelihood of the occurrence of breast cancer. Interestingly, it

is suggested that the detectable methylation variabilities in some

of the cancer related genes in normal breast tissues can predate

the occurrence of breast cancer (67). Moreover, distinct types of

breast cancer can be tracked down back to the specific

progenitor population, deploying their unique methylation

profiles, thereby addressing the issues owing to their cell of

origin or biological heterogeneity as observed in breast cancer

(68). More recently, by comparing breast cancer to normal

breast, seven breast cancer-specific methylation biomarkers

have been identified, while six CpG sites are suggested to

predict patient survival (69). Using a genome wide approach

to analyze the DNA methylation and expression patterns in

breast cancer and normal breast, PRAC2, TDR10, and

TMEM132C genes have been identified that can serve as novel

DNA methylation-gene markers of diagnostic and prognostic

significance in breast cancer (70). Large scale integrative analysis

of the DNA methylation profiles across 1538 METABRIC breast

tumors with respect to transcriptional, genetic, and clinical

aspects, revealed six global trends that affect the DNA

methylation profiles of the breast. These trends consist of

“contamination of immune and stromal cells”, “replication

linked hypomethylation clock”, “X chromosome dosage

compensation”, and “epigenetic instability at CpG islands”.

Most importantly, this study identified X inactivation as a

strong dosage compensation machinery, which can be the

causative reason behind the methylation of attained X-

associated loci in ER negative tumors (71).
Chromatin modification

DNA is wrapped around histone proteins so that it can fit

into the nucleus. Individual histone octamer consists of two

copies of H2A/H2B dimer cores and H3/H4 tetramers, that wrap
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around 146 base pairs of the DNA. Nucleosomes comprise

repeating histone units that ultimately make up the chromatin

(72, 73). Histone octamer harbors an unstructured N terminal

tail of differing lengths that protrudes outward from the

nucleosome. This protruding amino terminal tail can be

subjected to various kinds of modifications where chemical

moieties are added. The addition of various chemical moieties

or tags determines whether the DNA wrapped around histones

is available for transcription. In case, when the chromatin is

tightly folded, the DNA remains inaccessible to the transcription

factors and hence the structure is transcriptionally silent, also

called heterochromatin. Whereas when the structure is less

condensed, more relaxed, and hence more accessible to the

transcription factors and thereby remains transcriptionally

active, also called euchromatin (74). There are at least four

amino acid residues that are subjected to modifications, these

include lysine, serine, tyrosine and arginine, and there are more

than six kinds of modifications that can occur. These include

methylation, acetylation, phosphorylation, ubiquitination,

biotinylation, sumoylation, and proline isomerization. The

different patterns of histone modifications, also famously

referred as the histone code, influences the transition of the

chromatin states between the euchromatin and heterochromatin

eventually regulating gene expression (75, 76).

Histone acetylation
Post translational modifications made to histone proteins

impact gene expression by altering the chromatin structure.

Histone acetylation involves the addition of acetyl groups to

the lysine residues of histones H3 and H4 by the group of

enzymes known as the histone acetyltransferases (HATs) also

called as “writers”. As a part of the gene regulatory machinery,

such modifications disrupt histone-DNA interactions resulting

in the unwinding of the nucleosome. HATs utilize acetyl CoA as

a cofactor and catalyze the reaction, and in doing so they

neutralize the positive charge on the lysine, thereby weakening

the interaction between the histones and the negatively charged

phosphate groups of the DNA. As a result, the condensed

chromatin is now a more open and relaxed structure that is

associated with a higher degree of gene transcription.

Acetylation is a dynamic and reversible process, where the

acetyl groups can be removed by the group of enzymes called

histone deacetylases (HDACs) also called “erasers”, resulting in

the deacetylation of the histone lysine residues thereby making

the chromatin more condensed and transcriptionally repressed

(74, 76, 77). Acetylation of histone H3 on lysine 9 residue

[H3K9], lysine 14 [H3K14], lysine 27 [H3K27], and lysine 122

[H3K122] has been associated with active transcription (78–80).

It is interesting to note that DNAmethyltransferases can directly

interact with the HDACs and the methyl CpG binding domain

family of proteins at their promoter regions and ultimately build

a complex that is transcriptionally repressive. This repressive
Frontiers in Oncology 05
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complex is critical for the conversion of acetylated histones that

is transcriptionally active, to the deacetylated transcriptionally

silent form (81).

Enzymes belonging to the category of histone acetylation

“writers”, e.g., enzyme harboring the histone acetylation

domains P300 is implicated in breast cancer where it is

overexpressed and bestow towards an elevated risk of cancer

occurrence and lower survival (82). P300/CBP, also modulate

several processes associated with proliferation, cell death,

epithelial mesenchymal transition (EMT), and metastasis in

breast cancer (83–86).

There are important roles exerted by the histone deacetylases

“erasers” where they regulate the cell growth, EMT,

angiogenesis, and metastasis of breast cancer (87–95). For e.g.,

Sirtuins, a class III histone deacetylase family regulates the

oncogenes and tumor suppressor genes thereby affecting the

breast carcinogenesis in a dual fashion. In this context, SIRT1

hindered the TNBC tumorigenesis, whereas fostered the

tumorigenesis of luminal subtypes (96, 97). Interestingly,

SIRT1 functions downstream of the BRCA1 gene and

negatively regulate Survivin, an anti-apoptotic gene. Such

transcriptional repression of Survivin is mediated via the

deacetylation of histone H3 on lysine 9 on its promoter.

Therefore, ablation of BRCA1 via lessened SIRT1 resulted in

an upregulation of Survivin that facilitated the growth of breast

tumors (98). Other Sirtuin family members are also implicated

in breast cancer. For e.g., in TNBC cells, SIRT2 upregulation

facilitated the deacetylation of histone H4 at the tumor

suppressor gene ARRDC3 and this rendered the aggressiveness

of breast cancer (99). Also, SIRT7 is elevated in human breast

cancers (100).

Histone methylation
Histone methylation mainly occurs on the side chains of

lysine and arginine residues. Unlike acetylation, histone

methylation does not alter the charge of the histone protein

but involves the addition of the methyl groups. Depending upon

the number of methyl moiety added, lysine can be mono, di, or

tri methylated whereas arginine can be symmetrically or

asymmetrically methylated (101, 102). A special group of

enzymes called histone methyltransferases (KMTs) catalyze the

transfer of a methyl group from the S-adenosylmethionine

(SAM) to a lysine’s ϵ-amino group. Methylation is also a

dynamic and reversible process where the removal of the

methyl groups is carried out by demethylases (histone

demethylases, KDMs). The consequences of histone

methylation are more complicated and largely dependent upon

the targeted residues. For example, methylation of lysine H3K4,

H3K36, and H3K79 at histone H3 contributes to transcriptional

activation, while methylation of lysine at H3K9, H3K27 on

histone H3 and, H4K20 on histone H4 is associated with

transcriptional repression and are considered repressive
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epigenetic marks (103). Some of the methylated lysine histone

marks have a role in DNA repair e.g., H3K36me3 is important

for the homologous recombinational repair of the DNA double

strand breaks, and H4K20me3 aids the repair via non-

homologous end joining process (104). The resulting balance

between methyltransferases (also called “writer”) and

demethylases (also referred to as “eraser”) determines the

methylation status of the cell (105), where DNA methylation

and histone acetylation act in coordination to govern the overall

gene transcriptional regulation. The balance between the histone

acetyltransferases (HATs “writer”) and histone deacetylases

(HDACs “eraser”) control the overall chromatin states/

structures, hence regulating the gene expression. Histone

modifications offer novel targets that can be exploited in breast

cancer therapies (106).

In breast cancer, luminal A subtypes are found to exhibit

increased global acetylation and methylation of the histone

protein in comparison to the basal subtype (107). By

measuring the relative levels of seven modified histones

proteins including H3K18ac, H3K9ac, H4R3me2, H3K4me2,

H4K12ac, H4K16ac, and H4K20me3 in 880 invasive breast

cancer patients, it was revealed that the expressions of all

seven markers were negatively correlated with tumor grade.

While the loss of H4K16ac was suggestive to be an early event

in the pathogenesis of invasive breast cancer, reduced levels of

H4R3me2, H3K9ac, and H4K16ac were significantly associated

with large tumor size. High levels of H4R3me2 and H3K9ac

correlated with low lymph node stage (107). Interestingly, the

metastatic behavior of breast cancer was correlated to an

increased H3K4 histone mark where the dynamics of H3K4

acetylation and methylation exemplify the different breast cancer

subtypes. While breast cancer cells representing both early and

late cancer cell phenotypes are associated with a genome-wide

gain of H3K4ac; late-stage cancer cells exhibited a gain of

H3K4me3 (108). PI3K/AKT signaling cascade plays a

significant role in breast cancer progression and this signaling

was found to regulate the methylation of H3K4 in breast cancer,

where an elevated level of H3K4me3 was linked with breast

tumors (109). Another histone mark, H3K27ac has an important

role in breast cancer progression and is found to regulate the

EMT process (110, 111). The loss of a repressive epigenetic

mark, the H3K27me3 has been identified as a negative

prognostic indicator in breast cancer (112). Strikingly,

enrichment of H3K27me3 within the promoter of genes

FOXC1, RAD51, CDH1, and RUNX3, resulted in enhanced cell

growth and metastasis of breast cancer (113). Loss of Cadherin 1

due to its hypermethylation via DNA methylation and

trimethylation of H3K27 has been reported during metastasis

(114), where it is important to note that Cadherin 1 is one of the

key genes that inhibits metastasis and progression of breast

cancer cells. Another mark, H4K20me3 is found to be

significantly decreased in breast cancer and, importantly, it

was an independent predictor of poor prognosis of the disease.
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This specific methylation of H4K20 is carried by the KMT5

family of enzymes that ultimately represses the transcription

process (115, 116).

Among the enzymes implicated in gene regulation via

epigenetic mechanisms, the enhancer of zeste homolog 2

(EZH2) is an important histone methyltransferase that

methylates H3K27 leading to the transcriptional silencing of

the target genes in breast cancer. Notably, in breast cancer,

EZH2 has been found to be upregulated and promoted the EMT

process (117, 118). Moreover, the level of EZH2 was gradually

increased in breast cancer progression scenarios ranging from

normal epithelium to epithelial hyperplasia, DCIS, IDC, and

distant metastasis; and the expression of EZH2 was an

independent predictor of breast cancer recurrence (119).

Members of the histone methyltransferases family, such as

lysine methyltransferase 2 (KMT2) are also involved in the

growth and spread of breast cancer cells, where they mediate

the active histone methylation of H3K4 at the enhancer and the

promoter regions of oncogenes and pro-metastatic genes,

thereby facilitating the activation of genes that are estrogen

dependent (120–123).

One of the only known histone 3 lysine 79 (H3K79)

methyltransferases, is the histone methylase disruptor silencing

1 like (DOT1L) which has critical role in the development of

breast cancer and is a potential therapeutic target for invasive

breast cancer (124, 125). DOT1L is known to facilitate the

aggressiveness of tumors by elevating the metastatic behavior

of cancer cells (126) and is implicated in lymph node metastasis

of breast cancer (127). In fact, targeting DOT1L by

pharmacological interventions inhibited the growth and

metastasis of TNBC cancer (128).

Among histone demethylases (erasers) family members are

the prominent enzymes that are Fe2+/oxoglutarate-dependent

containing a JumonjiC (JmjC) domain (129). Histone

demethylase protein LSD1, a non JmjC demethylase has been

found to negatively regulate the expression of cell growth and

motility genes in breast cancer (130–133). Other JmjC KDMs

involved in breast cancer are KDM4A, KDM4B and, KDM4C.

Increased levels of KDM4A and KDM4B have been observed in

ERa positive breast cancer cells, while TNBC cells showed an

increased level of KDM4C (134). KDM4B regulates the cell cycle

progression of breast cancer cells and is a direct target of ERa
(135). While an increase of KDM3A is concomitant with a

reduced H3K9me2/3 during breast tumorigenesis, KDM3A

facilitated the activation of genes implicated in breast cancer

as MYC, PAX3, Cyclin D1, MMP-9, S100A4, and JUN, thereby

enhancing the proliferation and motility of breast cancer cells

(136–138). KDM3A also promotes the growth of mammary

gland ducts and tumors by positively affecting the proliferation

via cyclin D1 (138). KDM4C is also necessary for breast cancer

growth and, metastasis, where it serves as a co-activator of HIF-

1a, with the underlying epigenetic mechanism of demethylating

the H3K9me3 (139). Another histone demethylase PHF8
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promoted EMT and breast tumorigenesis (140). PHF20L1, a

methyl lysine reader protein containing a TUDOR domain,

plays important role in breast cancer metastasis (141). Studies

suggested its oncogenic role in response to hypoxic conditions,

where it facilitated glycolysis, cell growth and metastasis of

breast cancer cells by exerting its direct inhibitory activities on

certain genes of tumor suppressive nature like HIC1, KISS1, and

BRCA1 (142).
Non-coding RNAs

Functional RNA molecules that cannot be translated into

proteins also referred to as non-coding RNA possess important

regulatory effects and influence the expression of certain genes

implicated in breast cancer. Among these are the long non-coding

RNAs (lncRNAs) and micro-RNAs (miR). Micro-RNAs have been

widely studied for its epigenetic regulation where they either activate

or repress critical biological pathways and mechanisms important

for breast tumorigenesis. Interestingly the let-7 family of micro

RNAs has a significant role in breast cancer where its silencing has

been associated with the development of metastasis and high-grade

hormone negative breast tumors (143–145). Other micro-RNAs

have important roles too. For. e.g., miR-9-3 activated apoptosis and

miR-148a & miR-152 inhibited cell growth and angiogenesis (146,

147). Micro-RNAs involved in invasion and metastasis includes

miR-125b, miR-126 and, miR-31 respectively (148–150). Some of

the microRNAs whose aberrant hypermethylation has been

reported in primary breast tumors include mir-663, mir-148, mir-

9-1, mir-152, and mir-124a3 (151). Aberrant hypermethylation of

H19, a lncRNA has been observed in invasive breast carcinoma

when compared to normal breast tissues, where tumor suppressive
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functions of H19 have been suggested (152). HOTAIR, is another

lncRNA where studies reported the recruitment of several writer

proteins such as MLL1, MLL3, and P300/CBP to the HOTAIR’s

promoter region thereby resulting in an enrichment of histone

acetylation and elevation of H3K4me3, further driving the

progression of breast cancer by suppressing the apoptosis (153).

Therefore, epigenetic mechanisms offer many modalities

that can be exploited for breast cancer therapies. Considering

the fact that epigenetic changes induced by DNMTs and HDACs

are transient and reversible, a number of studies are currently

ongoing to establish effective, optimal dose and the treatment

schedules for several epigenetic agents implicated in breast

cancer, Figure 3. Data adapted from (154).
Environmental triggers of epigenetic
aberrations in breast cancer

In addition to family history and genetic predisposition,

epidemiological studies unraveled the influence of

environmental exposures to hormonal agents and other

factors that can increase the risk for breast cancer

development. Exposure to endocrine disrupters, indoor and

outdoor air pollution, polycyclic aromatic hydrocarbons

(PAHs) etc. can induce epigenetic changes in an exposure

or disease relation fashion. Xenobiotics such as activators of

the aryl hydrocarbon receptor (AHR), dioxin, phthalates,

polychlorinated biphenyls (PCB), PAHs, bisphenol A

(BPA), arsenic etc. prevalent in the environment, dietary

items, soil, water, and other consumable products, are likely

to contribute to the epigenetic dysregulation of oncogenes

and tumor suppressor genes in breast cancer.
FIGURE 3

Epigenetic Targets and other combined inhibitors for breast cancer therapies under clinical trial. Data adapted from (154). Star (*) represents the
specific epigenetic agent.
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AHR is a well-known sensor and a regulator of toxic and

carcinogenic responses to environmental insults (155, 156). In

advanced malignant breast carcinomas, AHR is shown to be

constitutively active (157) and several studies reveal that

targeting AHR can offer a potential treatment option for

breast cancer patients (158, 159). Industrial xenobiotics,

dietary metabolites etc., serve as agonists of AHR and are

ubiquitously present in the environment. AHR-mediated

epigenetic repression has been found in the BRCA1 gene

which is also a direct target for AHR (160). In fact, CpG

hypermethylation, deacetylation of H3K9, upregulation of

H3K9me3, DNMT-1, DNMT-3a, DNMT-3b, and methyl-

binding protein (MBD)-2 are some of the epigenetic changes

linked with AHRmediated repression of BRCA1 gene (161, 162).

BPA is yet another endocrine disrupter and is an

epigenetically active xenoestrogen prevalent in plastic and food

cans (163, 164) whose exposure has been linked with an

increased risk of breast cancer (165). While overexpression of

EZH2 is linked to breast cancer, in-utero exposure to BPA is able

to alter the EZH2 expression in mammary tissues (166). In fact,

exposure of normal breast cells to the environmentally relevant

doses of BPA caused the ERa to internalize into the nucleus and

also changed the DNA methylation status of a lysosomal

associated membrane protein (LAMP3) (167). LAMP3 protein

is implicated in metastasis and breast cancer cell motility and is

of prognostic significance (168–170).

A very prevalent environmental contaminant of soil, food,

and water is arsenic which has been studied widely for its

carcinogenic effect. Exposure to arsenic and the risk of

developing breast cancer has been reviewed extensively (171).

Arsenic is able to transform the normal mammary epithelial cells

that were subjected to chronic treatment with low levels.

Moreover arsenic facilitated the growth of breast cancer cells

that were ERa-positive (172, 173). The involvement of arsenic in

the carcinogenesis process comes from the fact that it induces

genomic instability mediated by disrupting the Fanconi anemia

(FA) and/or breast cancer (BRCA) pathway (174). The

epigenetic influence of arsenic has been established in studies

reporting that arsenic influences DNA methylation by affecting

the pool of available methyl groups. This is because the

detoxification of arsenic utilizes methyl group from S-

adenosyl-homocysteine (SAM) (175). Therefore, exposure to

arsenic and its subsequent metabolism within the cells, impart

towards a global hypomethylation owing to the usage of existing

methyl stores available from SAM (176). Strikingly, maternal

exposure to arsenic not only altered the DNA methylation but

also increased the DNA methylation in children (177, 178).

The source of PAHs is myriad, which includes combustion

products, automobile exhaust, cigarette smoke, indoor and

outdoor air pollution, waste incinerators etc. (179). Tobacco

smoking represents one of the important risk factors for breast

cancer (180–182). Smoking not only affects the DNA

methylation pattern of breast tumors, but it has been a critical
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factor linking DNA methylation and breast cancer for ER

positive cancer subtypes (183, 184). Aberrant methylation

alterations have also been observed in breast cancer cells

exposed to benzo(a)pyrene, which resulted in the generation

of DNA adducts at the CpG dinucleotides, ultimately affecting

the epigenetic landscape of the methylation process (185).

External factors are not just limited to toxicants or

environmental agents. The cellular microenvironment is

sensitive to cues such as nutrient availability, hypoxia and,

extracellular pH, and can epigenetically reprogram the

metabolic behavior of cancer cells to adapt to the changing

environment (186). The fact that metabolic profiles of cancer

cells differ from the normal cells, gives us a clear indication of the

underlying genetic and epigenetic machinery that are altered in

the carcinogenesis process, thereby bestowing growth advantage

to cancer cells for their survival. Hence metabolic

reprogramming is indispensable for breast cancer and has

many therapeutic ramifications (187). Cellular metabolites

shuffling from the different cellular compartments such as

cytoplasm, mitochondria, nucleus, etc., has the potential to

regulate gene expression by altering the availability of

enzymatic substrates and co-factors required for the metabolic

reactions mediated epigenetic processes, such as DNA and

histone modifications. Glucose remains one of the most

important metabolites shaping the metabolic profiles of breast

cancer by shifting the energy generating mechanisms from

glycolysis to oxidative phosphorylation or vice versa. In this

context, the availability of glucose affects the estrogen which

facilitates glycolysis in a high glucose state but urged oxidative

phosphorylation under the conditions of low glucose to meet the

energy demands of the breast cancer cells (188). It is noteworthy

that in adipose tissues, a major component of the breast, ERa is

the vital regulator of a glucose transporter protein expression

GLUT4 (189). Glycolysis can also be influenced by ERa, during
the conditions of hypoxic stress. Hypoxia inducible factor-1a
(HIF-1a) which is an oxygen-dependent transcriptional

activator that carries out cellular adaptation to low oxygen and

nutrient starved environment, is implicated in the ERamediated

activation of the glycolysis process in breast cancer (190).

However, under normoxia and hypoxia conditions, both ERa
and HIF-1a regulate histone demethylase JMJD2B and

orchestrate breast cancer cell growth by epigenetically

regulating the genes implicated in the cell cycle. Moreover,

knocking down ERa can compromise the HIF-1a function

even under hypoxic circumstances (135). One of the important

transcription factors that aid cancer cells in metabolic adaption

in a nutrient deprived environment, oxidative or xenobiotic

stress is the nuclear factor erythroid 2-related factor 2 (NRF2)

(191). Epigenetic modifications including DNA methylation are

crucial for the regulation of NRF2 and its adaptor protein

KEAP1 (192, 193). In breast cancer patients, elevated NRF2

expression led to decreased overall survival and disease-free

survival (194). Elevated NRF2 enhanced the growth and
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motility of breast cancer cells by upregulating a pivotal enzyme

of the pentose phosphate pathway, i.e., the glucose-6-phosphate

dehydrogenase (G6PD) (195). In fact, Estradiol (E2) can

stimulate NRF2 transcription, leading to an elevation in

mitochondrial biogenesis (196).
Mdig, an environment regulated
gene in breast cancer

To ascertain the kind of risks and exposures affecting breast

carcinogenesis, it is essential to gain an understanding of gene-

environment interaction and the genes that are induced and

manifested in breast cancer. Since a fraction of breast cancer

cases is also sporadic, studying the genetic and epigenetic

mechanisms that regulates breast tumor development under

environmental and occupational settings, will undoubtedly

offer new targets for chemoprevention and therapies.

We have identified one such environmentally induced gene

named the Mineral dust-induced gene (mdig), also called

MINA53, RIOX2, or NO52. Certain environmental agents

such as mineral dust, tobacco smoke, arsenic, silica, etc.

induced the expression of mdig (197–200). Mdig has

oncogenic and epigenetic roles in a variety of human cancers,

where it exhibits elevated expression (201, 202). Mdig promoted

cell proliferation, cell cycle transition, and anti-apoptotic

behaviors in different cell types, further corroborating its

oncogenic role (198, 203). Mdig played key roles in the

pathogenesis of arsenic induced lung cancer, where JNK-

STAT3 signaling and mi-RNA21 mediate the processes.

Further, we found that arsenic exposure induces the

phosphorylation of EZH2 at serine 21 via JNK- and STAT3-

dependent Akt activation (199, 204). Mdig is also upregulated in

smokers in a pack-year dependent fashion, where it predicted

poor overall survival in smokers that had lung cancer (205).

More recently, our studies on mdig and environmental

factor arsenic revealed crosstalk between mdig and a master

regulator of oxidative stress, NRF2, where together they

contribute to arsenic induced generation of cancer stem like

cells. Normal lung cells treated with arsenic showed an

enhancement of HIF1a in the promoter of mdig, which was

somehow accredited by activated NRF2 in response to arsenic

(206). Since HIF1a is a direct transcriptional target of NRF2

(206) and considering the important role of NRF2 and HIF1 in

tumorigenesis, our research further potentiates the importance

of mdig on regulating the stress response activities implicated in

genomic instability relying on metabolic reprogramming and

cancer stem cells (207).

In breast cancer, we have identified that the expression level

of mdig predicts the survival outcomes depending upon the

different status of lymph node metastasis. A higher level of mdig

predicted poor overall survival of patients who had no lymph

node metastasis, whereas, in those patients who were positive for
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lymph node metastasis, high mdig expression predicted better

overall survival (208). Dwelling further to assess the role of mdig

in breast cancer, our studies revealed a negative correlation of

mdig on the migration, invasion, and DNA methylation of

breast cancer cells. Mdig not only regulated the chromatin

accessibility of the migration/invasion genes but also exhibited

a context dependent expression, where its expression was

downregulated in invasive and triple negative breast cancer.

This supported the notion that mdig is inhibitory for cell

motility and spread and that’s why its high expression predicts

favorable outcomes in lymph node metastasis positive cases of

breast cancer (209). Since mdig is transcriptionally governed by

an upstream regulator c-myc (210), which has both tumor

accelerator and suppressive roles and can inhibit cancer

metastasis (211), our studies are suggestive of the dual roles of

mdig in breast cancer, where it is essential for the early stages of

cancer development due to its pro-proliferative feature but is

inhibitory in the later stages owing to its metastasis

inhibitory features.

Mdig protein contains a conserved JmjC domain. Since JmjC

domain has been identified as a signature motif of the JmjC family

of histone demethylases (129), mdig’s involvement in the epigenetic

process of histone modifications is inevitable. Recent studies

provide evidence that the oncogenic activity of mdig is

presumably achieved via its regulation on the demethylation of

histone proteins. Our studies showed a demethylase like activity of

mdig towards the repressive histone methylation markers that

include H3K9me3, H3K27me3, and H4K20me3. Using the

CRISPR-Cas9 gene editing approach coupled with chromatin

immunoprecipitation sequencing (ChIP) in human lung epithelial

cell line BEAS 2B, lung cancer cell line A549, and breast cancer cell

line MDA-MB-231, an antagonistic effect of mdig on repressive

histone trimethylation marks were revealed where mdig favored the

open conformation of chromatin and permitted active gene

transcription. Knocking down mdig resulted in a pronounced

enrichment of these repressive trimethylation markers on the

genes that are implicated in cell growth, stemness, inflammation,

and metastasis (212). With the loss of mdig, there also occurred an

increase in the levels of the polycomb repressive complex (PRC2)

proteins EZH2 and RBBP4. Strikingly, these proteins are known to

catalyze H3K27me3, and our previous studies identified a direct

protein-protein interaction between mdig and CBX3, CBX5,

RBBP4, and RBBP7 proteins. While RBBP4 and RBBP7 are the

regulatory subunits of the PRC2 complex, CBX3 and CBX5 can

recognize and bind to H3K9me3 (213).

In breast cancer cells, loss of mdig also enhanced an epigenetic

mark of transcription elongation H3K36me3, in addition to

H4K20me3 and H3K9me3. In this view, H4K20me3 being a

marker for closed chromatin status in the somatic and embryonic

stem cells (214), it is suggested that an elevation of H4K20me3 can

contribute to growth inhibitory activities in the somatic cells. This

notion is further supported by our previous studies where reduced

mdig resulted in a decline of the S phase cells (198). It is also
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indicated that mdig acts as DNA demethylase or indirectly controls

DNA methylation via the Tet family of DNA methylases (202).

Additionally, a negative correlation was also observed betweenmdig

and H3K9me3 in cellular studies (209, 215, 216). One of the

consequences of enriched histone repressive marks H3K9me3

and H3K27me3, is on the transcription of genes implicated in

glycan metabolism. Mdig exerted a positive regulatory role on the

glycosylation process by inhibiting the repressive histone

methylation marks (217).

Altogether, our research on mdig provided a much-needed

rationale to explore its activities in several aspects of inflammation,

stemness, metabolism, cell growth, metastasis, and epigenetic

reprogramming orchestrating the carcinogenesis machinery in

breast cancer.
Perspectives

Despite tremendous progress being made in breast cancer

research, some challenges still prevail. Metabolic plasticity,

epigenetic reprogramming, and altered receptor repertoire lead

to the issues of drug resistance and treatment failure. It is yet not

fully clear as to what are the remarkable mechanistic programs

that are critical for the breast tumor to become metastatic.

Although our understanding of the heterogeneity of breast

cancers has improved that has led to the generation of novel

anti-cancer therapies exploiting the hormone receptor status,

epigenetic marks, and other biological machineries, yet, when it

comes to the general population there has been very limited

success owing to the individual differences among the patients.

An efficient personalized therapy would offer rescue to some

extent towards combating the setbacks originated due to the

heterogeneity and plasticity issues as observed in breast cancer

therapies under clinical settings.

Environmental exposure to risk factors for breast cancer

require particular attention, where relevant biomarkers related

to such exposure need to be identified. Epigenetic mechanisms

particularly DNA and histone methylation are involved in the

onset of carcinogenesis by modulating the expression of potent

oncogenes and tumor suppressors. Thus, dissecting the epigenetic

elements would widen our knowledge towards better

understanding the causative factors as well as the different

routes that cancer cells adopt to attain heterogeneity. Moreover,

studying maternal, in utero or pre-conception exposures and

unraveling an association between the agents exposed and the

different epigenetic repertoires correlating with the disease

outcome, will be a promising avenue to explore. Such a strategy
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would assist in adopting modifiable approaches that can have

significant implications in reducing the risk factors as a part of

chemoprevention tactics. This demands a multidisciplinary effort

that would integrate genomics, proteomics, and metabolomics in

examining the different epigenomic profiles and pattern that drive

the breast carcinogenesis under the conditions of sporadic and

environmental settings. In this context, research on

environmentally modulated genes engaged in breast cancer such

as mdig, is warranted.
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Glossary

DCIS Ductal carcinoma in situ

IDC Invasive ductal carcinoma

ILC Invasive lobular carcinoma

HER2 Human epidermal growth factor receptor 2

ER Estrogen receptor

PR Progesterone receptor

BRCA Breast Cancer gene

TNBC Basal/triple negative breast cancer

lncRNAs Long non-coding RNAs

miR Micro-RNAs

MBD Methyl binding domain

5mC 5-methylcytosine

5-hmC 5-hydroxymethylcytosine

DNMT DNA methyltransferase

TET Ten-eleven translocations

HAT Histone acetyltransferases

HDAC Histone deacetylases

HKMT Histone methyltransferases

KDM Histone demethylases

SAM Sadenosylmethionine

EMT Epithelial mesenchymal transition

DOT1L Histone methylase disruptor silencing 1 like

JmjC JumonjiC

PAH Polycyclic aromatic hydrocarbons

AHR Aryl hydrocarbon receptor

PCB Polychlorinated biphenyls

BPA Bisphenol A

LAMP3 Lysosomal associated membrane protein

HIF-1a Hypoxia inducible factor-1&alpha;

GLUT4 Glucose transporter protein expressiona

G6PD Glucose-6-phosphate dehydrogenase

Mdig Mineral dust-induced gene

NRF2 Nuclear factor erythroid 2-related factor 2

ChIP Chromatin immunoprecipitation sequencing

PRC2 Polycomb repressive complex

GADD45 Growth arrest and DNA-damage inducible protein

AID Activation-induced cytidine deaminase

APOBEC Apolipoprotein B mRNA editing catalytic polypeptide-like family
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Histone modification and histone
modification-targeted
anti-cancer drugs in breast
cancer: Fundamentals and
beyond

Jianwei Feng and Xinyue Meng*

Department of Ultrasound, Shengjing Hospital of China Medical University, Shenyang, China

Dysregulated epigenetic enzymes and resultant abnormal epigenetic

modifications (EMs) have been suggested to be closely related to tumor

occurrence and progression. Histone modifications (HMs) can assist in

maintaining genome stability, DNA repair, transcription, and chromatin

modulation within breast cancer (BC) cells. In addition, HMs are reversible,

dynamic processes involving the associations of different enzymes with

molecular compounds. Abnormal HMs (e.g. histone methylation and

histone acetylation) have been identified to be tightly related to BC

occurrence and development, even though their underlying

mechanisms remain largely unclear. EMs are reversible, and as a result,

epigenetic enzymes have aroused wide attention as anti-tumor

therapeutic targets. At present, treatments to restore aberrant EMs

within BC cells have entered preclinical or clinical trials. In addition, no

existing studies have comprehensively analyzed aberrant HMs within BC

cells; in addition, HM-targeting BC treatments remain to be further

investigated. Histone and non-histone protein methylation is becoming

an attractive anti-tumor epigenetic therapeutic target; such methylation-

related enzyme inhibitors are under development at present.

Consequently, the present work focuses on summarizing relevant

studies on HMs related to BC and the possible mechanisms associated

with abnormal HMs. Additionally, we also aim to analyze existing

therapeutic agents together with those drugs approved and tested

through pre-clinical and clinical trials, to assess their roles in HMs.

Moreover, epi-drugs that target HMT inhibitors and HDAC inhibitors

should be tested in preclinical and clinical studies for the treatment of
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BC. Epi-drugs that target histone methylation (HMT inhibitors) and histone

acetylation (HDAC inhibitors) have now entered clinical trials or are

approved by the US Food and Drug Administration (FDA). Therefore, the

review covers the difficulties in applying HM-targeting treatments in clinics

and proposes feasible approaches for overcoming such difficulties and

promoting their use in treating BC cases.

KEYWORDS

epi-drugs, histone modification, tumor suppressor gene, breast cancer, epigenetics

Introduction

Breast cancer (BC) accounts for a highly frequent

malignancy in the female population (Winters et al., 2017;

Hiatt et al., 2022). According to the statistics from the World

Health Organization (WHO), BC occupies 11.7% of the

overall cancer patients and takes up 6% of the overall

death cases. BC displays highly variable intra-tumor and

inter-tumor characteristics, cancer stages when the patient is

diagnosed and morphologies; as a result, it remains a

challenge to effectively treat cancer and predict patient

survival. In the past 10 years, BC survival shows an

increasing trend due to early screening and improvement

in treatment, but its 10-year survival remains unsatisfactory

(80%) (Caplan, 2014). In China, a study finds differences

between high-income nations and China, which discovers

that the Chinese are associated with a young age at BC onset,

low BC screening rate, one-child policy, delayed BC

diagnosis inducing late/advanced stage when they present

with symptoms, insufficient medical resources, and the low

consciousness of BC (Fan et al., 2014). Consequently, it is

necessary to develop new treatments. Hormone receptors

(HR), in particular, progesterone receptor (PR) and estrogen

receptor (ER), have important effects on BC occurrence and

development (Trabert et al., 2020). Different BC subtypes are

associated with different molecular and histological features,

growth rates, and endocrine therapy/chemotherapy

responses. Consequently, treatments are selected based on

ER/PR/human epidermal growth factor receptor 2 (HER2)

expression status, tumor size and grade, lymph node

metastasis (LNM), and distant metastasis (DM)

(Chlebowski and Anderson, 2012).

Epigenetic and genetic alterations are suggested to have

a critical effect on various cell processes such as imprinting,

X chromosome inactivation, chromatin remodeling, and

tumorigenesis (Han et al., 2016; Yang et al., 2021a). As

for epigenetic alterations, their frequently seen subtypes are

histone modifications (HMs). Epigenetic alterations can be

reversible, which is different from genetic mutations; as a

result, they are the safer options for anti-BC treatment (Li

et al., 2021). In chromatin-associated processes such as gene

modulation, histone post-translational modifications

(PTMs) have an essential effect, since hub histones H2A-

H2B and H3-H4 are wrapped by the 147-bp DNA fragment,

forming the fundamental chromatin unit (Talbert and

Henikoff, 2021). HMs have been extensively studied from

diverse perspectives, but it is still necessary to understand

the aforementioned processes for the sake of clarifying

HMs’ functions and the related enzymatic mechanisms

underlying BC. Currently, over 23 classes of HMs have

been identified, but just a low portion of them are

associated with BC. Therefore, the present review aims to

analyze histone methylation acetylation, the most

extensively investigated class. Any dysregulation in the

aforementioned processes induces imbalanced gene levels

within BC and results in abnormalities in cell growth,

migration, invasion, and treatment resistance (Byler

et al., 2014; Pasculli et al., 2018).

Multidisciplinary consultation is needed in BC treatment.

The most updated treatments are surgical treatment,

chemotherapy, radiotherapy, and molecularly-targeted

endocrine therapy, which are selected based on the BC

subtype. Recently, great efforts have been made to improve

targeted therapy, especially for bevacizumab-targeting

vascular endothelial growth factor (VEGF) and trastuzumab

(herceptin)-targeting HER2, both of which are approved

(Robert et al., 2011). Epigenetic alterations have been

suggested over gene mutation because of reversibility.

Epigenetic modifications (EMs) are established and

maintained according to special enzyme activities, histone

deacetylases together with histone methyltransferases, and

they are the major targets for epigenetic treatment (Qin

et al., 2019a). Epigenetic treatments that use the

aforementioned enzyme inhibitors can suppress

tumorigenesis (Yang et al., 2021b).

The present work aims to summarize the relevant

information regarding the importance of highly abundant

post-translational modifications within BC, H3Kme,

H4Kme, and H3Kac for BC occurrence, migration, and

prognosis. Particularly, we highlight the histone marker

status within BC subtypes, and the impacts on

transcriptionally regulating certain genes, erasers, and

writers. We also examine the effect of histone H3K and

H3K-specific methyltransferase on BC and analyze the
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functions of histone methyltransferases (HMTs) and

histone acetyltransferases (HATs) in drug-resistant

cancer, together with their relevant mechanisms. Methods

to diagnose and predict prognosis based on epigenetics

make great contributions to precision oncology. Some

approaches to diagnose DNA methylation have been

applied clinically or entered clinical trials (Cowan et al.,

2010). Great efforts have been made to compensate for the

abnormal epigenetic mechanisms in precision oncology,

which facilitate the development of epi-drugs that target

epigenetic modulators. This work collects information

regarding inhibitors applied in clinical trials from the

ClinicalTrials.gov database maintained by the U.S.

National Library of Medicine. At present, just nine epi-

drugs have been approved by the FDA, including IDH,

EZH2, DNA methyltransferases (DNMTs), and histone

deacetylases inhibitors (HDACis). Moreover, numerous

other drugs are under clinical trials for the treatment of

solid tumors (NCT01928576 and NCT03179943) or

hematologic tumors (NCT02717884 and NCT03164057).

It is to be noted that ER-positive (ER+) BC phase-II

trials (NCT00676663, NCT00828854, and NCT04190056)

are conducted to test whether epi-drugs plus conventional

treatments are effective, which indicates that more is known

about the epigenetic mechanisms governing the

development, migration, and drug resistance of ER+ BC.

This section will discuss the efficacy and mechanism of

action of certain DNMT and HDAC inhibitors in treating

cancers.

Histone modifications within BC

Histone methylation in BC

Histone methylation may take place in arginine and lysine

residues and involves complicated modifications compared with

acetylation. Lysine is mono-, di-, or trimethylated, whereas

arginine is asymmetrically or symmetrically methylated

(Barski et al., 2007). As a reversible process, histone

methylation can be strictly modulated by different

demethylases (KDMs) and methyltransferases (KMTs). A

portion of such markers (H3K4, H3K36, and H3K79) is

related to activation at the transcriptional level, while others

(H3K9, H3K27, and H4K20) are linked to suppression at the

transcriptional level (Jenuwein and Allis, 2001). Figure 1

summarizes the specific targets identified for diverse HM classes.

In eukaryotic cells, chromatin is the complex formed by DNA

and histones. The basic functional unit of chromatin is the

nucleosome that contains a histone octamer (H2A, H2B, H3,

and H4) wrapped by DNA. Histone tails undergo numerous

posttranslational modifications, which are deposited by writers,

removed by erasers, and read by readers, and may either loosen

or tighten DNA-histone binding with active or silent

transcription.

H3K4 methylation
H3K4 methylation shows high enrichment levels at

transcriptional start sites (TSSs), promoter regions, and

enhancer regions. In addition, H3K4me1 exhibits high

FIGURE 1
Histone methylation-specific targets.
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enrichment levels in enhancer regions (Heintzman et al., 2007)

and it can bind to H3K27me3 or H3K27ac, thus marking the

suppressive or active enhancers, separately (Creyghton et al.,

2010). Different from additional H3K4 methylation showing

high enrichment levels in intergenic regions, H3K4me2 can

mark the 5′-terminal in transcribed genes (Kim and

Buratowski, 2009). H3K4me3 is canonically distributed in

actively transcribed gene promoters and poised genes related

to differentiation (Santos-Rosa et al., 2002). Set1 can form

Complex Proteins Associated with Set1 (COMPASS) in yeast

and is the unique enzyme related to every H3K4 methylation

(Miller et al., 2001).

For mammals, the KMT2 (MLL) family is the main

H3K4 HMT, which contains six members (KMT2A–D,

KMT2F, and KMT2G). In addition, within human cells, six

Set1 homologies (SET1A–SET1B and MLL1–MLL4) together

with five additional H3K4 methyltransferases

(SMYD1–SMYD3, SET7/9, and PRDM9) have also been

identified (Wang et al., 2015). Moreover, the KMT2 family is

classified into three categories according to the containing

domain type, including KMT2A–KMT2B (MLL1–MLL2),

KMT2C–KMT2D (MLL3–MLL4), together with

KMT2F–KMT2G (SETD1A–SETD1B) (Shilatifard, 2008). As

revealed by in vitro research, the core complexes of

MLL1–MLL2 display mono-, di-, and low tri-methylation

activities in cells (Patel et al., 2008). For instance, MLL1 is

suggested to be involved in H3K4 methylation within MCF-7

cells in the estrogen-mediated transcription of ER target genes

(Jeong et al., 2011). MLL1 is frequently duplicated or over-

expressed within BC cells, and as a result, it may be the

therapeutic target for BC treatment (Tate et al., 2019).

Additionally, MLL1 can accelerate the transcription of TFF1

(the estrogen-dependent gene) by H3K4me1/2 in the enhancer

region’s CpG islands and maintains the permissive chromatin

architecture to bind to estrogen receptor α (ERα) and the pioneer
factor (FOXA1). It results in the relaxation of chromatin for

facilitating ERα binding together with its transcription within BC

Jeong et al. (2014) H3K4 methyltransferase has been increasingly

suggested to participate in BC occurrence. MLL2 shows a certain

interaction with ERα and modulates the level of its target, thus

mediating BC occurrence (Mo et al., 2006). As reported by

Natarajan et al., MLL2 upregulation within BC cells was

related to tissue malignancy; meanwhile, MLL2 protein

upregulation was also detected in tissues from patients with

breast invasive carcinomas (Natarajan et al., 2010). MLL3, a

protein with high mutation frequency within BC cells, is also the

main factor that regulates the ERα level (Gala et al., 2018).

According to recent reports, the upregulation of SETD1A and

MLL3 increases the ERα level, thus supporting the growth of

tamoxifen-resistant BC. Moreover, according to genome-wide

research on histone methylation, MLL3 plays an essential role in

H3K4 monomethylation and H3K27 acetylation within the ERα
enhancer (Kim et al., 2020). MLL4 and the H3K27 demethylase

UTX (KDM6A) synergistically regulate BC growth and

migration (Kim et al., 2014). Jin et al. analyzed SETD1A’s

effect on tamoxifen-resistant BC. They suggested that

SETD1A increased H3K4 methylation and made the

chromatin region accessible to ERα targets within ER+ BC

cells to activate the ER+ targets, thereby promoting the

recruitment of ERα. They further discovered that SETD1A-

regulated genes overlapped with specific tamoxifen-resistant

genes within ER+ BC cells, which indicated the possible

relation of SETD1A with tamoxifen resistance (Jin et al.,

2018). SETD1A protein expression in cells increases in other

BC subtypes, such as ER+, HER2+, and triple-negative breast

cancer (TNBC) relative to healthy breast cells.

SMYD2 upregulation can modulate TNBC development,

which predicts dismal patient survival (Li et al., 2018).

SMYD3 can upregulate WNT10B (an oncogene) expression

while promoting epithelial–mesenchymal transition (EMT),

thus facilitating the metastasis of BC (Hamamoto et al., 2006;

Fenizia et al., 2019). SET7/9 stabilizes the ER by methylating ER

K302 residue, which then effectively recruits and trans-activates

target genes to enhance BC occurrence (Subramanian et al.,

2008). Additionally, SET7/9 deficiency promotes the cancer

stem cell (CSC) features of BC while accelerating EMT, and it

is associated with disease resistance, which indicates the tumor

suppressor role of SET7/9 within BC (Montenegro et al., 2016).

As reported by Montenegro et al., SETD7 suppressed EMT

by upregulating cadherin-1 while downregulating epidermal

growth factor receptor (EGFR) and vimentin protein

expression (Montenegro et al., 2016). It was evidenced by the

overexpression of SETD7 within triple-negative, metastatic

MDA-MB-231 cells, downregulation through siRNAs, and

inhibited activity by exposing to 50 µM (R)-PFI-2 for a 3-day

period within the non-metastatic estrogen receptor α (ERα/
ESR1)-positive MCF-7 cells. Furthermore, SETD7 silencing

within MCF-7 cells triggered the CSC phenotype (CD44+/

CD24-/low) and mammosphere de-differentiation related to

cadherin-1 deficiency. Such results conformed to the greater

metastatic ability of MCF-7 xenografts after SETD7 silencing

(Takemoto et al., 2016).

H3K9 methylation
H3K9 methylation, in particular H3K9me2 and H3K9me3, is

usually related to heterochromatin formation and gene

suppression (Bannister et al., 2001). Apart from these,

H3K9me1 can be expressed around active gene-related TSSs

as well (Vavouri and Lehner, 2012). H3K9me1 and

H3K9me2 show nuclear and cytoplasmic localization within

mammalian cells, whereas H3K9me3 displays nuclear

localization only (Towbin et al., 2012). Additionally, histones

can be distributed within the cytoplasm before their chromatin

assembly due to the action of histone chaperones. Actually,

H3K9 shows co-translational mono- and dimethylation by

SETDB1 after it is bound to ribosomes (Rivera et al., 2015).
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Thereafter, cytoplasmic H3 and K9me1 are assembled in the

chromatin, and the product is utilized for reinforcing

heterochromatin and H3K9me3 as the substrate.

Proteins belonging to the SUV39 family of human beings,

including SUV39H1 (KMT1A), SUV39H2 (KMT1B), SETDB1

(KMT1E), SETDB2 (KMT1F), G9a-like protein (GLP1), and

G9A (EHMT2), possess the pre-SET (N-SET) and post-SET

(C-SET) domains in addition to the SET domain, which can

regulate the methylation of H3K9 (Dillon et al., 2005; Wu et al.,

2010). Additionally, G9a may produce homodimers or

heterodimers for catalyzing H3K9me1 together with

H3K9me2 within the euchromatin (Tachibana et al., 2002). In

the heterochromatin, such as the pericentromeric regions,

SUV39H1 can catalyze H3K9me2, while SUV39H2 catalyzes

H3K9me3 (Rea et al., 2000). G9a plays a critical part in BC

occurrence (Jin et al., 2022) as shown in Figure 2. Its activation

can suppress anticancer genes, thereby promoting BC cell growth

and migration. The overexpression of G9a can inhibit hephaestin

(HEPH), thus promoting carcinogenesis of BC (Wang et al.,

2017a). Additionally, G9a activation can upregulate T-Box2

(TBX2) within BC cells (Crawford et al., 2019).

TBX2 overexpression promotes BC cell growth by decreasing

p21WAF1 and Cdkn2a (p14Arf and p19Arf within human

beings) gene expression. Suppressing G9a expression can

downregulate the TBX2 level while suppressing cancer cell

growth. As discovered by Zhang et al., G9a suppression

induced autophagy by modulating AMPK/mTOR pathways

within BC cells (Zhang et al., 2017).

Upregulation of G9a causes mono- or di-methylation to

lysine 9 residue of histone 3 (H3K9), resulting in an increase

in the expression of TBX2, FBP1, PRC-2, and NF-κB and a

decrease in the expression of DKK1, MYC, CDH10, Reptin,

CASP1, ZEB2, RARRES8, and E-cadherin in BC. G9a-mediated

up- and downregulation of various genes promotes cell

proliferation, invasion, and metastasis and suppresses

apoptosis in breast cancers.

Furthermore, SUV39H2 expression is significantly

upregulated within basal-like BC, which predicts dismal BC

prognostic outcomes (Liu et al., 2015a). Nonetheless,

SUV39H2 mutations are detected within BC, suggesting the

FIGURE 2
Dysregulation of G9a in various breast cancers.
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TABLE 1 Status of histone methylation marks studied in breast cancer subtypes.

Substrates Genes Cooperators Cell line/Tissue Targets H3Kme status Effects References

H3K36 MLL1 — MCF-7 breast cancer cells ↑CpG-rich region of TFF1

enhancer

H3K4me3 ↑Proliferation Jeong et al. (2014)

MLL2 — MDA-MB-157 and MDA-MB-231 ↑Invasion Natarajan et al. (2010)

MLL2 ERα MCF7 cells ↑IL-20 H3K4me1/2 ↑Proliferation Su et al. (2016)

MLL2 GCN5 UACC812 cell line, MDA-MB-361, T47D cell lines, BT-474 cell, MCF-HER2 and MCF-Neo cell lines ↑c-Myc H3K4me3 ↑Lapatinib resistance Matkar et al. (2015)

MLL2 LSD1 MCF7 cells ↑NCOA3 H3K4me3 ↑Proliferation Park et al. (2016a)

↑RSP6KB1

MLL3 SET1A Tamoxifen-resistant breast cancer ↑ESR1 gene H3K4me3 ↑ERα expression Kim et al. (2020)

MLL3 ER MCF7 cells ↑HOXB9 H3K4me3 ↑Proliferation Deb et al. (2016)

MLL3 FOXA1, and ER MCF7 cells ↑TFF1 H3K4me1 ↑Proliferation Jozwik et al. (2016)

↑PGR

↑MYC

MLL3 — SKBR3, BT-474, Cama-1, T47D, MCF10A HCC1954 and MDA-MB-231 MDA-MB-468 and HCC1806 cell lines ↑AGR3 H3K4me1 ↑Proliferation Gala et al. (2018)

↑PGR

↑CA2

MLL3 promoter region of Ras genes tamoxifen-resistant ER-positive breast cancer cells ↑PI3K/AKT/mTOR signaling

pathway

H3K4me1 ↑Proliferation Wu et al. (2020)

H3K4me3

SETD1A — MDA-MB231, MCF7, MDA-MB-468 ↑SKP2 H3K4me3 ↑Proliferation Tajima et al. (2019)

↓Senescence

SETD1A — MDA-MB-231, MCF7, BT549, and SUM159 ↑MMPs H3K4me3 ↑Invasion Salz et al. (2015)

↑Migration

SET7 GATA1 MCF7, ZR75-1 and MDA-MB-231 ↑VEGF H3K4me1 ↑Vascular endothelial cell proliferation Zhang et al. (2016)

↑Migration

↑Tube formation

SMYD3 SMAD3 MDA-MB-231 cell line ↑SNAIL1 H3K4me3 ↑EMT Fenizia et al. (2019)

SMYD3 MRTF-A MCF7 ↑MYL9 H3K4me2/3 ↑Migration Luo et al. (2014)

H3K79 G9a SNAIL basal-like breast cancer ↓FBP1 H3K9me2 ↑CSCs Dong et al. (2013a)

DNMT1

G9a — Luminal A Type Breast Cancer ↑BMP5 Expression H3K9me2 ↑Smad protein phosphorylation Jin et al. (2022)

G9a EZH2 MCF7, BT474 cells, MCF7 dominant-negative TBX2 cells (MCF7-DN) ↑expression of T-Box2 (TBX2) H3K9me3 ↑NDRG1 Crawford et al. (2019)

G9a — MCF7 cells ↑modulation of AMPK/mTOR

pathways

H3K9me1 and

H3K9me2

↓autophagy via AMPK Zhang et al. (2017)

G9a HDAC1 and YY1 MCF-7, MDA-MB-231, MDA-MB-468, MDA-MB-435, ZR-75-30 and T47D ↑HEPH promoter H3K9me2 ↑iron homeostasis through the repression of ferroxidase

hephaestin

Wang et al. (2017a)

G9a — ↓CDH10 H3K9me2 ↑EMT Casciello et al. (2020)

G9a MYC MDA-MB-231 ↓CDKN1A H3K9me2 ↑Proliferation Tu et al. (2018)

↓HMOX1

↓VAMP4

G9a — MCF7 and MDA-MB-231 (MDA231) ↓ARNTL H3K9me2 ↑Proliferation Casciello et al. (2017)

↓GATA2 ↑Migration

G9a EZH2 MCF7 and MDA-MB-231 cells ↓miR124 H3K9me2 ↑Invasion Siouda et al. (2020)

↑EMT

G9a TBX2 MCF7 and BT474 cells ↓NDRG1 H3K9me2/3 ↑Proliferation Crawford et al. (2019)

HP1

(Continued on following page)
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TABLE 1 (Continued) Status of histone methylation marks studied in breast cancer subtypes.

Substrates Genes Cooperators Cell line/Tissue Targets H3Kme status Effects References

EGR1

G9a E4BP MCF-7, T47D, and BT-549 cell ↓RASSF8 H3K9me2/3 ↑Proliferation Karthik et al. (2018)

SUV39H1 ↓Apoptosis

G9a HDAC1 MCF-7, MDA-MB-231, S1, SK-BR-3 and MDA-MB-435 ↓Hephaestin H3K9me2 ↑Proliferation Wang et al. (2017a)

YY1

G9a STAT3 MCF12A, and MCF7 ↓miR-200c H3K9me2 ↑EMT Chang et al. (2015)

↑CSCs

G9a — MCF-7, SKBr3, and HCT116 cells ↓LC3-II H3K9me2 ↓Autophagy Kim et al. (2013a)

↓GFP-LC3-II

↓GFP

G9a SNAIL BLBC cells and luminal cells ↓E-cadherin H3K9me2 ↑Migration Dong et al. (2013a)

DNMT ↑EMT

G9a — MCF-7 cells ↓Beclin-1 H3K9me2 ↓Autophagy Park et al. (2016b)

SUV39H1 SNAIL MCF10A, HMLE and SUM1315 cells ↓E-cadherin H3K9me3 ↑Invasion Dong et al. (2013b)

↑Migration

↑EMT

SUV39H2 LSD1 MDA-MB157 and MDA-MB231 cell H3K9me3 ↑Metastatic biology Piao et al. (2015)

↑Poor survival

SUV39H2 ERβ represses the expression of

SUV39H1/2

MCF7 and MDA-MB-157 cells ↑transcription activated by p53 H3K9me3 ↑Proliferation Lu and Katzenellenbogen,

(2017)
↓Apoptotic activities

SUV39H2 Recruited by PR to methylate histone

H3K9

Unknown stabilization of HP1γ binding Liu et al. (2014)

SUV39H2 γ-H2AX MCF-7, SK-BR-3, ZR-75-1, T-47D, MDA-MB-231, and BT-20 Unknown H3K9me3 ↑Chemoresistance of cancer cells Vougiouklakis et al. (2018)

SETDB1 SMAD3 NMuMG and MDA-MB-231 ↓SNAIL1 H3K9me3 ↓Invasion Du et al. (2018)

↓Camptothecin resistance

↓EMT

H3K79 EZH2 Unknown primary human breast cancer samples or xenograft tumors ↓RAD51 H3K27me3 ↓HR repair Chang et al. (2011)

↑Breast tumor initiating cells expansion

EZH2 Unknown HCC70 and MDA-MB-468 cells ↓FOXO3 H3K27me3 ↑Proliferation Gong et al. (2016)

EZH2 Unknown ↓ERα H3K27me3 ↑Tamoxifen resistance Nie et al. (2019)

EZH2 Unknown MCF10A, MDA-MB-361, MCF7, MDA-MB-436, MDA-MB-231, BT-20, HCC1937, HCC1395, MDA-MB-468, DU4475, BT-549, SUM-159, CAL-

120, CAL-148, MDA-MB-453 and SUM-185

↓GATA3 H3K27me3 ↑Fulvestrant resistance Yomtoubian et al. (2020)

↑Proliferation

↑Invasion

↑Migration

EZH2 Unknown MDA-MB-231 and MCF-7 ↓KLF2 H3K27me3 ↑Proliferation Taniguchi et al. (2012)

EZH2 LncRNA UCA1 ↓P21 H3K27me3 ↑Tamoxifen resistance Li et al. (2019)

EZH2 Unknown ↓FOXC1 H3K27me3 ↑Invasion Du et al. (2012)

↑Migration

EZH2 Unknown H16N2, HME, and MCF10A ↓E-cadherin H3K27me3 ↑Invasion Cao et al. (2008)

EZH2 SUZ12 T47D, MCF7, and MDA-MB231 ↓RKIP H3K27me3 ↑Invasion Ren et al. (2012)

EZH2 Unknown MCF-7 cells ↓miR-129-5p H3K27me3 ↑EMT Luan et al. (2016)

↑Adriamycin resistance

↑Vincristine resistance

↑Paclitaxel resistance

EZH2 Unknown MDA-MB-231(TCHu227) and MCF7(TCHu74); MDA-MB-436, MDA-MB-453, BT474 and SKBR3 ↓TET1 H3K27me3 ↑Proliferation Yu et al. (2019)

(Continued on following page)
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TABLE 1 (Continued) Status of histone methylation marks studied in breast cancer subtypes.

Substrates Genes Cooperators Cell line/Tissue Targets H3Kme status Effects References

↓Senescence

EZH2 Unknown MCF-7 ↓RUNX3 H3K27me3 ↑Proliferation Fujii et al. (2008)

EZH2 Unknown MDA MB 435 ↓CIITA H3K27me3 ↓Tumor immunogenicity Truax et al. (2012)

EZH2 Unknown MCF-7 and ZR-75-1 ↓BIK H3K27me3 ↓Apoptosis Si et al. (2016)

↑Paclitaxel resistance

EZH2 YAP E0771 and ZR-75-30 ↓GDF15 H3K27me3 ↑Migration Wang et al. (2018)

EZH2 Unknown MDA-MB-468 and MDA-MB-231 ↓TIMP H3K27me3 ↑Invasion Chien et al. (2018)

↑Migration

EZH2 Unknown MDA-MB-231 and MCF7 ↓WWC1 H3K27me3 ↑Proliferation Liu et al. (2018)

↑Migration

EZH2 Unknown MCF-10A, and MCF-7 ↓Period2 H3K27me3 ↑Invasion Yu et al. (2018)

↑Colony formation

↑Mammosphere formation

EZH2 LINC00511 MCF7 cells and UACC-812 and MDA-MB-231 cells ↓CDKN1B H3K27me3 ↑Proliferation Zhang et al. (2019a)

EZH2 LncRNA DANCR MCF10A, MCF7, T47D, MDA-MB-231, and MDA-MB-468 ↓SOCS3 H3K27me3 ↑Viability Zhang et al. (2020a)

↑Invasion

↑Migration

EZH2 LOXL1-AS1 MDA-MB-231 and MCF7 ↓miR-708-5p H3K27me3 ↑Invasion Dong et al. (2020)

↑Migration

EZH2 Unknown MCF-7/CDDP and MDA-MB-231/CDDP cells ↓miR-381 H3K27me3 ↑Proliferation Dou et al. (2019)

↑Cisplatin resistance

EZH2 Unknown MDA-MB-231 and MDA-MB-436 cells ↓FOSB H3K27me3 ↑Proliferation Zhang et al. (2020b)

EZH2 YY1 MDA-MB-231 and MDA-MB-453 ↓OPB H3K27me3 ↑Cell Viability Yi et al. (2021)

↑Migration

EZH2 SMYD2 T-47D, Hs 578T and MCF-7 cells ↓SIAH1 H3K27me3 ↑Proliferation Zeng et al. (2019)

↓RASSF1 ↑Invasion

↓AXIN2 ↑EMT

EZH2 DDX21 MDA-MB-231 and MCF-7 ↓SNAIL H3K27me3 ↓EMT Zhang et al. (2018a)

↓Invasion

EZH2 LINC01133 MDA-MB-231, SKBR-3, MDA-MB-468, ZR-75-1, BT474, MCF-7 and T47D ↓SOX4 H3K27me3 ↓Invasion Song et al. (2019)

↓Migration

EZH2 macroH2A1.2 MDA-MB-468, MCF-7, MCF-10–2A, and MDA-MB-231 ↓LOX H3K27me3 ↓Bone metastasis Kim et al. (2018)

HR, hormone receptors; HER2, human epidermal growth factor receptor 2; ER, estrogen receptor; ↑, up-regulated; ↓, down-regulated.
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possibility of polymorphism within BC (Ozdag et al., 2006).

TCGA-based bioinformatics analysis was carried out; as a result,

SUV39H2, together with additional new genes (DNMT3B,

SUV39H1, AURKB, and EZH2) was remarkably upregulated

within TN disorders, which was positively related to

Ki67 upregulation, tumor grade, and TN status.

SUV39H2 upregulation predicted a poor survival time (Pena-

Llopis et al., 2016). In ERα-positive cells, ERβ downregulates

SUV39H1 and SUV39H2, and decreases the binding of ERα to

p53 to abolish the suppressive heterochromatin. At last, ERβ can
produce a p53-ERα transcriptional block while further

suppressing proliferation and promoting apoptosis (Lu and

Katzenellenbogen, 2017).

H3K27 methylation
H3K27 methylation has been frequently recognized as the

gene repression hallmark. H3K27me3 can generate extensive

domains within the silenced gene promoters (Margueron and

Reinberg, 2011). Additionally, H3K27me3 is enriched at poised

enhancers along with a low level of H3K4me1 in mouse and

human embryonic stem cells (ESCs) (Rada-Iglesias et al., 2011).

Due to the upregulation in enhancers and promoters,

H3K27me3 has a critical effect on suppressing development-

related genes. Apart from upregulation in poised enhancers,

H3K27me2 also shows a relation to promoters in repressive

and active genes (Barski et al., 2007). Unlike H3K27me2 and

H3K27me3, H3K27me1 is distributed at the actively transcribed

gene promoters. The PRC2 complex, which can catalyze

H3K27 methylation, has four key subunits (Ezh2, Suz12, EED,

and RbAP46/48) and shows the preferential methylation of

H3K27. Meanwhile, G9a represents the HMT for H3K9me1/

me2, which can promote H3K27 monomethylation (Coward

et al., 2018).

Some previous immunohistochemical (IHC) studies have

identified the relation of H3K27me3 upregulation with

luminal A-like tumors. By contrast, H3K27me3 is in a low

level in highly proliferative TNBC, basal-like, ER-positive, and

luminal B tumors (Holm et al., 2012; Healey et al., 2014). It is

TABLE 2 Classification, formal names, and aliases of HATs.

Name Gene
symbol

Alias Protein
groups

Histone acetyltransferase 1 KAT1 HAT1 Writer

K(lysine) acetyltransferase 2A KAT2A GCN5, GCN5L2, PCAF-b, hGCN5 Writer/reader

K(lysine) acetyltransferase 2B KAT2B CAF, P/CAF, PCAF Writer/reader

CREB binding protein KAT3A CREBBP, CBP, KAT3A, RSTS Writer/reader

E1A binding protein p300 KAT3B EP300, RSTS2, p300 Writer/reader

TATA-box binding protein-associated
factor 1

TAF1 KAT4, BA2R, CCG1, CCGS, DYT3, DYT3/TAF1, N-TAF1, NSCL2, OF, P250, TAF(II)250,
TAF2A, TAFII-250, TAFII250, XDP

Writer/reader

TATA-box binding protein-associated
factor 1 like

TAF1L TAF2A2 Writer/Reader

General transcription factor IIIC GTF3C4 KAT12, GTF3C4, TFIII90, TFIIIC290, TFIIIC90, TFIIICDELTA Writer

Activating transcription factor 2 ATF2 CRE-BP1, CREB-2, CREB2, HB16, TREB7 Writer

K(lysine) acetyltransferase 5 KAT5 ESA1, HTATIP, HTATIP1, PLIP, TIP, TIP60, ZC2HC5, cPLA2 Writer

K(lysine) acetyltransferase 6A KAT6A MOZ, MRD32, MYST-3, MYST3, RUNXBP2, ZC2HC6A, ZNF220 Writer

K(lysine) acetyltransferase 6B KAT6B GTPTS, MORF, MOZ2, MYST4, ZC2HC6B, qkf, querkopf Writer

K(lysine) acetyltransferase 7 KAT7 HBO1, HBOA, MYST2, ZC2HC7 Writer

K(lysine) acetyltransferase 8 KAT8 MOF, MYST1, ZC2HC8, hMOF Writer

Elongator acetyltransferase complex
subunit 3

KAT9 ELP3 Writer

Nuclear receptor coactivator 1 KAT13A NCOA1, F-SRC-1, RIP160, SRC1, bHLHe42, bHLHe74 Writer

Nuclear receptor coactivator 3 KAT13B NCOA3, ACTR, AIB-1, AIB1, CAGH16, CTG26, RAC3, SRC-3, SRC3, TNRC14, TNRC16,
TRAM-1, bHLHe42, pCIP

Writer

Clock circadian regulator KAT13D CLOCK, bHLHe8 Writer

CSRP2 binding protein KAT14 CSRP2BP, ATAC2, CRP2BP, PRO1194, dJ717M23.1 Writer

MHC class II transactivator CIITA C2TA, CIITAIV, MHC2TA, NLRA Writer

Testis-specific chromodomain protein
Y 1

CDY1 CDY, CDY1A Writer

Testis-specific chromodomain protein
Y 2

CDY2 CDY2A Writer

Frontiers in Pharmacology frontiersin.org09

Feng and Meng 10.3389/fphar.2022.946811

105

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.946811


interesting that H3K27me3 is related to EZH2 upregulation in

TNBC and basal-like BC, indicating the role of enhanced

EZH2 activity in functions associated with non-H3K27

methylation, such as specifically regulating ubiquitination and

transcription factors (TFs), and protein decomposition inducing

tumor genesis and development (Park et al., 2021).

H3K36 methylation
H3K36 methylation within human cells can interact with

transcriptional elongation and methylation of H3K9 to maintain

the repressive chromatin status after gene transcription in a

histone acetylation-independent manner (Fang et al., 2010).

Additionally, H3K36me3 can recruit DNA methyltransferase

3A (DNMT3A) for achieving DNA methylation, which is the

redundant pathway for inhibiting the false initiation of

transcription (Dhayalan et al., 2010). H3K36me2, which is

located in gene body regions, remains largely unclear.

Nonetheless, H3K36me2 upregulation is suggested to be

related to aberrant transcription (Kuo et al., 2011).

H3K36 methylation is able to suppress the enzymatic activity

of the PRC2 complex, thus preventing PRC2-regulated

H3K27 methylation (Yuan et al., 2011). Within mammalian

cells, nine H3K36 methyltransferases are discovered, among

which, SMYD2, NSD1-3, SETMAR, SETD3, and ASH1L

directly catalyze H3K36 mono- and dimethylation, while just

testis-specific PRDM9 and SETD2 are able to catalyze

H3K36me3 (Eram et al., 2014).

Jeong et al. reported that NSD3 played an important role in

epigenetically regulating BC stemness, metastasis, and EMT,

indicating its role as a therapeutic target for metastatic BC

(Jeong et al., 2021). Other findings indicate that

SETD2 alteration-mediated epigenetic modulation and

downstream H3K36me3 are involved in the development of

breast phyllodes tumor (PT). In PT pathogenesis,

SETD2 mutations possibly take place in the early stage (Tsang

et al., 2021).

H3K79 methylation
H3K79 methylation shows a high enrichment level within

coding regions, which is related to active transcription.

H3K79 methylation occurs in the globular domains of

histone H3, which is different from additional histone marks

present in unstructured histone tails (Nguyen and Zhang,

2011). The aforementioned three H3K79 methylation types

involve yeast Dot1 protein and the mammalian homolog

DOT1L (Jones et al., 2008). It is intriguing that

H3K79 methylation displays trans-tail histone modification

with additional histone marks such as H4K16ac and H2B

ubiquitination. In yeast, H2B ubiquitination loss reverses

H3K79me2 and H3K79me3 (Ng et al., 2002). As revealed by

in vitro HMT and structural assays, H2B ubiquitination plays

an essential role in DOT1L’s methyltransferase activity

(McGinty et al., 2008). H4’s N-terminal tail is needed for the

in vitro enzymatic activity of Dot1. Furthermore, H4K16ac

upregulation promotes in vivo H3K79 methylation (Altaf

et al., 2007), and the latter has been suggested to disrupt

transcriptional elongation, DNA damage response, and

telomeric silencing (Huyen et al., 2004).

H4K20 methylation
H4K20 methylation represents the suppressive hallmark for

histone modification. H4K20me1 is located in the coding region

of lowly transcribed genes, which can be enriched within

parental nucleosomes during cell division (Sato et al., 2016).

H4K20me1/me2 can recruit leucine-rich repeats and WD

repeat domain containing 1 (LRWD1) and origin recognition

complex subunit 1 (ORC1) in the replication origin for

regulating DNA replication (Kuo et al., 2012). It is to be

noted that H4K20 methylation can directly recruit L3MBTL1

(a chromatin remodeler protein) for inducing chromatin

condensation (Boccuni et al., 2003). SET8 contributes to the

mono-methylation of H4K20, and later H4K20me1 is

methylated into H4K20me2/me3 gradually via the action of

SUV4-20H1/H2 (Jorgensen et al., 2013). Additionally,

H4K20 methylation has been suggested to facilitate DNA

damage repair, genomic stability, nucleosome turnover, DNA

replication, and chromatin compaction (Tardat et al., 2010;

Yang et al., 2016). The status of histone methylation marks were

mesmerized in Table 1.

Histone H2A and H2B pathways in breast cancer
Histone H2A and H2B variants are recognized as the

mediators of drug resistance and also of drug sensitivity in

breast cancer (Nayak et al., 2015). The histone H2A.Z

depletion can also be defective in the integrity and stability of

the human genome. Rangasamy et al. presented the molecular

pathways linking H2A.Z to breast cancer and mechanisms were

proposed to explain how the altered H2A.Z led to tumorigenesis

(Rangasamy, 2010). However, monoubiquitination of histone

H2B at lysine 120 (H2Bub1) has been shown to have key roles in

transcription, DNA damage response, and stem cell

differentiation (Cole et al., 2015). While globally depleted in

breast cancer, H2Bub1 is selectively enriched in the coding region

of certain highly expressed genes, including p53 target genes in

response to DNA damage, functioning to exercise transcriptional

control of these loci (Atanassov et al., 2016).

Histone demethylation in BC

Dozens of lysine demethylases (KDMs) have been reported to

date that are classified into twomain groups (Cloos et al., 2006; Klose

et al., 2006): the amine-oxidase type lysine-specific demethylases

(LSDs) and the highly conserved Jumonji C (JmjC) domain-

containing histone KDMs. KMTs and KDMs have both been

implicated in oncogenesis. LSD1 can exhibit either pro-tumor or
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TABLE 3 Classification, formal names and aliases of HDACs.

Name Gene
symbol

Alias Protein
groups

Histone deacetylase 1 HDAC1 GON-10, HD1, RPD3, RPD3L1 Eraser

Histone deacetylase 2 HDAC2 HD2, RPD3, YAF1 Eraser

Histone deacetylase 3 HDAC3 HD3, RPD3, RPD3-2 Eraser

Histone deacetylase 4 HDAC4 AHO3, BDMR, HA6116, HD4, HDAC-4, HDAC-A, HDACA Eraser

Histone deacetylase 5 HDAC5 HD5, NY-CO-9 Eraser

Histone deacetylase 6 HDAC6 CPBHM, HD6, JM21, PPP1R90 Eraser

Histone deacetylase 7 HDAC7 HD7, HD7A, HDAC7A Eraser

Histone deacetylase 8 HDAC8 CDA07, CDLS5, HD8, HDACL1, MRXS6, RPD3, WTS Eraser

Histone deacetylase 9 HDAC9 HD9, HDAC, HDAC9B, HDAC9FL, HDRP, MITR Eraser

Histone deacetylase 10 HDAC10 HD10 Eraser

Histone deacetylase 11 HDAC11 HD11 Eraser

Sirtuin 1 SIRT1 SIR2L1 Eraser

Sirtuin 2 SIRT2 SIR2, SIR2L, SIR2L2 Eraser

Sirtuin 3 SIRT3 SIR2L3 Eraser

Sirtuin 4 SIRT4 SIR2L4 Eraser

Sirtuin 5 SIRT5 SIR2L5 Eraser

Sirtuin 6 SIRT6 SIR2L6 Eraser

Sirtuin 7 SIRT7 SIR2L7 Eraser

ASH1-like histone lysine methyltransferase ASH1L ASH1, ASH1L1, KMT2H Reader

ATPase family, AAA domain containing 2 ATAD2 ANCCA, CT137, PRO2000 Reader

ATPase family, AAA domain containing 2B ATAD2B — Reader

Bromodomain adjacent to zinc finger domain 1A BAZ1A ACF1, WALp1, WCRF180, hACF1 Reader

Bromodomain adjacent to zinc finger domain 1B BAZ1B WBSCR10, WBSCR9, WSTF Reader

Bromodomain adjacent to zinc finger domain 2A BAZ2A TIP5, WALp3 Reader

Bromodomain adjacent to zinc finger domain 2B BAZ2B WALp4 Reader

Bromodomain PHD finger transcription factor BPTF FAC1, FALZ, NURF301 Reader

Bromodomain containing 1 BRD1 BRL, BRPF1 Reader

Bromodomain containing 2 BRD2 D6S113E, FSH, FSRG1, NAT, RING3, RNF3 Reader

Bromodomain containing 3 BRD3 ORFX, RING3L Reader

Bromodomain containing 4 BRD4 CAP, HUNK1, HUNKI, MCAP Reader

Bromodomain testis-associated BRDT BRD6, CT9 Reader

Bromodomain containing 7 BRD7 BP75, CELTIX1, NAG4 Reader

Bromodomain containing 8 BRD8 SMAP, SMAP2, p120 Reader

Bromodomain containing 9 BRD9 LAVS3040, PRO9856 Reader

Bromodomain and PHD finger containing 1 BRPF1 BR140 Reader

Bromodomain and PHD finger containing 3 BRPF3 — Reader

Bromodomain and WD repeat domain containing 1 BRWD1 C21orf107, N143, WDR9 Reader

Pleckstrin homology domain interacting protein PHIP BRWD2, DCAF14, WDR11, ndrp Reader

Bromodomain and WD repeat domain containing 3 BRWD3 BRODL, MRX93 Reader

CECR2, histone acetyl-lysine reader CECR2 — Reader

KIAA2026 KIAA2026 — Reader

Lysine methyltransferase 2A KMT2A ALL-1, CXXC7, HRX, HTRX1, MLL, MLL-AF9, MLL/GAS7,
MLL1, MLL1A, TET1-MLL, TRX1, WDSTS

Reader

Polybromo 1 PBRM1 BAF180, PB1 Reader

SWI/SNF-related, matrix-associated, actin-dependent regulator of
chromatin, subfamily a, member 2

SMARCA2 BAF190, BRM, NCBRS, SNF2, SNF2L2, SNF2LA, SWI2, Sth1p,
hBRM, hSNF2a

Reader

SWI/SNF-related, matrix-associated, actin-dependent regulator of
chromatin, subfamily a, member 4

SMARCA4 BAF190A, BRG1, MRD16, RTPS2, SNF2, SNF2L4, SNF2LB, SWI2,
hSNF2b

Reader

(Continued on following page)
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anti-tumor activity in breast cancer development, highlighting a

context-dependent role in regulating different biological processes

possibly by using different functional domains (Hu et al., 2019a; Fang

et al., 2019). JMJD3 has been associated with breast cancer

progression. Xun et al showed that ectopic expression of

JMJD3 suppresses the stem cell-like characteristics of breast cancer

cells (Xun et al., 2017).

Histone acetylation in breast cancer

KATs can be divided into two types according to their cellular

localization, namely, cytoplasmic and nuclear KATs (Han et al., 2016;

Trisciuoglio et al., 2018). Among them, nuclear KATs can be further

divided according to enzyme transfer mechanisms and structural

homology (Table 2). There are five different families discovered to

have diverse functions and targets, namely, CREB-binding protein

and its paralog p300 (p300/CBP), GCN5-related N-acetyltransferase

(GNAT), nuclear receptor coactivator factor (NRCF) family, and

MYST (Roth et al., 2001; Fiorentino et al., 2018). For p300/CBP, there

are about 100 protein substrates detected, contributing to the

acetylation of non-histone and histone proteins such as tumor

suppressor protein p53 (Bowers et al., 2010; Simon et al., 2016).

Among KATs, the MYST family contains the greatest gene number

and shows the highest diversity, which is mainly related to gene

silencing and DNA repair (Voss and Thomas, 2009), includingMOZ

(monocytic leukemia zinc finger protein), Tip60 (Tat-interactive

protein), Sas2 (something about silencing), YBF2/Sas3, and MOF.

They exhibit the features of one conserved 3-terminal histone

acetyltransferase (HAT) domain (that contains a binding site for

acetyl-CoA), one helix-turn-helix DNA-binding domain, and one

C2HC zinc finger related to HAT catalytic performance (Roth et al.,

2001; Brown et al., 2016). The KAT family is associated with great

variability in structural characteristics, such as chromodomains, zinc

fingers, and PHD fingers (Yang and Seto, 2007).

GNAT family
DNA-wrapped surrounding histones can be accessed via

epigenetic mechanisms such as the acetylation of histone lysine. In

each histone, KATs can acetylate 10–20 lysine residues. Histone

acetylation will elevate negative charges onto DNA, thereby

promoting proteins associated with DNA repair, transcription, and

replication to access DNA (Vo and Goodman, 2001; Unnikrishnan

et al., 2010). Histone lysine acetylation has been suggested to be

related to fundamental transcriptional activation commonly seen in

tumor cells, in particular for K9/K11/K18/K56 onto histone H3, and

K5/K8/K13K16 onto histone H4 (Berger, 2007). Such acetylation

procedure can be regulated via lysine acetyltransferases such as p300/

CBP, ORC-binding HATs, monocytic leukemia zinc finger protein

(MOZ), general control of amino acid synthesis 5-like 2 (GCN5), and

MYST2/KAT7 (HBO1) (Kaypee et al., 2016). GCN5 silencing inhibits

MDA-MB231 cell invasion, proliferation, and migration, upregulates

p21, and downregulates p-AKT, p-STAT3, E2F1, and MMP9 levels

within MDA-MB231 cells relative to those treated with TGF-β1.
Consequently, GCN5 is the possible downstream target of the TGF-β/
Smad pathway responsible for regulating EMTwithin BC (Zhao et al.,

2018).

P300/CEBP family
ERα represents the TF that binds to the growth factor (GF)

and hormonal signals to be activated. Actually, ERα is extensively
suggested to be acetylated post-translationally via the activation

of coactivator p300. The persistently activated ERα is related to a

higher risk of BC occurrence by promoting aberrant breast tissue

development. ERα acetylation can be achieved within hinge/

ligand domains in K229, K299, K302, and K303 (Wang et al.,

2001). Also, in another research on atypical breast hyperplasia,

the ERα acetylation level increases in lysines K266 and K268 via

p160 and p300 coactivators (Kim et al., 2006). p300/CBP

contributes to ERα acetylation and promotes cell growth

within BRCA1-mutated BC cells. Cross-talk with CBP and

TABLE 3 (Continued) Classification, formal names and aliases of HDACs.

Name Gene
symbol

Alias Protein
groups

SP100 nuclear antigen SP100 lysp100b Reader

SP110 nuclear body protein SP110 IFI41, IFI75, IPR1, VODI Reader

SP140 nuclear body protein SP140 LYSP100, LYSP100-A, LYSP100-B Reader

SP140 nuclear body protein-like SP140L — Reader

Tripartite motif containing 24 TRIM24 PTC6, RNF82, TF1A, TIF1, TIF1A, TIF1ALPHA, hTIF1 Reader

Tripartite motif containing 28 TRIM28 KAP1, PPP1R157, RNF96, TF1B, TIF1B Reader

Tripartite motif containing 33 TRIM33 ECTO, PTC7, RFG7, TF1G, TIF1G, TIF1GAMMA, TIFGAMMA Reader

Tripartite motif containing 66 TRIM66 C11orf29, TIF1D, TIF1DELTA Reader

Zinc finger MYND-type containing 8 ZMYND8 PRKCBP1, PRO2893, RACK7 Reader

Zinc finger MYND-type containing 11 ZMYND11 BRAM1, BS69, MRD30 Reader
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p300 coactivators within BC cells can decrease the metastatic

activity by increasing E-cadherin levels (Liu et al., 2005).

H3 acetylation in the promoters of Snail, ZEB1, and

ZEB2 promotes the CSC-like characteristics within BC cells

(Cho et al., 2015). Metadherin (MTDH) is related to BC cell

metastasis and drug resistance, which can interact with CBP, and

the latter is thereby translocated into the promoter of the twist

family BHLH transcription factor (TWIST) and allows for

proximal H3 acetylation in the promoter (Liang et al., 2015).

Certain gene mutations have been indicated to upregulate p300/

CBP within BC (Tillinghast et al., 2003), which is usually related

to disease relapse and chemoresistance (Xiao et al., 2011).

MYST family
Human males absent on the first (hMOF) deficiency can be

detected within certain cancer types, and its level is the marker for

disease prognosis (Cao et al., 2014). Pfister et al. compared the non-

transformed control tissues and found that the hMOF protein and

mRNA levels were significantly downregulated in primary BC. In

addition, the hMOF protein level was closely related to

H4K16 acetylation within each tested sample. On the contrary,

hMOF expression increases within certain cancer types, which is

related to HBO1 acetyltransferase responsible for forming a pre-

initiation complex while initiating replication (Iizuka et al., 2006).

P53 shows negative regulation on HBO1 while suppressing

replication in the case of cell stresses (Iizuka et al., 2008).

Moreover, HBO1 expression increases within tumor cells in

comparison with healthy cells (Iizuka et al., 2009); meanwhile, its

phosphorylated form functions to regulate CSC genesis within BC

(Duong et al., 2013). KATs are referred to as MOZ (also known as

MYST3 andKAT6A), and they can form tetrameric complexes with

their paralog MORF (also known as MYST4 and KAT6B). The as-

formed complexes contain two small non-catalytic subunits and

bromodomain- and PHD finger-containing protein 1 (BRPF1)

(Kaypee et al., 2016). The aforementioned two acetyltransferases

are usually mutated within BC (Lynch et al., 2013).

Histone deacetylation in breast cancer

Numerous histone deacetyltransferases are examined in

studies to achieve favorable effects (Table 3). Sirtuin (SIRT1)-

mediated ERα deacetylation within BC can decrease ERα activity
and suppress BC cell growth, which is the effective method for

preventing BC progression. Park et al. investigated

SIRT2 function using Sirt2−/− mammary tumor cell line

(MMT) derived from the spontaneous mammary tumors in

Sirt2−/− mice, which identified the M2 isoform of pyruvate

kinase (PKM2) as a critical target of SIRT2 (Park et al.,

2016c). This result was supported by Shi et al. who

demonstrated that the high expression of SIRT2 by IHC (IHC

score >3) was downregulated in tumor tissues compared with the

normal adjacent tissues in 296 patients (Shi et al., 2020). In

several cell lines and human breast cancer tissues, Nakagawa et al.

analyzed the expression of class I HDACs, including HDAC1,

HDAC2, HDAC 3, and HDAC 8, and investigated which

subtypes of class I HDACs were overexpressed in breast

cancer. They revealed the high expression levels of these class

I HDACs, and IHC results for HDAC1, HDAC2, HDAC3, and

HDAC8 were positive in 17 (85%), 20 (100%), 20 (100%), and 17

(85%) of 20 breast cancer cases, respectively (Nakagawa et al.,

2007). HDAC6 contributes to cancer metastasis since its

upregulation increases cell motility in breast cancer MCF-7

cells and its interaction with cortactin regulates motility.

HDAC6 also affects transcription and translation by

regulating the heat-shock protein 90 (Hsp90) and stress

granules, respectively (Saji et al., 2005). HDAC11 shows

different expression levels and biological functions in different

systems of the human body and is among the top 1–4% of genes

overexpressed in cancers, such as breast cancer (Liu et al., 2020).

Histone methylation-targeted anti-
cancer drugs

At present, just a few selective small-molecular substances with

the direct inhibition effect of active sites in specific KMT2 family

protein enzymes are identified (Chern et al., 2020). Epi-drugs can

restore the repressive TSGs or the aberrantly activated oncogenes

to suppress BC development. In addition, epi-drugs can prevent

drug resistance, increase anti-tumor therapeutic effects, and

enhance the radiotherapeutic effect.

Inhibitors that target H3K4-specific HMTs
for anticancer therapy

MLL family inhibitors
Chern et al. adopted the bisubstrate strategy to prepare a

focused library and identified numerous strong MLL

methyltransferase inhibitors. It is to be noted that compound

16 (TC-5115) shows the highest strength and displays the 16-nM

IC50 value. In the complex of MLL plus another four strong

inhibitors, cocrystal structures are observed, revealing the role of

such inhibitors in locking the MLL SET domain within the open,

inactive conformation. Further optimizing TC-5115 can assist in

developing a novel anti-MLL treatment (Chern et al., 2020).

Furthermore,MLL2 expression increases in BC cells and invasive

carcinomas (Natarajan et al., 2010). Similarly, MLL4 deficiency

reduces H3K4me3 expression while upregulating

H3K27me3 expression within SIX1, MMP9, and MMP11 genes of

MDA-MD-231 cells (Rabello Ddo et al., 2013). Based on the

aforementioned findings, H3K4 methyltransferase possibly

connects H3K27 acetylation and H3K4 methylation within BC

cells by a certain mechanism, as evidenced by research on

MLL4 levels within BC cells. Afterward, the UTX-MLL4 complex
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significantly promotedH3K27 acetyltransferase p300 to bind to target

chromatin regions, thereby additionally increasingH3K27 acetylation

while enhancing the gene activation activity of the enhancer (Kim

et al., 2014).

Menin-MLL inhibitors
Suppressing the association of menin with HMTs is a possible

new treatment. At first, macrocyclic peptidomimetic inhibitors

(MCP-1) are prepared for inhibiting the interaction between

menin and MLL1. Meanwhile, menin shows direct binding to

MI-463 and MI-503 at the low nanomolar binding affinity,

which efficiently suppresses the interaction of menin with MLL

(Borkin et al., 2015). Small molecules can be used to

pharmacologically inhibit the interaction between menin and

MLL, which can thereby prevent in vivo MLL leukemia

progression without affecting healthy hematopoiesis. MI-463 used

in combination with auranofin (an inhibitor of thioredoxin

reductase) shows synergistic effects on promoting BC cell

apoptosis (Kato et al., 2020). Additionally, HO-1 has a strong

induction effect, which facilitates synergistically promoting the

efficacy of MI-463 and auranofin. Consequently, the combined

application of menin-MLL inhibitors, such as MI-463, and

auranofin can efficiently treat BC by inducing ferroptosis.

SMYD inhibitors
RANi-induced SMYD2 silencing within TNBC cells or AZ505

(an inhibitor of SMYD2)-mediated SMYD2 inhibition remarkably

decreases in vivo cancer development (Li et al., 2018). SMYD2 can

methylate and activate the newnon-histone substrates such as theNF-

κBp65 subunit and STAT3 to exert its effect, thus inducing the growth
and survival of TNBC cells (Li et al., 2018). As discovered in a recent

research study on BC, SMYD3 shows diverse expression levels within

T47D andMCF-7 BC cell lines, which enhances cisplatin resistance of

MCF-7 cells (Wang et al., 2020). In addition, SMYD3 deficiency

FIGURE 3
Dysregulation of EZH2 in various breast cancers.
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combined with cisplatin exposure suppresses the proliferation and

mitochondrial membrane potential (MMP) of cells. Based on the

aforementioned findings, SMYD3 has an important effect on

analyzing cancer sensitivity and resistance to cisplatin.

Consequently, the SMYD3 level has an important effect on BC

occurrence, while inhibiting SMYD3 is the new anti-BC treatment.

WDR5 inhibitors
Punzi et al. found that WDR5 deficiency decreased cell

metastatic ability by abolishing the mesenchymal phenotype of

luminal B- and TN-derived cells, thereby promoting the epithelial

phenotype. In addition, TGFβ1 regulates the aforementioned

process, suggesting that WDR5 is important for inducing EMT

by activating TGFβ1. Furthermore, the aforementioned EMT

reversion also possibly results from the drug targeting effect of

WDR5, which enhances the chemosensitivity of BC cells and the

paclitaxel-mediated efficacy (Punzi et al., 2019).

SETD1 inhibitors
As reported in a study, SETD1A activates MMP levels to

modulate BC metastasis (Salz et al., 2015), and another study

suggests that SETD1A amplification within mixed ductal and

lobular breast cancer can upregulate the H3K4me3 marker to

modulate mitosis within the mitosis and DNA damage response

gene promoters. In addition, SETD1A can modulate some genes

regulating DNA damage response, cell cycle, and mitosis by the

promoter H3K4 methylation within LC and BC cells. SETD1A

loss can trigger the efficacy of aging in suppressing tumors; as a

result, SETD1A possibly has a critical effect on maintaining

tumor cell growth and mitosis (Tajima et al., 2019).

Furthermore, SETD1A can trigger ER+ BC cell growth and

invasion by modulating genes related to cell migration and

survival independent of ER. Therefore, SETD1A is essential

for the development of hormone therapy resistance in BC ER

independently (Jin et al., 2018). SETD1B has a similar structure

to SETD1A and has a critical effect on the TNBC pathogenic

mechanism and survival, no matter whether

H3K4 methyltransferase is activated or not, for instance,

through the formation of cytoplasmic COMPASS complexes

and the regulation of ADIPOR1 via the BOD1 interaction

(Wang et al., 2017b). A study shows that SET7/9’s effect can

be achieved through negatively regulating stability via E2F1 and

DNMT methylation. According to the aforementioned findings,

SET7/9 is the biomarker utilized for predicting the invasion and

treatment resistance of BC cases.

H3K9 methyltransferase targets anti-BC
drugs

G9A inhibitor
Accordingly, the G9A inhibitor treatment efficiently

abolishes NDRG1-induced TBX2 suppression and decreases

cell growth after functionally inhibiting TBX2. Based on the

aforementioned results, TBX2 recruits the huge repressive

complex into EGR1-responsive promoters to suppress physical

growth control, thus inducing out-of-control BC cell growth

(Crawford et al., 2019). A study reported the benzoxazole scaffold

by virtual high-throughput screening (HTS), and the design and

synthesis of 24 derivatives, which are later utilized to inhibit G9a.

Following the repeated screening of anti-proliferative activity and

kinase, this work found that GA001, the effective G9a antagonist

that had a 1.32 μM IC50 value, triggered autophagy within

MCF7 cells through AMPK (Zhang et al., 2017).

H3K27 methylation targeting potential in
anti-BC treatment

Using small inhibitory molecules or chromatin-modifying

enzyme inhibitors to target tumor epigenome for releasing

knockout genes from repressive status is the possible potent

method to research cancer and develop new drugs. For erasing

the H3K27me3 mark out of gene promoters, some methods have

been used, such as directly or indirectly inhibiting EZH2,

incorporating H3K27me3-recognizing synthetic TFs, applying

natural anti-tumor agents, or combining with known anti-tumor

agents. Nonetheless, targeting H3K27 methylation during anti-

BC therapy possibly triggers treatment-induced side effects. In

particular, apart from the effect of suppressing

H3K27 methylation, EZH2 inhibitors can suppress

EZH2 activity associated with additional effects. Consequently,

applying drugs targeting H3K27 methylation should be properly

validated, to overcome non-methylation-associated effects.

EZH2 inhibitors
3-deazaneplanocin A (DZNep) is a known PCR2 inhibitor that

can promote tumor cell apoptosis (such as MDA-MB-468,

MCF7 BC cells), but it makes no difference to healthy cells

(such as MCF-10A) (Tan et al., 2007). DZNep suppresses

S-adenosyl-L-homocysteine (SAH) hydrolase activity and

upregulates SAH to indirectly inhibit EZH2. SAH is also an

antagonist of SAM, which can thereby block HMT activity

(Miranda et al., 2009). Additionally, DZNep exerts the lowest

effect on DNA methylation-silenced genes (Miranda et al., 2009).

DZNep treatment can markedly suppress H3K27 methylation

(rather than H3K9 methylation) in diverse tumor cells (such as

MB-468 BC cells) by depleting PRC2 component levels in cells

(EZH2, SUZ12, and EED) (Tan et al., 2007)) (Figure 3). According

to the authors, DZNep treatment reactivates PRC2-suppressed

genes in BC. In BRCA1-depleted BC cells with EZH2 upregulation,

DZNep further induces apoptosis compared with that in BRCA1-

proficient BC cells (Puppe et al., 2009). Although DZNep has

aroused wide attention as a possible antitumor therapeutic agent,

there is little research on its possible side reactions in vivo or in a

BC model. Therefore, it is necessary to carry out in vivo
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experiments to examine its use in BC as an epi-drug. After DZNep,

other strong and selective EZH2 inhibitors competing against

SAM have also been developed (Verma et al., 2012). Typically,

GSK343 and GSK926 are suggested to down-regulate histone

H3K27me3 expression while suppressing EZH2 expression

within BC (HCC1806 TNBC) and PCa (LNCaP) cells;

nonetheless, GSK343 displays certain limitations because it is

highly cleared (plasma volume where the drug is completely

eliminated per unit of time) in a rat pharmacokinetic study.

Upregulation of EZH2 causes di-methylation (H3K27me2)

and H3K27 tri-methylation (H3K27me3) to lysine 27 residue of

histone 3 (H3K27). EZH2-mediated up- and downregulation of

various genes increases cell proliferation, invasion, and

metastasis and decreases the apoptosis of breast cancers.

Interestingly, PARP1, one of the poly(ADP-ribose)

polymerase family (PARP) members, is suggested to decrease

and interact with EZH2, thus decreasing H3K27me3 expression

within MDA-MB-231 cells (Yamaguchi et al., 2018). Upon

alkylation and oxidative stress-induced DNA damage,

PARP1 contributes to the PARylation of EZH2 while inducing

PRC2 complex dissociation, decreasing EZH2 expression, and later

downregulating the expression of EZH2-regulated H3K27me3

(Quintayo et al., 2012). On the contrary, PARP inhibitor

(PARPi)-mediated PARP suppression can mitigate

EZH2 downregulation resulting from alkylating DNA damage,

thus, further increasing EZH2-induced gene knockdown and CSC

characteristics in comparison with untreated cells. Consequently,

the combined application of EZH2i-like GSK343 and PARPi

(olaparib) is investigated within BRCA-deficient BC

(Yamaguchi et al., 2018). According to results obtained from

ovarian cancer (UWB1.289) and BC (HCC38 and SUM149)

cells with no response to PARPi alone, adding EZH2i enhances

PARPi’s efficacy (Yamaguchi et al., 2018). Based on the

aforementioned findings, it is necessary to determine whether

combination therapy is effective on BRCA-defective tumors in

clinical trials. Actually, a phase-II clinical trial is currently

recruiting HR+/HER2− advanced BC with endocrine therapy

resistance to receive SHR3162 (PARPi) and SHR2554 (EZH2i)

treatment (ClinicalTrials.gov Identifier: NCT04355858).

H3K27 methylation inhibitors
Additionally, for BC subtypes that display the lowest

H3K27me3 expression and has a dismal prognostic outcome

such as TNBC, the chromatin mark may be upregulated for

improving patient survival. Some studies have demonstrated the

crosstalk between H3K27 methylation and additional chromatin

modifications, and the combined application of HDACi (MS275)

or DNMTi (guadecitabine/SGI-110) has been examined within

the XtMCF and LmMCF cells, and TNBC model cells exhibiting

high tumorigenicity and metastasis potentials (Su et al., 2018).

The monotherapies of the aforementioned two drugs can

upregulate H3K27me3 expression, whereas their combination

can synergistically upregulate the H3K27me3 level. Such

treatment induces transcriptional reprogramming, which is

evidenced by EMT suppression, protein mutant p53 (usually

detected within tumor cells), ZEB1 and EZH2 promotion, and

induce E-cadherin expression, H3 trimethylation, and apoptosis.

Abolishing EMT induces tumor cell proliferation, clone forming,

and suppression of their stemness. Additionally, MS275 alone or

plus SGI suppresses XtMCF xenograft growth, whereas

MS275 decreases the lung metastasis of LmMCF cells within

mice (Su et al., 2018). Collectively, the aforementioned data

indicate that EMT epigenetic reprogramming, such as

H3K27 methylation, inhibits TNBC cells’ aggressiveness.

Histone acetylation targeted anti-
cancer drugs

Epi-drug can suppress BC progression by abolishing the

abnormally suppressed TSGs or abnormally activated

oncogenes. Additionally, epi-drugs can prevent treatment

resistance, increase antitumor drug efficacy, and enhance

radiotherapeutic efficacy. Numerous epi-drugs are examined

in clinical studies to achieve favorable effects (Table 3).

HAT inhibitors’ effect on anti-BC
treatment

Some HAT-targeting inhibitors are investigated; however,

none of them has been tested in clinical trials. At present, the

existing HATis are library-selected inhibitors, small-molecular

HATi (either synthetic or natural), and bi-substrate inhibitors.

Of them, bi-substrate mimics, including Lys-CoA, exhibit potent

inhibition and are rarely applied in cells due to their great

molecular weight (Lau et al., 2000; Cole, 2008). It is to be

noted that most potent compound, 1r, the new compound

manufactured on the basis of C646, displays potent inhibition,

superior drug-like properties, and low cell proliferation after

removing the toxic nitro group (Liu et al., 2019). ICG-001 can

suppress BC development by targeting protein–protein

interactions (PPIs) between beta-catenin and CBP, but not

suppressing acetyltransferase activity (Ring et al., 2018;

Sulaiman et al., 2018). HATs’ acetyltransferase activity and

substrate specificity can be measured through the multi-

subunit protein complexes. However, the complexities have

greatly hindered the translation of in vitro experiments to in

vivo ones. Existing inhibitors are poorly selective and of low

efficiency, which have restricted their application, even though

they are possibly efficient starting points to develop novel

inhibitors.

KAT inhibitors (KATi)
Histone lysine acetylation is related to the occurrence and

development of certain disorders, thus indicating that KAT
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modulators may be possible therapeutic targets. Nonetheless, it

remains a challenge to identify the strong and selective KATi in

comparison with modulators for additional epigenetic enzymes

such as KDAC inhibitors (Merarchi et al., 2019). Some methods

such as computational tools and improved assay techniques are

applied in identifying small-molecular KAT inhibitors; however,

just a low proportion of them are verified with in vivo and in vitro

activities currently (Krishna et al., 2018; Huang et al., 2019). Such

KATi are divided into three categories: 1) bisubstrate inhibitors,

2) natural substances and the corresponding derivatives, and 3)

synthesize small molecules.

Bisubstrate inhibitors
Bisubstrate analog mimicking the ternary complex constituted

by the lysine substrate and cofactor acetyl-Co is the first KAT

inhibitor. Thereafter, some research groups adopted the concept for

identifying specific KATi. For instance, lys-CoA is prepared by

connecting coenzyme A (CoA) with the single lysine residue by

means of the methylene linker (Lau et al., 2000). According to

reports, lys-CoA exhibits strong activity to inhibit p300 in

comparison with PCAF. Additionally, H3-CoA-20 can specifically

bind to PCAF (Lau et al., 2000). Additionally, Boc-C5-CoA is also

suggested to occupy two binding pockets in enzyme active sites to

suppress p300 (Kwie et al., 2011). Likewise, H4K16-CoA, also a

bisubstrate analog, is a strong inhibitor of MYST family enzyme

Tip60 and the corresponding yeast homolog Esa1, and its

IC50 values are within the micromolar range (Wu et al., 2011).

Nonetheless, bisubstrate inhibitors are poorly permeable into

cells and aremetabolically unstable, which is ascribed to their partial

peptidic structure and polar phosphate group. The aforementioned

shortcomings are managed by using cell membrane penetration

technologies such as lipid permeabilization and cell micro-injection

(Simon et al., 2016). Some possible CoA analog prodrugs targeting

p300 are also developed (Cebrat et al., 2003). Modifications

including coupling the amino acid backbone of inhibitors into

the arginine-abundant peptides or TAT protein transduction

domain promote p300 inhibition and transmembrane delivery

(Wadia and Dowdy, 2005).

According to one study, polyamine spermidine (Spd) is

connected with CoA’s S atom in a covalent manner via the

thioglycolic acid linkage, which thus forms the non-toxic

Spd(N1)-CoA that can be internalized in cells by the

polyamine transporter (Cullis et al., 1982). Spermidinyl-CoA-

based (N1) is able to change pathways related to DNA damage

repair and then enhances the chemosensitivity and

radiosensitivity of cells (Bandyopadhyay et al., 2009).

According to the latest article, the new peptide-CoA conjugate

bisubstrate inhibitor is prepared, which displays submicromolar

potential to suppress HAT1 (Ngo et al., 2019).

Curcumin
Many articles suggest the effect of some natural substances

on inhibiting KATs (Seidel et al., 2012; Kaypee et al., 2016).

Curcumin, one of the natural KATi, significantly suppresses

different cancers (Shanmugam et al., 2016; Mbese et al., 2019;

Tajbakhsh et al., 2018). Curcumin can suppress proliferation and

clone-forming abilities of MDA-MB-231 and MCF-7 cells. Based

on our results, curcumin’s inhibition against BC cells is possibly

associated with its resistance to EMT and CSC properties. In line

with the aforementioned results, curcumin is an anti-metastatic

agent for BC (Hu et al., 2019b). New curcumin preparations have

also been under investigation, such as sustained-release capsules

and nanoparticles (NPs) to manage inflammation and cancer

(Gupta et al., 2013; Di Costanzo et al., 2014). Curcumin can

suppress pure p300’s acetyltransferase activity by adopting

histone H3/p53 to be the substrate. In addition, triggering

receptors expressed on myeloid cells 1 (TREM-1) within

tumor-associated macrophages (TAMs) cause an

inflammatory response initiated by the toll-like receptor

(TLR), which shows overexpression within BC cells. TREM-1

is the risk factor for BC (Pullikuth et al., 2021). Curcumin can

suppress H3/H4’s p300 acetylation to regulate TREM-1 levels

within the TREM-1 promoter (Yuan et al., 2012). Moreover,

curcumin is also reported to suppress KAT activity within THP-1

cells (human monocytic cell line), inhibit nuclear factor-κB (NF-

κB) acetylation at Lys310, and later restrain transcription

activation and nuclear translocation of the corresponding

downstream targets (Yun et al., 2011). Currently, only

curcumin, the KAT with the lowest specificity, is under

clinical trials in the treatment of different disease (Manzo

et al., 2009; Gupta et al., 2013).

Anacardic acid
First separated in the shell liquid of Anacardium occidentale

(cashew nut), anacardic acid (also known as 6-pentadecylsalicylic

acid) (Balasubramanyam et al., 2003) is identified as a non-

competitive and non-selective inhibitor of PCAF and p300/CBP.

It is reported to suppress Tip60 under the same experimental

conditions (Ghizzoni et al., 2012). Additionally, it can also affect

RelA subunit nuclear localization and acetylation to target the

NF-κB pathway, thus suppressing carcinogenesis (Hemshekhar

et al., 2012). Because anacardic acid is highly lipophilic and has

poor physiochemical characteristics, some new phenoxyacetic

acid and 6-alkyl salicylic acid analogs are analyzed to improve

KAT inhibition, cell permeability, and solubility. Phenoxyacetic

acid analogs have a strong KAT inhibition effect, which is

decided by their alkyl chain length and location (Eliseeva

et al., 2007). Additionally, anacardic acid can alleviate Tip60-

induced DNA damage to augment the radiosensitivity of cancer

cells (Sun et al., 2006). Moreover, changes in salicylic acid residue

or alkyl chains show specific shifts in MOF suppression of MYST

family KATs (Zhang et al., 2018b). Moreover, 4-cyano-

3 trifluoromethylphenylbenzamides, the other anacardic acid

derivative, is able to suppress KAT3 (Souto et al., 2008).

Meanwhile, pentadecylidenemalonate, anacardic acid’s

simplified analog, is first identified to be a KAT activator/
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TABLE 4 Summary of HDAC inhibitors on the BC therapeutic strategy and corresponding clinical trials.

Drug Therapeutic strategy Conditions Phases NCT

Vorinostat (SAHA) Monotherapy BC I, II (active, not
recruiting)

NCT00416130

Monotherapy BC II (completed) NCT00262834

Monotherapy BC I (Completed) NCT00788112

Vorinostat, cyclophosphamide, paclitaxel,
trastuzumab, doxorubicin

Locally advanced BC I, II (completed) NCT00574587

Vorinostat, carboplatin, nab-paclitaxel Operable BC II (active, not
recruiting)

NCT00616967

Vorinostat, paclitaxel, bevacizumab Metastatic BC I, II (completed) NCT00368875

Vorinostat, anastrozole, letrozole, exemestane Stage Ⅳ BC Completed NCT01720602

Vorinostat, trastuzumab Metastatic or locally recurrent BC I, II (completed) NCT00258349

Vorinostat, anastrozole, letrozole, exemestane Stage Ⅳ BC Completed NCT01153672

Vorinostat, radiation BC patients with brain metastasis I (completed) NCT00838929

Vorinostat, olaparib Relapsed/refractory and/or metastatic BC I (recruiting) NCT03742245

Vorinostat, tamoxifen, pembrolizumab BC II (terminated) NCT02395627

Vorinostat, tamoxifen, pembrolizumab ER-positive BC II (active, not
recruiting)

NCT04190056

Vorinostat, tamoxifen Hormone therapy-resistant BC II (completed) NCT00365599

Vorinostat, doxorubicin BC I (completed) NCT00331955

Vorinostat, ixabepilone Metastatic BC I (completed) NCT01084057

Belinostat (PXD101) Belinostat, ribociclib Metastatic BC I (recruiting) NCT04315233

Belinostat, talazoparib Metastatic BC I (recruiting) NCT04703920

Belinostat, trastuzumab BC I (suspended) NCT03432741

Entinostat
(SNDX-275)

Monotherapy ER-positive BC II (completed) NCT00828854

Monotherapy TNBC I (terminated) NCT03361800

Entinostat, exemestane Advanced BC II (completed) NCT00676663

Entinostat, exemestane ER-positive BC I (active, not
recruiting)

NCT02820961

Entinostat, atezolizuma TNBC I (active, not
recruiting)

NCT02708680

Entinostat, exemestane, atezolizumab Hormone receptor-positive and HER2-
negative BC

I, II NCT03280563

Entinostat, exemestane Advanced or recurrent BC I (active, not
recruiting)

NCT02623751

Entinostat, exemestane, goserelin Recurrent hormone receptor-positive BC E2112 phase III NCT02115282

Entinostat, nivolumab, Lpilimumab Metastatic or locally advanced BC I (active, not
recruiting)

NCT02453620

Entinostat, Exemestane, erlotinib BC I (completed) NCT01594398

Entinostat, capecitabine Metastatic BC, high risk BC after neo-adjuvant
therapy

I (recruiting) NCT03473639

Entinostat, exemestane Hormone receptor-positive, locally advanced or
metastatic BC

III (active, not
recruiting)

NCT03538171

Entinostat, exemestane Advanced or recurrent BC II (active, not
recruiting)

NCT03291886

Entinostat, azactidine Advanced BC II (active, not
recruiting)

NCT01349959

Entinostat, lapatinib, trastuzumab Locally recurrent or distant relapsed metastatic BC I (completed) NCT01434303

(Continued on following page)
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inhibitor, which activates PCAF and suppresses recombinant

CBP and p300/CBP.

Garcinol
Garcinol (also known as polyisoprenylated benzophenone), a

strong non-specific KATi, is extracted from Garcinia indica

(Kokum fruit) (Liu et al., 2015b). Its IC50 values for PCAF

and p300 are 7 and 5 μM, respectively (Balasubramanyam et al.,

2004). Garcinol-induced tumor cell death is related to the

inhibition of cell apoptosis and histone acetylation (Arif et al.,

2009). For improving garcinol’s pharmacokinetic profiles, some

derivatives that have a lower toxic effect, higher efficacy, and

specificity have been prepared. Isogarcinol is prepared through

intramolecular cyclization, and it is adopted to be the template

for designing some new KATi. In a recent study, Milite et al.

prepared the benzylidene barbituric acid derivative (EML425),

which was applied as a factor to selectively block p300/CBP, and

had strong inhibition within the low micromolar range

(IC50 values of 1.1 and 2.9 μM for CBP and p300,

respectively) (Milite et al., 2015). As discovered by Ahmad

et al., garcinol exposure promoted β-catenin phosphorylation,

and it decreased nuclear localization in BC (Ahmad et al., 2012).

Such findings were verified in the xenograft mouse model in vivo,

in which garcinol suppressed miRNAs, NF-κB, nuclear β-

catenin, and vimentin. According to the aforementioned

results, garcinol’s anti-BC effect is partial because of EMT

phenotypic reversal, and this is related to the abnormal levels

of let-7s, miR-200s, and Wnt and NF-κB pathways to some

extent.

Carnosol
Carnosol, which takes the region binding acetyl-CoA’s

pantetheine arm, is verified to be the candidate anti-BC target.

In addition, it is the new natural p300 inhibitor, which can be

listed in the current inhibitor panel (Alsamri et al., 2021).

BET family
In recent years, BET family-targeting small molecules

(BRD2–BRD4 and testis-specific BRDT) are novel epi-drugs.

The BET family functions to recognize and bind to acetylated

lysine by means of bromodomain; in addition, it has critical

effects on cell cycle control and transcriptional elongation. At

first, BET inhibitors’ effects are examined within NUT-midline

carcinoma (Filippakopoulos et al., 2010) and hepatological

cancers (Dawson et al., 2011; Delmore et al., 2011; Mertz

et al., 2011). Thereafter, their anticancer effects are assessed in

preclinical studies on additional solid tumors such as prostatic

cancer (PCa) (Asangani et al., 2014), non-small cell lung cancer

TABLE 4 (Continued) Summary of HDAC inhibitors on the BC therapeutic strategy and corresponding clinical trials.

Drug Therapeutic strategy Conditions Phases NCT

Panobinostat
(LBH-589)

Monotherapy HER2-negative locally recurrent or metastatic BC II (completed) NCT00777049
Panobinostat, letrozole Metastatic BC I, II (completed) NCT01105312

Panobinostat, paclitaxel, trastuzumab HER2-positive or metastatic BC I (completed) NCT00788931

Panobinostat, capecitabine, lapatinib BC I (completed) NCT00632489

Romidepsin Monotherapy BC I (active, not
recruiting)

NCT01638533

Monotherapy Metastatic BC II(Completed) NCT00098397

Romidepsin, cisplatin, nivolumab Metastatic TNBC, BRCA mutation locally
recurrent or metastatic BC

I, II (suspended) NCT02393794

Romidepsin, abraxane Metastatic inflammatory BC I, II (terminated) NCT01938833

Valproic acid (VPA) Valproate, hydralazine, doxorubicin,
cyclophosphamide

BC II (terminated) NCT00395655

Valproic acid, temsirolimus, cetuximab,
bevacizuma

Recurrent BC I (recruiting) NCT01552434

Valproic acid, epirubicin, 5-fluorouracil,
cyclophosphamide

BC I (completed) NCT00246103

Ricolinostat ACY-1215, nab-paclitaxel Metastatic BC I (completed) NCT02632071

Mocetinostat MGCD0103, docetaxel BC I (terminated) NCT00511576

CUDC-101 Monotherapy BC I (completed) NCT01171924
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(NSCLC), pancreatic cancer (Garcia et al., 2016), together with

BC (Ocana et al., 2017). BET inhibitors are only effective on

TNBC treated combined with PLK1 inhibitors or chemotherapy

or traditional treatment-resistant TNBC (Nieto-Jimenez et al.,

2017). Nonetheless, as the aforementioned studies are pre-

clinical studies at present, more clinical trials are needed to

verify BET inhibitors’ effect on treating BC.

Effects of HDACs inhibitors on BC therapy

HDACs can be further classified into four main types

according to their sequence homology, namely, class I

(HDAC1–3, and HDAC8), class II (HDAC4–7 and

HDAC9–10), class III (sirtuin 1–7), and class VI (HDAC11)

(Dawson and Kouzarides, 2012). The zinc metal ion is

necessary for HDACs of class I/II/IV, so HDAC inhibitors can

block the catalytic performance of HDACs by chelating zinc ions.

Of diverse HDAC inhibitors, romidepsin and vorinostat have been

approved by the FDA for the clinical treatment of cutaneous T-cell

lymphoma (Olsen et al., 2007; Piekarz et al., 2009). As HDAC

inhibitors display anticancer efficacy in different cancers in vitro

and in vivo (Beckers et al., 2007; Kim et al., 2013b), they can be

applied in clinical practice for more tumors such as BC.

According to their different structures, HDACis are classified

as four types, namely, cyclic peptides, hydroxamic acids,

benzamides, and aliphatic fatty acids (Table 4). At present,

three HDACis of the hydroxamic acid type are approved by

the FDA, which are vorinostat (SAHA), panobinostat (LBH-

589), and belinostat (PXD101).

Such agents present antitumor activity in BC as well. For

instance, SAHA can suppress cell growth, EMT, migration, and

invasion and induce cell apoptosis, differentiation, autophagy,

anoikis, and cell cycle arrest (Lee et al., 2016; Wawruszak et al.,

2019; Wawruszak et al., 2021). SAHA remarkably promotes

response and suppresses the resistance to tamoxifen (Lee

et al., 2012), cisplatin (Wawruszak et al., 2015), olaparib (Min

et al., 2015), taxol (Shi et al., 2010), epirubicin (Marchion et al.,

2004), docetaxel, and trastuzumab (Bali et al., 2005). Also, SAHA

efficiently promotes TNF-related apoptosis-inducing ligand

(TRAIL)-mediated apoptosis, and this is achieved by

triggering anoikis, increasing CD137 receptor expression, and

suppressing Apo2L/TRAIL resistance (Bellarosa et al., 2012;

Zhou et al., 2016). Nonetheless, SAHA can enhance TNBC

cell metastasis and EMT by suppressing HDAC8, indicating

that it should be cautious when treating BC with SAHA, since

it might accelerate tumor metastasis (Wu et al., 2016).

Meanwhile, a study showed that the combination SAHA and

epigallocatechin-3-gallate (EGCG) is effective in inducing

apoptosis of breast cancer cells and reducing their migratory

capacity (Steed et al., 2020). In addition, Carlisi et al. showed that

SAHA synergistically sensitized MDA-MB231 cells to the

cytotoxic effect of parthenolide (Carlisi et al., 2015). Belinostat

(PXD101) can suppress cell growth and promote cell apoptosis

by PKC and Wnt/b-catenin pathways; moreover, applying

belinostat in combination with the HSP90 inhibitor (17-AAG)

can synergistically exert the anti-tumor effect (Lu et al., 2019; Zuo

et al., 2020). Panobinostat (LBH-589) abolishes EMT in TNBC

by suppressing ZEB1/2 (Rhodes et al., 2014). There are also

additional HDACis of the hydroxamic acid type, including

resminostat, abexinostat, and pracinostat, even though they

are less tested in BC. In this regard, more research is

warranted to examine whether they can be applied in BC. As

discovered by Qin et al., panobinostat inhibited TNBC and non-

TNBC cell growth, invasion, and migration, while promoting

their apoptosis. Likewise, panobinostat suppresses BC

proliferation and invasion within mouse models (Qin et al.,

2019b). Romidepsin (FK2280), one of the cyclic peptide

HDACi, has been approved by the FDA, and it can

synergistically inhibit cell proliferation while promoting cell

apoptosis when used in combination with decitabine (an

inhibitor of methyltransferase) (Cooper et al., 2012). In

inflammatory BC, romidepsin exposure can destroy the

lymphatic vascular structure and tumor emboli by repressing

HIF-1a and VEGF within inflammatory BC. Moreover,

romidepsin synergistically suppresses primary tumor

proliferation and multiple metastases when used in

combination with paclitaxel (Robertson et al., 2013).

Valproic acid (VPA), the HDACi of the aliphatic fatty acid

type, has been extensively studied, and it suppresses BC

occurrence by upregulating apoptosis pathways and inducing

cell cycle arrest (Fortunati et al., 2008; Travaglini et al., 2009). In

addition, VPA promotes EMT by increasing ZEB1 and SNAIL

levels HDAC2-dependently, but the HDAC2-related mechanism

is still unknown (Zhang et al., 2019b). Additionally, VPA

synergistically suppresses BC development when applied in

combination with anti-tumor agents such as tamoxifen,

epirubicin, cisplatin, camptothecin, and capecitabine

(Marchion et al., 2005; Fortunati et al., 2008; Arakawa et al.,

2009; Terranova-Barberio et al., 2016).

Entinostat (Ent, MS-275), the synthetic benzamide derivative

of HDACi, exhibits potent immunomodulation on BC (McCaw

et al., 2019; Connolly et al., 2021). In addition, Ent exposure can

suppress EMT and the tumor-promoting cell phenotype, thereby

inhibiting tumor occurrence and metastasis (Shah et al., 2014).

Ent can induce the expression of retinoid acid to improve

differentiation mediated by retinoic acid when it is applied

together with doxorubicin and all-trans retinoic acid (ATRA);

moreover, such a combination further increases doxorubicin-

induced cytotoxicity. Moreover, Ent together with ATRA can

manage the resistance to the aromatase inhibitor (AI) by

decreasing the quantity of tumor-initiating cells (Merino et al.,

2016). Additional new multifunctional inhibitors achieve

favorable antitumor efficacy.

Sirtuin inhibitors suppress BC development through diverse

structures, targets, and activities. In addition, they can deal with
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the problem of multidrug resistance through combined use with

chemotherapeutics. For instance, amurensinG suppresses SIRT1 and

later inhibits MDR1 and FoxO1 levels within the doxorubicin-

resistant BC cells, thus potentiating doxorubicin absorption into

cells and suppressing oncogenic development (Oh et al., 2010).

Splitomicin can decrease cell motility while potentiating

paclitaxel’s effect on resisting cell motility. Such an effect is

intensified by the addition of trichostatin A (TSA), the

HDAC6 inhibitor (Bonezzi et al., 2012). Some studies are

conducted to evaluate SIRT1/2 inhibitors, including salermide,

sirtinol, cambinol, splitomicin, nicotinamide, tenovin, suramin,

indole derivatives, and analogs with similar structures. The

aforementioned molecules can upregulate p53 acetylation or

induce pro-apoptotic, SIRT1-epigenetically silenced gene

expression to suppress BC cell growth and trigger p53-dependent

apoptosis (Peck et al., 2010). Consequently, different SIRT inhibitors

show synergistic effects with conventional antitumor agents in the

treatment of BC. There are different pathways related to the drug

resistance escape mechanism of SIRTs, indicating that more SIRT

inhibitors may be prepared according to the known inhibitors for

balancing efficacy and specificity. Phase-I and phase-II clinical studies

have been conducted to evaluate the effects of HDAC and DNMT

inhibitors on treating BC (Falahi et al., 2014). Epi-drugs exhibit poor

anticancer effects on BC, and epi-drug monotherapy can just achieve

an effective rate of 10% in BC cases, indicating that monotherapy

may not be appropriate for treating BC.Nonetheless, according to the

aforementioned clinical trials, when epi-drugs are used in

combination with targeted or cytotoxic therapies, such as ER-

targeted therapy, the OS and PFS are improved (Falahi et al.,

2014). Consequently, the existing clinical trials mostly apply epi-

drugs in combination with traditional treatments.

Epi-drugs in clinical practice

These encouraging preclinical findings have laid the sound basis

to translate epi-drugs to clinical trials for treating BC. Table 4

summarizes epi-drug-related clinical trials for the treatment of BC

(mostly from https://www.clinicaltrials.gov/). Many accomplished

(NCT00262834, NCT00777049, and NCT01171924) along with

ongoing (NCT00416130, NCT01638533, and NCT04676516)

clinical trials have been conducted to predict the safety,

pharmacodynamics, and pharmacokinetics of epi-drugs for

determining the best doses and monotherapy schemes. It is to

be noted that the tolerance of 300/400 mg oral SAHA (twice/day for

a 14-day period, separated by a 7-day rest) has been verified

(Vansteenkiste et al., 2008). However, the present work just

enrolled two BC cases, making it impossible to accurately

determine the response rate. More clinical trials are being

conducted to predict the best SAHA dose. Apart from

monotherapy, epi-drugs have been frequently utilized in

combination with other drugs in clinics. For instance, one

phase-II trial applied SAHA plus tamoxifen in treating BC

resistant to hormone therapy, and the objective response rate

(ORR) and clinical benefit rate were determined to be 19% and

40%, respectively (Munster et al., 2011). Moreover, the combined

application of Ent and exemestane increased the OS from 19.

8 months (as obtained after exemestane monotherapy) to 28.

1 months (Yardley et al., 2013). One recent phase-II clinical trial

applied SAHA in combination with tamoxifen and pembrolizumab

in improving the response to immunotherapy among ER+ BC

cases. The treatment strategy achieved an ORR and clinical benefit

rate of 4% and 19%, respectively (Terranova-Barberio et al., 2020).

Typically, as revealed by an ongoing phase-II trial (NCT04190056),

the aforementioned combination strategy can trigger an immune

response for treating ER+ BC, while reducing the dose and adverse

reactions. BETis and SAHA synergistically treat BCwith olaparib in

preclinical trials (Min et al., 2015; Yang et al., 2017). Additionally,

there are two ongoing trials (NCT03901469 and NCT03742245)

analyzing whether epi-drugs plus PARPis are effective and safe by

suppressing DNA damage repair. Taken together, these clinical

trials further verify the effectiveness of epi-drugs in treating BC,

which should be further investigated.

Limitation and prospects of epi-drugs
in breast cancer

In this study, we reviewed histone modifications and their

functions and potential cellular interactions, which might result

in the development of potential efficient therapies with KATi and

HDACi. Several synthetic compounds currently in pre-clinical

studies have exhibited potent KATi activities against breast

malignant cells. Moreover, they can effectively augment the anti-

cancer activities of standard chemotherapeutic agents such as

paclitaxel, doxorubicin, and cisplatin and sensitize drug-resistant

cells to radiation therapy. Nevertheless, as shown, KATi andHDACi

seem to be a promising group of anti-cancer drugs, particularly in

combination with other anti-cancer drugs and/or radiotherapy.

More large-scale promising evidence needs to be obtained from

multi-center clinical trials. Meanwhile, their use in combination

with other drugs and the schedule of such drug combinations need

to be further investigated in both preclinical and clinical studies.

Currently, selectivity is one of the biggest challenges in

developing drugs targeting epigenetic modifiers. Most currently

developed drugs do not show selectivity to certain enzymes;

instead, they target molecules that have certain common

functions and structures. But epigenetic agents are most

advantageous in their good tolerance and low severe adverse

reaction rate, even though there are certain concerns about the

safety of certain medicines (Cheng et al., 2019). Additionally, more

reports indicate that the response rates are poor after short-term

treatment, and resistance is developed in the end, which can be

attributed to the transcriptional plasticity driven by epigenetics

responding to environmental stress (Dawson, 2017). More

multicenter and randomized phase-III studies should be
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conducted to realize the full potential and specificity of HDACis

therapy in various subtypes of breast cancer. Further clinical

studies should include the most promising novel HDACi and

isozyme-specific inhibitors.

Conclusion

The present work focuses on summarizing relevant studies

on HMs related to BC and the possible mechanisms associated

with abnormal HMs. Additionally, we also aim to analyze

existing therapeutic agents together with those drugs approved

and tested through pre-clinical and clinical trials, to assess their

roles in HMs. Moreover, epi-drugs that targeted HMT inhibitors

and HDAC inhibitors should be tested in preclinical and clinical

studies for the treatment of BC. Epi-drugs that target histone

methylation (HMT inhibitors) and histone deacetylation (HDAC

inhibitors) are now under clinical trials or approved by the US

Food and Drug Administration (FDA). Therefore, the review

covers the difficulties in applying HM-targeting treatments in

clinical applications and proposes feasible approaches for

overcoming such difficulties and promoting their use in

treating BC cases. Indeed, the full clinical therapeutic scope

and commercial value of such agents in the field of oncology

are only just emerging.
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Tumors with BRCA1/2 mutations or homologous recombination repair defects

are sensitive to PARP inhibitors through the mechanism of synthetic lethality.

Several PARP inhibitors are currently approved for ovarian, breast and

pancreatic cancer in clinical practice. However, more than 40% of patients

with BRCA1/2 mutations are insensitive to PARP inhibitors, which has aroused

attention to the mechanism of PARP resistance and sensitization schemes.

PARP inhibitor resistance is related to homologous recombination repair,

stability of DNA replication forks, PARylation and epigenetic modification.

Studies on epigenetics have become the hotspots of research on PARP

inhibitor resistance. As an important epigenetic regulator of transcription

mediated by histone methylation, EZH2 interacts with PARP through DNA

homologous recombination, DNA replication, posttranslational modification,

tumor immunity and other aspects. EZH2 inhibitors have been just shifting from

the bench to the bedside, but the combination scheme in cancer therapy has

not been fully explored yet. Recently, a revolutionary drug design combining

PARP inhibitors and EZH2 inhibitors based on PROTAC techniques has shed

light on the resolution of PARP inhibitor resistance. This review summarizes the

interactions between EZH2 and PARP, suggests the potential PARP inhibitor

sensitization effect of EZH2 inhibitors, and further discusses the potential

populations that benefit from the combination of EZH2 inhibitors and PARP

inhibitors.
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1 Introduction

DNA damage repair (DDR) is a guard to maintain genome

stability. DDR pathways are initiated when DNA damage occurs

in cells by homologous recombination repair (HR),

nonhomologous end joining (NHEJ) and DNA single-strand

break repair (SSBR) (Davis and Chen, 2013; Wright et al., 2018).

Poly ADP-ribose polymerase (PARP) plays a key role in DNA

single-strand repair; hence, the use of PARP inhibitors in tumors

with DNA double-strand repair defects blocks both DNA

double-strand and single-strand repair, resulting in synthetic

lethal effects and antitumor effects (Sonnenblick et al., 2015).

Clinical trials of PARP inhibitors have made continuous

progress in solid tumors such as breast cancer, ovarian cancer

and pancreatic cancer, but the problem of drug resistance of

PARP inhibitors has gradually emerged, and one of the solutions

is drug combination (Lee and Matulonis, 2020; Li et al., 2020).

Preclinical studies and clinical trials focused on the combination

of target drugs with PARP inhibitors include cell cycle-regulating

drugs, such as the inhibitors of ATR, ATM, SHK1, SHK2, and

WEE1 (Li et al., 2020), antiangiogenic drugs, such as anti-VEGF.

(Bizzaro et al., 2021); immune checkpoint inhibitors, such as

anti-PD-1 and anti-PD-L1, some of which have entered clinical

trials but have not yet achieved advanced clinical decision. How

to design a drug combination program and how to determine the

best indication of the combination scheme are the propositions

worth considering.

Epigenetic dysregulation has long been considered a key

factor affecting tumor cell fate. EZH2 (Enhancer of Zeste

homolog 2) is one of the most important epigenetic factors

involved in the regulation of tumorigenesis, development and

metastasis. The canonical pathway of EZH2 (Enhancer of Zeste

homolog 2) catalyzes the trimethylation of histone H3K27 to

silence the transcription of target genes. The noncanonical

pathway includes nonhistone methylation and even

transcriptional activation as well as interaction with other

transcription factors (Wang and Wang, 2020). Various tumors

express high levels of EZH2, which is related to advanced stage

and poor prognosis (Chase and Cross, 2011; Kim and Roberts,

2016). Several EZH2 inhibitors have entered clinical trials, such

as tazemetostat, GSK126, CPI-1205, PF-06821497, and

SHR2554. Tazemetostat is the first EZH2 inhibitor approved

by the FDA for the treatment of locally advanced or metastatic

epithelial sarcoma, and relapsed or refractory follicular

lymphoma (Gounder et al., 2020; Morschhauser et al., 2020).

However, EZH2 inhibitors still have limited efficacy in some

tumors with high expression of EZH2, such as ovarian cancer,

which calls for deeper exploration of new drug combination

schemes (Li et al., 2021).

Although EZH2 and PARP have distinct mechanisms and

functions, respectively, both EZH2 and PARP share some

common features in regulating cell fate through the cell cycle,

DNA damage response, programmed cell death and other

biological processes (Scott et al., 2015; Alemasova and Lavrik,

2019; Laugesen et al., 2019), which may have complex

interactions. Various lines of evidence indicate that PARP and

EZH2 have close crosstalk; hence, PARP inhibitors and

EZH2 inhibitors may have synergistic antitumor or antagonistic

effects. This review summarizes the progress on the interaction of

PARP and EZH2, focusing on the aspects of DNA damage repair

and the direct modification that PARP adds to EZH2, and analyzes

the possible relationship between PARP and EZH2 in the tumor

immune and metabolic microenvironment. In addition, advanced

techniques for drug design that boost the combination of PARPi and

EZH2i are also discussed.

2 Seesaw effect: The promotion of
DNA repair by EZH2 is released by
Poly ADP-ribose polymerase
inhibitors

2.1 EZH2 is involved in the DNA damage
response of tumor cells

EZH2 is one of the key factors in the response of tumor cells to

DNA damage and determines their subsequent cell fate. Cells

recognize DNA damage sites through two cell cycle checkpoints,

namely, G1/S and G2/M, and induce cell cycle arrest, allowing cells

to stay in G1 or G2 phase for DNA damage repair (Wu et al., 2011).

In tumor cells with DNA double-strand damage induced by

adriamycin (ADR) and etoposide (ETO), knockdown of

EZH2 can mediate the deactivation of both G1/S and G2/M cell

cycle checkpoints and induce apoptosis by a mechanism that

depends on the presence of p53 mutations in tumor cells. Tumor

cells with wild-type p53 respond to DNA damage and promote

DNA damage repair through the p53-p21 pathway. FBXO32 is a

target of EZH2 (Ciarapica et al., 2014; Wang et al., 2018) and is

involved inmediating the degradation of the proteasome pathway of

p53 downstream molecule p21; hence, the knockdown of

EZH2 upregulates FBXO32 and further blocks DNA damage

repair. In p53 mutant tumor cells, phosphorylation of the cell

cycle checkpoint kinase ChK1 is involved in mediating the G2/M

cell cycle block in response to DNA damage. EZH2 inhibitors

downregulate the level of ChK1 phosphorylation through an

unknown mechanism, thereby inhibiting the DNA damage

response (Wu et al., 2011), and ChK1 inhibitors are more

sensitive in EZH2-deficient tumor cells, more apparently

inducing cell apoptosis (Leon et al., 2020).

2.2 EZH2 impacts DNA damage repair in
tumor cells

EZH2 inhibitors harm homologous recombination repair

in ovarian cancer cell lines by downregulating the expression
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of nonhomologous recombination repair-associated genes

and thus inhibiting homologous recombination repair by

treating them with EZH2 inhibitors. This mechanism of

EZH2 involvement in regulating the DNA damage repair

modality is CARM1-dependent (Karakashev et al., 2020).

CARM1 is an arginine methyltransferase that

transcriptionally represses the subunit BAF155 of the SWI/

SNF complex (SWI/SNF complex), which is involved in the

regulation of chromosome remodeling and is antagonistic to

the PRC2 complex with EZH2 as the catalytic subunit (Kadoch

et al., 2016); thus, high expression of CARM1 upregulates

EZH2. In ovarian cancer cell lines with high

CARM1 expression, EZH2 levels are upregulated, allowing

activation of homologous recombination repair by exerting

transcriptional repression on nonhomologous recombination

repair-related genes, such as MAD2L2 (mitotic arrest deficient

2 like 2, MAD2L2) (Karakashev et al., 2020).

SLFN11 (schlafen family member 11) is recruited to DNA

damage sites and inhibits homologous repair (Mu et al., 2016),

which could sensitize the effect of DNA-damaging agents, such as

PARP inhibitors and cisplatin (Stewart et al., 2017). The

inactivation of SLFN11 is related to resistance to PARP

inhibitors (Coussy et al., 2020), and reactivating SLFN11 by

epigenetic agents could alleviate the resistance of PARP

inhibitors (Murai et al., 2016; Tang et al., 2018). SLFN11 is a

target gene of EZH2, and DNA damage-induced EZH2 activation

suppresses the expression of SLFN11(Gardner et al., 2017). In

small cell lung cancer, EZH2 inhibitors could release the

expression of SLFN11, which may sensitize PARP inhibitors

(Sabari et al., 2017).

In summary, EZH2 inhibitors assist PARP inhibitors in

mimicking “drug-induced synthetic lethality".

2.3 Orchestration of EZH2 and Poly ADP-
ribose polymerase in DNA damage repair
in tumor cells

EZH2 affects PARP-associated DNA damage repair

through the canonical pathway in an H3K27me3-dependent

manner. Traditionally, EZH2 acts as a histone

methyltransferase catalyzing H3K27me3, which

transcriptionally inactivates target genes. During the DNA

damage response, EZH2 localizes to DNA damage sites in the

nucleus, and this process is accompanied by the upregulation

of global H3K27me3 levels (Yamamoto et al., 2019). As

previously described, EZH2 affects the DNA damage repair

response in tumor cells, and experiments in ovarian cancer

cell lines, mouse models, and PDX models of ovarian cancer

patients have verified that EZH2 promotes homologous

recombination repair through H3K27me3 modification,

while EZH2 inhibitor treatment prevents homologous

recombination repair, thereby enhancing the antitumor

effects of PARP inhibitors (Karakashev et al., 2020), which

is described as a pharmacological synthetic lethal condition

(e.g., Figure 1). Additionally, EZH2 also affects PARP

expression levels by regulating PARP degradation. Fas-

associated death domain (FADD) is a member of the tumor

necrosis factor receptor superfamily that activates the

downstream caspase cascade response to mediate

programmed cell death (Gurung et al., 2014).

EZH2 downregulates the transcriptional level of FADD,

decreasing the degradation of PARP mediated by FADD

and thus upregulating PARP expression (Han et al., 2020).

Therefore, EZH2 inhibitors probably have the capacity to

synchronize both the single-strand DNA damage-repair

function and the expression of PARP simultaneously.

EZH2 may also be involved in PARP-associated DNA

damage responses in tumor cells via a nonhistone

methyltransferase catalytic pathway. In a human

osteosarcoma cell line with DNA damage induced by

ionizing radiation, EZH2 was recruited to the DNA double-

strand damage site marked by γ-H2AX, and Suz12 and EED

were also recruited to DNA damage sites as other components

of the PRC2 complex; however, with PARP inhibitor

treatment, EZH2 was unable to localize at the DNA

double-strand damage site, suggesting that this process is

PARPdependent. However, immunofluorescence revealed

that these DNA damage sites did not overlap with elevated

H3K27me3 markers, suggesting that EZH2 did not catalyze

H3K27me3 during this process (Campbell et al., 2013).

Another study showed only transient elevation of

H3K27me3 at the DNA damage site, followed by rapid

disappearance (Chou et al., 2010), suggesting that

EZH2 may sequentially act through a noncanonical

pathway in a canonical manner, but the mechanism

remains to be elucidated.

Additionally, the expression of EZH2 is also affected by

PARP inhibition. In a lymphoblastoid B-cell line, the

inhibition of PARP reduces the expression of EZH2,

followed by an elevation of global H3K27me3 (Martin

et al., 2015). PARylation modified by PARP affects both the

expression and activity of EZH2, which is discussed in

section 3.1.

The application of PARP inhibitors in tumors with BRCA

mutations blocks both DNA single-strand and double-strand

damage repair, the classic synthetic lethal mechanism, whereas in

BRCA wild-type tumors, even though PARP inhibitors prevent

the repair of DNA single-strand breaks and further DNA double-

strand breaks occur, tumor cells can still repair DNA damage due

to homologous recombination repair. EZH2 inhibitors promote

nonhomologous recombination repair and inhibit homologous

recombination repair by deregulating histone trimethylation-

mediated transcriptional repression of target genes, thus

mimicking “drug-induced synthetic lethality” in concert with

PARP inhibitors.
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3 Association between EZH2 and Poly
ADP-ribose polymerase in the tumor
microenvironment

3.1 PARylation modification of
EZH2 directly by Poly ADP-ribose
polymerase

PARP consists of catalytic and regulatory subunits and acts as

a ribosylase in posttranslational modification, using NAD+ as a

substrate for ADP-ribose. Among the members of the PARP

family (PARP1-16), PARP3, PARP6-12 and PARP14-16 catalyze

mono-ADP-ribosylation of proteins, while PARP1, PARP2,

PARP4, and PARP5a/b catalyze poly-ADP-ribosylation

(PARylation) (Min and Im, 2020; Sanderson and Cohen,

2020). The subcellular localization determines whether PARP

is involved in intranuclear events, such as epigenetic modification

of DNA and histones (Ciccarone et al., 2017), DNA damage

repair (Min and Im, 2020), and RNA metabolism (Ke et al.,

2019), resulting in divergent cell fates, such as survival or

apoptosis (Virag et al., 2013).

PARP inhibitors, including olaparib, rucaparib and

niraparib, target PARP1 and PARP2, which are localized in

the nucleus and are able to directly modify the PARylation of

EZH2 under specific conditions. With DNA damage induced by

alkylating agents in tumor cells, PARP1 reduces the affinity of

EZH2 for H3K27 sites and inhibits its enzymatic activity through

PARylation, while poly ADP-ribose glycohydrolase (PARG) can

FIGURE 1
The application of PARP inhibitors in tumors with BRCAmutations blocks both DNA single-strand and double-strand damage repair, the classic
synthetic lethal mechanism, whereas in BRCA wild-type tumors, even though PARP inhibitors prevent the repair of DNA single-strand breaks and
further DNA double-strand breaks occur, tumor cells can still repair DNA damage due to homologous recombination repair. EZH2 inhibitors
promote nonhomologous recombination repair and inhibit homologous recombination repair by deregulating histone trimethylation-
mediated transcriptional repression of target genes, thus mimicking “drug-induced synthetic lethality” in concert with PARP inhibitors. Figure 1 was
created with BioRender.com with a publication license.
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reverse this effect (Caruso et al., 2018). This conclusion has been

confirmed by studies based on breast and ovarian cancer cell

lines, where PARP1 increased the PARylation modification of

EZH2 during alkylating agent-induced DNA damage or

hydrogen peroxide-induced oxidative stress, further inducing

the breakdown of the PRC2 complex and degradation of

EZH2 (Yamaguchi et al., 2018). Thus, direct modification of

EZH2 by PARP1 may be involved in regulating the response of

tumor cells to DNA damage and oxidative stress, but it remains

unclear which downstream signaling pathways may be altered as

a result of such modifications.

3.2 Association between EZH2 and Poly
ADP-ribose polymerase in the tumor
immune microenvironment

Although studies have shown the promising combination of

EZH2 inhibitors and PARP inhibitors in tumor therapy, the

combination scheme of EZH2 inhibitors and PARP inhibitors

does not always show antitumor effects, which may be related to

the tumor immune microenvironment. Immune cells in the

tumor microenvironment include CD4+ T cells, CD8+ T cells,

and dendritic cells, which mainly play antitumor roles, and

regulatory T cells (Tregs), as well as MDSCs with

immunosuppressive effects. Additionally, tumor-associated

macrophages (TAMs) play a bidirectional role in tumor

immunity through the M1 and M2 polarization directions

(Pantelidou et al., 2019; Ding et al., 2020; Ghonim et al., 2021;

Wu et al., 2021). Immune cell infiltration in the tumor

microenvironment as well as the interaction between immune

cells, tumor cells and stromal cells may influence the effect of

antitumor drugs, and cytokines and chemokines are involved in

mediating such effects (Wu and Dai, 2017). For example,

experiments in tumor-bearing mice revealed that IL-17

secreted by helper T cells (T helper 17, Th17) in the tumor

microenvironment promotes upregulation of granulocyte colony

stimulating factor (G-CSF) levels through the NF-κB and ERK

signaling pathways, and myeloid-derived suppressive cell

(Myeloid-derived suppressor cells, MDSC) infiltration

increases and induces tumor resistance to anti-VEGF-targeted

drugs (Chung et al., 2013).

EZH2 may affect the antitumor effects of PARP inhibitors

by remodeling the tumor microenvironment. Evidence has

shown that the PARP inhibition effect is dependent on the

infiltration degree of T cells (Pantelidou et al., 2019; Sen et al.,

2019); however, EZH2 downregulates the degree of T-cell

infiltration in the tumor microenvironment (Peng et al.,

2015), which hurdles the effect of PARP inhibitors.

EZH2 inhibitors increase the infiltration of T cells in the

tumor microenvironment (Zingg et al., 2017; Goswami

et al., 2018). In vitro cellular assays have demonstrated that

the PARP inhibitor olaparib activates the cGAS/STING

pathway in triple-negative breast cancer cells, and in vivo

experiments have further revealed that olaparib also induces

the activation of the STING/TBK1/IRF3 pathway, which

assists DCs in recognizing tumor antigens and further

recruits and activates CD8+ T cells. Consistent with this,

the sensitivity of olaparib was decreased in tumor-bearing

mice with knockdown of CD8+ T cells (Pantelidou et al.,

2019). Not coincidentally, EZH2 inhibitors were also able

to promote STING pathway-mediated T-cell infiltration

and antitumor effects (Morel et al., 2021; Xu et al., 2021),

suggesting that these two inhibitors may play synergistic roles

in modulating the tumor immune microenvironment.

However, the combination of EZH2 inhibitors with PARP

inhibitors can also negatively affect immune cells in the tumor

microenvironment, such as macrophages. Macrophages in the

tumor microenvironment are divided into M1-type

macrophages, which exert antitumor effects, and M2-type

macrophages, which exert protumor effects, and different

members of the colony-stimulating factor family are able to

modulate the polarization of macrophages toward M1 or M2,

respectively (Wang et al., 2014). In human breast cancer cell line

MB-231 tumor-bearing mice, the combination of PARP inhibitor

and EZH2 inhibitor or the simultaneous knockdown of PARP

and EZH2 promoted the polarization of tumor-associated

macrophages (TAMs) toward M2 and the generation of

neovascularization in tumors (Yang et al., 2020).

In summary, EZH2 inhibitors upregulate the infiltration of

immune cells in the tumor microenvironment and induce

reprogramming of immunosuppressive cells, which enhances

the antitumor efficacy of PARP inhibitors. On the other hand,

the combination of these two drugs also disturbs the tumor

immune microenvironment; therefore, the combination of the

two drugs needs to be carefully discussed in various tumors.

3.3 Potential coordination between
EZH2 inhibitors and Poly ADP-ribose
polymerase inhibitors in tumor
metabolism

Tumor cells compete with other cells in the

microenvironment for metabolic materials to create a

favorable microenvironment. The altered metabolic pattern of

tumor cells involves glucose metabolism (Lin et al., 2020), lipid

metabolism (Snaebjornsson et al., 2020), amino acid metabolism

(Bott et al., 2019), etc., and drug resistance can be also induced by

altered tumor metabolism under the intervention of antitumor

drugs, while reprogramming of metabolism may exist as a

potential new drug target (Li and Zhang, 2016).

The hub between PARP and EZH2 in metabolism may lie in

NAD+/NADH and NADP+/NADPH. PARP posttranslationally

modifies proteins in an NAD+-dependent manner, converting

NAD+ to nicotinamide (NAM), which is synthesized by the
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remedial synthesis pathway to restore NAD+ levels. NAD+ is

generated as NADP+ by the action of kinase, and the reduction

products are NADH and NADPH, respectively. NAD+/NADH

and NADP+/NADPH are involved in glycolysis, nucleotide

synthesis and fatty acid synthesis as important cofactors (Bian

et al., 2019; Navas and Carnero, 2021). EZH2 downregulates

aldehyde oxidase 1 (AOX1) expression levels in a H3K27me3-

dependent manner, which activates the tryptophan-kynurenine

pathway and further increases the synthesis of NADP (Vantaku

et al., 2020), which is the same downstream product of PARP

catalysis.

Another intertwined point between PARP and EZH2 could

be concluded in the aspect of lipid metabolism. Firstly, PARP and

lipid metabolism are closely linked, and lipid metabolism affects

PARP expression (Zhang et al., 2014; Qin et al., 2018) and

enzymatic activity (Lin et al., 2008). PARP is associated with

fatty acid synthesis (Szántó et al., 2021), lipid peroxidation (Bai

et al., 2011; Huang et al., 2017), adipocyte differentiation (Szántó

and Bai, 2020), and other lipid metabolic processes. Note

worthily, these processes can affect the expression and activity

of EZH2 or are regulated by EZH2 (Zhang et al., 2022). RNAseq

and proteomic data suggest that the PARP inhibitor olaparib

causes cells to undergo altered lipid metabolism, highlighted by

processes such as fatty acid biosynthesis and fatty acid ß-

oxidation (Mehta et al., 2021). The expression of sterol

regulatory element-binding protein 1 (SREBP1), a

transcription factor that promotes lipid synthesis, especially

cholesterol synthesis is downregulated by posttranslational

modification of PARP, and knockdown of PARP or treatment

with PARP inhibitors both promote hepatic lipid accumulation

(Szanto et al., 2014; Pang et al., 2018).

Secondly, PARP is able to alter the ratio of polyunsaturated

fatty acid (PUFA) composition in skin tissues. For example,

DHA (docosahexaenoic acid) and EPA (eicosapentaenoic acid)

levels can be upregulated and further leads to the formation of a

proinflammatory microenvironment (Kiss et al., 2015). At this

point, it was also found that applying a certain type of

EZH2 inhibitor or shRNA-EZH2 knockdown approach, PUFA

was upregulated in multiple solid tumor cell lines and animal

models (Zhang et al., 2022). Moreover, in breast cancer cells, ω-3
polyunsaturated fatty acids such as DHA and EPA induce the

degradation of EZH2 by the proteasome pathway, thereby

downregulating EZH2 protein levels and alleviating the

transcriptional repression of EZH2 target genes such as

E-cadherin and IGFBP3(Dimri et al., 2010).

Thirdly, as a key regulator family in lipid metabolism,

peroxisome proliferator-activated receptor (PPAR) is a

member of the intranuclear receptor transcription factor

superfamily, which mainly includes PPARα, PPARβ and

PPARγ(Wang et al., 2020). PPARα is mainly expressed in

hepatocytes, cardiomyocytes and brown adipocytes. PPARα
target genes are key enzymes for fatty acid oxidation, so

PPARα has an important role in regulating fatty acid

oxidation (Kersten, 2014). The EZH2-PPARγ axis has been

confirmed to promote cancer proliferation (Hu et al., 2021).

The posttranslational modification of PPARα by PARP and

SIRT1 (Sirtuin) has a competitive effect, and PARP prevents

the binding of PPARα to the promoter region of fatty acid

oxidation-related genes through PARylation modification,

while SIRT1 catalyzes deacetylation to promote the

localization of PPARα in the promoter region of target genes,

thereby inhibiting fatty acid oxidation (Huang et al., 2017). It has

been suggested that the deacetylation of EZH2 by SIRT1 inhibits

the binding of EZH2 to its target genes and weakens the pro-

carcinogenic effect of EZH2 (Wan et al., 2015); on the other

hand, knockdown or inhibition of EZH2 can promote the

expression of SIRT1. It can be speculated that there may be

an intersection between EZH2 and PARP-induced downstream

metabolism-related changes and vice versa.

At last point, both PARP and EZH2 are involved in the

adipocytes differentiation and the formation of lipid droplet,

respectively. Adipocytes eventually differentiate into brown, white

and beige adipocytes. Adipocyte terminal differentiation-related

genes are regulated by PPARγ. PPARγ is mainly expressed in

adipose tissue (Cristancho and Lazar, 2011) and promotes

adipocyte differentiation by forming a positive feedback loop

with C/EBPα (Cebpb CCAAT/enhancer binding protein)

(Farmer, 2006). During adipocyte differentiation, PARP was

recruited to the promoter regions of PPARγ2 target genes such

as CD36 and aP2 to promote the expression of both genes. This

process was accompanied by the downregulation of H3K9me3 and

upregulation of H3K4me3 in the promoter region of PPARγ2
(Erener et al., 2012), suggesting that PARP may be involved in

regulating adipocyte differentiation by affecting epigenetic

modifications. In line with this phenomenon, EZH2 coincides

with the ability to catalyze histone methylation in the promoter

region of PPARγ2, the result of which promotes processes such as

liver fibrosis (Du et al., 2021) and pancreatic cancer cell proliferation

(Hu et al., 2021). Interestingly, our previous research has also found

EZH2 inhibitorGSK126 upregulates the expression level of fatty acid

synthesis related genes and results in lipid droplet accumulation in

liver (Zhang et al., 2022). Hence, although there is still a lack of direct

evidence between PARP and EZH2 in regulating or being regulated

in lipid metabolic processes, several hints have indicated the

possibility of an interaction between them in the given circumstance.

3.4 The limitation of the combined
strategy due to tumor-suppressor role of
EZH2

Beyond the traditional oncogenic role, EZH2 also acts as a

tumor-suppressor in certain condition, which possibly brings

limitation to the combined strategy (Gan et al., 2018). In Kras-

driven lung adenocarcinoma mouse model, loss of Ezh2 release

the insulin-like growth factor 1 (Igf1), further amplify the
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activation of Akt-ERK signaling and promote tumor formation

(Wang et al., 2017). In pediatric high-grade gliomas, specifically

diffuse midline gliomas (DMG) which is characterized by the

signature K27M mutation in histone H3, EZH2 ablation

promotes tumor cell proliferation, while EZH2 overexpression

reverses this effect in H3WT DMG mouse models (Dhar et al.,

2022). Therefore, the combination strategy should be cautiously

evaluated in different type of tumors due to the double-edge

effect of EZH2.

4 Preclinical studies of combination
strategy of EZH2 inhibitors and Poly
ADP-ribose polymerase inhibitors

The regimens of EZH2 inhibitors in combination with other

drugs include those with chemotherapeutic agents,

immunotherapy and targeted therapies. The combined effects

of EZH2 inhibitors and PARP inhibitors are summarized in

Table 1 and vary in different cancer types. Currently,

TABLE 1 EZH2 inhibitors in combination with PARP inhibitors in pre-clinical researches.

PARPi +
EZH2i

EZH2 target
gene

Cancer Genetic
characters

Material Methods Results Year

Olaparib +
EZH2 siRNA

β-catenin Ovarian
cancer

BRCA1/2wild Ovarian cancer cell
line HeyA8

CCK8 si-EZH2 increases the
sensitivity of Olaparib by
regulating ß-catenin signal
pathway

2021Sun et al.,
2021

Olaparib +
GSK126

MAD2L2 Ovarian
cancer

CARM1highBRCA1/
2wild

CARM1high

A1847 and
CARM1KO

A1847 cell line;
subcutaneous
xenograft mice
models

colony formation
assays

Olaparib and
GSK126 show synergistic
effect in suppressing
CARM1-high in vitro and
in vivo

2020 Karakashev
et al., 2020

CARM1highand
CARM1low patient-
Derived Xenografts
mice models

Xenograft Models The mechanism is that
EZH2 inhibition induces
MAD2L2 expression and
non-homologous end-
joining

Dual PARP and
EZH2 inhibitor

— Breast
cancer

ER (-)PR (-)HER2(-
)BRCA1/2wild

TNBC cell lines
MDA-MB-231 and
MDA-MB-468

MTT assay Dual target agent shows
better inhibitory activity
than single agent of
Olaparib or EZH2, and
their combined treatment

2021 Wang et al.,
2021

Olaparib +
GSK126,
PARPKO +
EZH2KO

RELA/B Breast
cancer

ER (-)PR (-)HER2(-
)BRCA1/2wild

TNBC cell lines
MDA-MB-231

CellTiter-Glo Assay
Kit, colony
formation assays

PARP1-PRC2 double
depletion, and combined
administration of
Olaparib and
GSK126 promotes cancer
growth

2020 Yang et al.,
2020

Olaparib +
GSK343

HOXA9, DAB2IP Breast
cancer

EZH2highBRCAmut BRCAmut cell lines
SUM149, MDA-
MD-436 and
UWB1.289

Colony formation
assay and soft agar
assay

EZH2 inhibitor sensitizes
PARP inhibitor in
BRCAmut cell lines

2018 Yamaguchi
et al., 2018

Olaparib +
GSK126

MUS81 Breast
cancer

BRCA2−/− HeLa, VU423
(BRCA2−/−), A2780,
U2OS, HEK
293T cell lines;
KB2P PARPi-naïve
tumor-bearing mice
model

Clonogenic survival
assay; Xenograft
Models

EZH2 inhibitor promotes
PARP inhibitor resistance
by stop recruiting
MUS81 and cause fork
stabilization

2017 Rondinelli
et al., 2017

Olaparib +
UNC1999

— Acute
myeloid
leukemia

BRCA1−/− LCLs, HeLa and
HEK293 cell lines

Bio Rad
TC20 Automated
Cell Counter

EZH2 inhibitor sensitizes
PARP inhibitor in BRCA
cells

2018 Caruso et al.,
2018

BRCA1-mutated
and BRCA1-
reconstitutedMDA-
MB-436 cell lines
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experiments and clinical trials raise a question worthy of

consideration: which population benefits more from a

combination of EZH2 inhibitors and PARP inhibitors? The

BRCA mutation state is a distinguishing feature, and the effect

of combination rules still relies on the state of BRCA deficiency

(Wicha, 2009; Schlacher, 2017; Chen, 2021); however, studies in

ovarian cancer suggest that EZH2 inhibitors sensitize PARP

inhibitors in CARM1-high patients and that the CARM1-high

population highly overlaps with wild-type BRCA, suggesting that

EZH2 inhibitors are expected to be an effective drug combination

regimen for PARP inhibitors in specific ovarian cancer patient

groups, further expanding the applicability of PARP (Hatchi and

Livingston, 2020; Karakashev and Zhang, 2020).

It is noteworthy that in certain genetically characterized

populations, the combination of EZH2 inhibitors with PARP

inhibitors shows negative effects. In BRCA2-deficient breast

cancer cell lines, the combination of the EZH2 inhibitor

GSK126 and the PARP inhibitor rucaparib diminishes the single-

agent antitumor effect of the latter. A similar effect is confirmed in

animal model, that EZH2 inhibitors induce PARP inhibitor

resistance (Rondinelli et al., 2017). The EZH2 inhibitor interferes

with the localization of MUS81 to replication forks, thereby

enhancing DNA stability and further inducing PARP inhibitor

resistance.

In addition, the drug structure may also affect the effect of the

combination of the two drugs, and how to design the structure of

the targeted drug is a proposition worthy of consideration. An

ideal drug is to inhibit the enzyme activity along with the protein

levels of both PARP and EZH2, and this concept is expected to be

realized by proteolysis-targeting chimera (PROTAC). By

anchoring the ubiquitin ligase E7 at the appropriate site of the

EZH2 inhibitor GSK126 molecule by PROTAC technology,

EZH2 enzyme activity was inhibited while inducing the

degradation of its proteasome pathway, and the levels of other

components of the PRC2 complex, such as SUZ12 and EED, were

simultaneously downregulated (Liu et al., 2021). Adding a linker

connected to the EZH2 inhibitor EPZ6438 to E3 ligase systems also

shows a profound effect (Tu et al., 2021). Therefore, both the

canonical and noncanonical oncogenic pathways of EZH2 are

blocked by the PROTAC strategy (Wang et al., 2022). A novel

PARP inhibitor anchored by ubiquitin ligase E3, designed based on

PROTAC technology, has also been reported to have a significantly

lower IC50 than the conventional PARP inhibitor Niraparib (Zhao

et al., 2019). In addition, a new compound as dual-target inhibitor

of PARP and EZH2, synthesized on the basis of olaparib and

tazemetostat by linking the two drug molecules through hydrogen

bonding, inhibited tumors 15–80 times more effectively than the

PARP inhibitor alone in a BRCA wild-type triple-negative breast

cancer cell line (Wang et al., 2021).

5 Perspectives

With the development of PARP clinical trials in ovarian cancer,

studies related to drug resistance to PARP inhibitors are gradually

receiving attention. Clinical studies of PARP in combination with

other drugs have focused on kinase inhibitors, WEE inhibitors,

immunotherapy, and other drugs, and epigenetic drugs may play an

important role as potential drug combination solutions. However,

the following aspects are noteworthy:

First, how to design the drug combination regimen. The

combined dose and administration method of two or more drugs

are prominent factors that may affect their effects. Second, how to

determine the best population for the combination of drugs. Both

PARP and EZH2 have a wide range of biological functions in

addition to acting on tumor cells, such as being involved in various

cells, including immune cells and adipocytes, and they also have a

regulatory effect on tumor metabolism and immune function.

EZH2 acts both tumor-promoter and tumor-suppressor roles in

certain type of cancer. Therefore, it is necessary to comprehensively

evaluate the molecular characteristics, immune typing, and

metabolic typing of tumors to confirm the indications for

combination therapy. Third, the design of new drugs based on

existing drug combinations is promising. The most excited advance

mentioned above has been reported lately that the compound with

dual PARP and EZH2 inhibitors, showed good inhibitory activity

against PARP-1 and EZH2 and good inhibitory effects on multiple

type of triple-negative breast cancer (TNBC) cell lines with wild-type

BRCA, with a slight harm on normal cells, suggesting possible safety

of the combined strategy in clinical context (Wang et al., 2021).

However, the evidences in vivo are still required. Besides,

simultaneous inhibition of enzyme activity and protein

expression will be considered in the future to improve the

efficacy of tumor treatment. Fourth, targeting drug delivery and

enrichment is a proposition that deserves further exploration. Both

EZH2 and PARP1 are multitargets, so targeting tumor cells through

novel drug loading and delivery systems is one of the solutions to

improve the existing therapeutic efficacy in this case. The current

nanodelivery, targeted loading, and delivery systems that target

tumor cells, indicating markers, offer technical possibilities for

this strategy.
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Cholesterol and its metabolites have important biological functions.
Cholesterol is able to maintain the physical properties of cell membrane,
play an important role in cellular signaling, and cellular cholesterol levels
reflect the dynamic balance between biosynthesis, uptake, efflux and
esterification. Cholesterol metabolism participates in bile acid production
and steroid hormone biosynthesis. Increasing evidence suggests a strict link
between cholesterol homeostasis and tumors. Cholesterol metabolism in
tumor cells is reprogrammed to differ significantly from normal cells, and
disturbances of cholesterol balance also induce tumorigenesis and
progression. Preclinical and clinical studies have shown that controlling
cholesterol metabolism suppresses tumor growth, suggesting that targeting
cholesterol metabolismmay provide new possibilities for tumor therapy. In this
review, we summarized the metabolic pathways of cholesterol in normal and
tumor cells and reviewed the pre-clinical and clinical progression of novel
tumor therapeutic strategy with the drugs targeting different stages of
cholesterol metabolism from bench to bedside.

KEYWORDS

cholesterol, cholesterol metabolism, tumor therapy, pharmacological targets, clinical
trial

1 Introduction

Cholesterol is a ubiquitous sterol present in vertebrates with multiple biological
functions. Cholesterol is an essential lipid component of the mammalian cell membrane
that can maintain membrane integrity and mobility and form membrane microstructures
(Cerqueira et al., 2016). In addition to serving as a membrane structural and functional
component, cholesterol produces various oxysterol through enzymatic and non-enzymatic
pathways. Cholesterol also represents a precursor of bile acid, and its oxidative effect allows
for the biosynthesis of steroid hormones in the steroid-producing tissues (Luu et al., 2016).
Cholesterol metabolism homeostasis is maintained by a complex network that regulates
cholesterol biosynthesis, uptake, efflux, and storage (Giacomini et al., 2021). In addition,
cholesterol also interacts with a variety of proteins, including receptors, channels and
enzymes, which are thought to regulate protein stability, localization and activity (Hulce
et al., 2013).
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Tumor cells are highly proliferative and therefore rely on
cholesterol to meet substantially increased nutrient needs for
membrane synthesis and support their uncontrolled growth,
thereby promoting tumorigenesis and progression (Riscal et al.,
2019). Indeed, cholesterol, cholesterol derivatives and cholesterol
synthesis intermediates can regulate tumor cell proliferation,
motility, stemness and drug resistance (Kopecka et al., 2020a).
Given these important functions of cholesterol metabolism in
cancer, drugs targeting cholesterol metabolism and tumor treatment
strategies have become a hot topic in the field of tumor research and
have made significant progress in recent years. In this review, we
introduce the metabolic pathways of cholesterol in normal and cancer
cells, its role in the tumor therapy, and the latest progress in therapeutic
drugs targeting different stages of cholesterol metabolism.

2 Overview of the cholesterol
metabolism in normal cells

Cholesterol metabolism including biosynthesis, uptake, efflux
and storage is a complex and important process under normal
physiological conditions. In brief, cholesterol biosynthesis starts
with acetyl-coA and involves synergy of more than 20 enzymes,
most of them on the membrane of the endoplasmic reticulum (ER)
(Luo et al., 2020). Several steps are tightly regulated throughout the
process, and some intermediates produced during the process can be
transferred and used as precursors for the biosynthesis of other
compounds (Cerqueira et al., 2016; Luo et al., 2020). The
biosynthesis cascade of cholesterol occurs in almost every
mammalian cell, especially liver synthesis accounts for about 50%
of the total cholesterol biosynthesis (Luo et al., 2020).

Cholesterol uptake consists of NPC1L1 (Niemann–Pick C1-like-
1) protein-mediated absorption from the intestinal lumen and
LDLR-mediated subsequent absorption from the blood (Luo
et al., 2020). NPC1L1 is a glycosylated, multi-spanning
membrane protein specifically expressed on the apical surface of
enterocytes and the membrane of bile canaliculi of human
hepatocytes (Altmann et al., 2004). It is a key mediator of
cholesterol uptake and controls cholesterol uptake in enterocytes
through clathrin-mediated endocytosis (Luo et al., 2020). The
human NPC1L1 gene is activated by SREBP2 and is upregulated
by hepatocyte nuclear factor 4α (HNF4α) (Iwayanagi et al., 2008).

Although almost all mammalian cells can produce cholesterol,
only hepatocytes, adrenal cells, and gonad cells are able to catabolize
cholesterol. Thus, excess cholesterol of peripheral tissues is
converted to cholesterol esters stored in lipid droplets or moved
to the liver that can be converted to bile acids and excreted into the
digestive system (Ouimet et al., 2019). Mechanistically, four
members of the ATP binding cassette (ABC) transporter
superfamily: ABC subfamily A member 1 (ABCA1), ABC
subfamily G (ABCG) members 1, 5, and 8 regulate cholesterol
efflux in a cell-type-specific manner. ABCA1 is widely expressed
throughout the body and its main receptor mediating cholesterol
efflux is lipid-free apolipoprotein A-I (apoA-I) (Rosenson et al.,
2012) and produces HDL particles. ABCG1 is most abundant in
macrophages, lower in hepatocytes, and absent in enterocytes
(Kennedy et al., 2005). However, ABCG5 and ABCG8 are nearly
exclusively expressed at the apical surface of enterocytes and

hepatocytes, forming a heterodimer mediating the excretion of
cholesterol into the bile and intestinal lumen (Graf et al., 2003).

As mentioned above, excess intracellular cholesterol is usually
converted to cholesterol esters, which is an important means to
prevent free cholesterol accumulation in cells. The formation of
cholesterol esters is mediated by acyl coenzyme A cholesterol
acetyltransferase (ACAT) (Petan et al., 2018). To date, two ACAT
isoenzymes have been reported in mammals, including ACAT1 and
ACAT2. ACAT1 is widely expressed throughout the body and is most
abundant in macrophages, epithelial cells and steroid hormone-
producing cells, indicating its involvement in maintaining
cholesterol homeostasis, while ACAT2 is mainly expressed in
enterocytes and also in hepatocytes, suggesting that it contributes
to lipoprotein biosynthesis and assembly (Luo et al., 2020).

The molecular mechanism of cholesterol metabolism is strictly
regulated to maintain cholesterol homeostasis, not only satisfy cell
growth and proliferation with enough cholesterol, but also avoid
excessive cholesterol accumulation. Cholesterol homeostasis is mainly
regulated by 2 families of transcription factors: the sterol regulatory
element binding proteins (SREBPs) and the liver X receptors (LXRs)
(Luo et al., 2020). SREBP1mainly regulates the genes involved in fatty
acid (FA) synthesis, while SREBP2 controls the gene of the cholesterol
biosynthesis pathway (Horton et al., 2003). When the cholesterol
content is present in endoplasmic reticulum (ER) is low,
SREBP2 activates the transcription and expression of the
cholesterol biosynthetic enzymes HMGCR, increases the expression
of the NPC1L1 and LDLR genes (Luo et al., 2020) to increase the de
novo cholesterol synthesis (Nohturfft and Zhang, 2009; Cai et al.,
2019). When cholesterol content in endoplasmic reticulum (ER) is
high, the activation of SREBP2 and cholesterol synthesis are blocked.
Moreover, LXRs promotes activation of genes associated with bile acid
generation (CYP7A1), cholesterol excretion (ABCG5, ABCG8), and
reverse cholesterol transport (ABCA1, ABCG1) (Giacomini et al.,
2021), ultimately promoting the elimination of the excess of cellular
cholesterol.

Although cholesterol is essential for membrane fluidity and
structural maintenance, signaling regulation, and energy storage,
most mammalian cells cannot directly process cholesterol through
the catalytic reaction, but may modify their steroid skeleton, which
further generate oxysterols eventually and bile acid via cholesterol
efflux ultimately upon the content of cholesterol is overload (Luu et al.,
2016; Riscal et al., 2019). Oxysterols are oxidized forms of cholesterol,
which present at extremely low concentrations in human (van Reyk
et al., 2006). Oxysterols regulate cellular cholesterol homeostasis by
inhibiting SREBP and activating LXR.Moreover, oxysterols are widely
involved in post-transcriptional regulation of cholesterol homeostasis
by changing enzyme stability and/or activity (e.g., promoting
HMGCR degradation, affecting the activity of several cholesterol
biosynthetic enzymes, etc.) (Luu et al., 2016).

3 Reprogrammed cholesterol
metabolism in tumor cells

Cholesterol is generally beneficial for cancer growth and
development, it promotes migration and invasion, inhibits
apoptosis through activating oncogenic signaling pathways
(Figure 1).
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3.1 Cholesterol biosynthesis is enhanced in
tumor cells

Tumor cells require excess cholesterol and intermediates of the
cholesterol biosynthesis pathway to maintain cell proliferation,
possibly related to the substantial cholesterol require for
membrane synthesis (Cruz et al., 2013). Increased endogenous
cholesterol synthesis and high cholesterol exposure both favor
cancer progression (Kopecka et al., 2020b). Interestingly,
intracellular cholesterol levels cause more cancer burden than
systemic serum cholesterol, suggesting that abnormalities in
cholesterol biosynthesis are strongly associated with
tumorigenesis (Sorrentino et al., 2014; Kuzu et al., 2016).

Several enzymes such as SREBP2, HMGCR, SQS, OSC, and
SQLE which are involved in cholesterol synthesis are significantly
upregulated in liver cancer mouse model (Liang et al., 2018).
SREBP2 and its downstream targets, including mevalonate-
pathway enzymes, are significantly upregulated in glioblastoma
(Lewis et al., 2015). HMGCR is overexpressed in prostate cancer,
gastric cancer and colon cancer (Giacomini et al., 2021). Squalene
synthase (SQS) is enhanced in lung cancer patients, induces
cholesterol biosynthesis, which in turn maintains the enrichment
of tumor necrosis factor receptor 1 (TNFR1) in lipid rafts to

promote lung cancer metastasis (Yang et al., 2014). Inhibition of
SQS reduces the levels of lipid raft-associated cholesterol, inhibits
prostate cancer cell proliferation, and induces apoptotic
(Brusselmans et al., 2007). The level of squalene cycloxidase
(SQLE) is enhanced in breast cancer, lung cancer and colorectal
cancer, and promotes cancer cell migration and invasion, whichmay
be related to regulating the sterol components of lipid rafts as well
(Giacomini et al., 2021). In metastatic mouse models of colorectal
and pancreatic cancer, lanosterol synthase (LSS) promotes tumor
neovascularization and metastasis (Maione et al., 2015). Oxide
squalene cyclase (OSC) inhibitors hinder endothelial cell
migration and promote apoptosis, which inhibits tumor
angiogenesis and dissemination to the distance (Liang et al.,
2014). In addition, enhanced expression of cholesterol synthesis
genes is associated with poor survival in sarcoma, acute myeloid
leukemia and melanoma patients, but in lower grade glioma it was
associated with good survival (Kuzu et al., 2016). The latest research
has revealed that activated cholesterol biosynthesis programs
promotes triple-negative breast cancer progression (Cai et al.,
2019) and increased cholesterol synthesis is associated with poor
patient prognosis (Ehmsen et al., 2019).

Mechanistically, cholesterol biosynthesis has complex links with
the signaling pathways and factors that regulate tumors. Several

FIGURE 1
Reprogrammed cholesterol metabolism and indicated drug targets in tumor cells. Cholesterol metabolism and homeostasis regulation in cancer
cells. Boxes of different colors indicate targeted therapeutic drugs and drug targets for each stage of cholesterol metabolism.
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oncogenic signals such as PI3K/AKT/mTOR, RTK/RAS, and
TP53 have been shown to modulate cholesterol synthesis in
cancer cells (Kuzu et al., 2016). For example, constitutive
activation of PI3K/AKT signaling increases intracellular
cholesterol levels through SREBP-1 activation, resulting in de
novo cholesterol biosynthesis and LDL receptor (LDLR)
expression, thereby enhancing exogenous cholesterol import in
prostate cancer (Guo et al., 2011). On the other hand, cholesterol
biosynthesis also has a critical role in maintaining cancer stem cells
by activating signaling pathways of sonic hedgehog, Notch and
receptor tyrosine kinases (Kim, 2019). Thus, targeting the
cholesterol generation and mevalonate pathway represents a
promising choice for tumor therapy.

3.2 Cholesterol uptake is enhanced in tumor
cells

Increasing cholesterol uptake appears to be more efficient
strategy compared to de novo cholesterol synthesis for cancer
cells. It is reported that NPC1L1 promotes colon carcinogenesis
by inducing cholesterol absorption and increasing plasma
cholesterol levels (He et al., 2015). NPC1L1 knockdown reduces
colitis-associated tumorigenesis, which may be associated with
downregulation of β-catenin, p-c-Jun and p-ERK (He et al.,
2015). One of the extracellular loops of NPC1L1 is the binding
site of ezetimibe, thus providing support for targeted cholesterol
uptake (Weinglass et al., 2008). Besides, it has been found that some
anaplastic large cell lymphoma cells are completely dependent on
cholesterol uptake to acquire cholesterol, due to the absence of
SQLE. These cancer cells actively upregulate LDLR, which takes up
exogenous cholesterol as an alternative strategy to support
proliferation (Garcia-Bermudez et al., 2019). Indeed, LDLRs
levels are increased in glioblastoma, leukemia, pancreatic and
lung cancers (Huang et al., 2016; Gallagher et al., 2017) and
LDLRs promotes epithelial-to-mesenchymal transition (EMT),
increases the secretion of metalloproteinase MMP-9 and activates
Wnt/β-catenin signaling pathway (Campion et al., 2020). However,
the level of LDLR is decreased in human advanced prostate cancer.
The roles of hypercholesterolemia in tumors are still controversial:
elevated serum cholesterol level is positively correlated with the
recurrence rate of prostate cancer (Allott et al., 2014). But it is also
reported that high serum cholesterol levels increased the anti-tumor
functions of natural killer cells and reduced the growth of liver
tumors in mice (Pelton et al., 2014). Collectively, while cholesterol
uptake is one of the sources for cancer cells to obtain cholesterol,
how cancer cells coordinate the balance between cholesterol
biosynthesis and uptake and whether it is altered with tumor
progression remains to be further elucidated.

3.3 Cholesterol efflux is dysregulated in
tumor cells

Deficiency of ABCA1, a main receptor mediating cholesterol
efflux, increases mitochondrial cholesterol, inhibits release of
mitochondrial cell death-promoting molecules, and thus
facilitates cancer cell survival (Smith and Land, 2012; Kuzu et al.,

2016). It has been demonstrated that ABCA1 can promote cell
metastasis by regulating cholesterol levels, and patients with high
ABCA1 expression had shorter times to metastasis in breast cancer
(Aguirre-Portoles et al., 2018). PPARα and PPARγ activation
promotes LXR-mediated ABCA1 expression, and PPARα blocks
cholesterol biosynthesis by inhibiting sterol regulatory element
binding protein 2 (SREBP-2) activity (Grabacka and Reiss, 2008).
Thus, targeting PPARα appears to be an effective strategy to regulate
cholesterol content. Indeed, the antitumor effect of fenofibrate (an
agonist of PPARα) has been demonstrated (Giacomini et al., 2021).

3.4 Cholesterol esterification is enhanced in
tumor cells

As mentioned above, cells are able to avoid excessive cholesterol
accumulation through the cholesterol esterification pathway.
Usually, cholesterol esterification reduces the amount of
intracellular free cholesterol, protects tumor cells from their toxic
effects, and reduces the amount of free cholesterol that can maintain
SREBP-induced cholesterol biosynthesis and uptake (Chang et al.,
2006). However, it is also reported that reducing cholesterol
esterification was able to inhibit the growth and invasion of
hepatoma carcinoma cells in a mouse xenograft model (Geng
et al., 2016), suggesting that the function of cholesterol
esterification depends on tumor types. Cholesteryl esters (CE), a
common signature in cancer, is usually stored in lipid droplets that
serve as a reservoir for neutral lipids such as triacylglycerols. The
accumulation of CE can be converted by tumor cells into cholesterol
utilization, as demonstrated by high expression of ACAT1 and
cholesterol ester metabolizing enzyme lysosomal acid lipase
(LAL) in tumor tissues. In fact, the accumulation of CE
promotes proliferation and invasive capacity of breast cancer,
and promotes the occurrence and metastatic potential of
glioblastoma, prostate and pancreatic cancer (de Gonzalo-Calvo
et al., 2015; Petan et al., 2018). CE accumulation is driven by loss of
PTEN and consequent activation of PI3K/AKT/mTOR pathway that
induces the expression of SREBP and LDLR, thereby promoting
ACAT1-mediated cholesterol storage in lipid droplets (Yue et al.,
2014). In glioblastomas, inhibition of ACAT1 inhibits adipogenesis
and tumor growth (Geng et al., 2016). Consistently,
ACAT1 overexpression was confirmed in many cancers,
including hepatocellular carcinoma, castration-resistant prostate
cancer, and pancreatic cancer (Giacomini et al., 2021). Therefore,
targeted enhanced cholesterol esterification seems to be a promising
therapeutic strategy. In fact, it has been shown that targeting
ACAT1 has an anticancer potential (Yue et al., 2014).

3.5 Abnormal regulation of cholesterol
homeostasis in tumor cells

As mentioned above, SREBP2 and LXR are essential for
maintaining cholesterol homeostasis. SREBP promotes cancer cell
growth, migration, and colony generation in esophageal squamous
cell carcinoma (Zhong et al., 2019). SREBP and its downstream
genes are significantly upregulated and promote cell survival and
tumor growth in the hypoxic and nutrient-restricted tumor
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microenvironment (Lewis et al., 2015). SREBP2 has also been shown
to bind to mutant p53 and activate the expression of the mevalonate
pathway in breast cancer cells (Freed-Pastor et al., 2012). Moreover,
it is proved that RORγ (a nuclear receptor) promotes the
recruitment of SREBP2, and activates the cholesterol biosynthesis
(Cai et al., 2019). Thus, the SREBP and RORγ can serve as good
targets for tumor therapy. In addition to SREBP, LXR is also an
important driver of carcinogenesis. LXR inverse agonists and LXR
agonists were shown to inhibit the proliferation and colony
formation, and induce apoptosis in clear cell renal cell carcinoma
(ccRCC) cells, but had no cytotoxic effect on normal renal tubular
epithelial cells. Therefore, LXR may be a safe therapeutic target for
ccRCC (Wu et al., 2019).

3.6 Oxysterols have multifunctional role in
cancer cells

Oxysterols are involved in various cancers (Kuzu et al., 2016).
Side-chain oxidation of cholesterol generates 22-hydrocholesterol
(22-HC), 24-hydroxycholesterol (24-HC), 25-hydroxycholesterol
(25-HC) and 27-hydroxycholesterol (27-HC), and oxidation
occurring on the backbone generates 7α/β-hydroxycholesterol (7α-
HC/7β-HC), 7-ketocholesterol (7-KC) and 5, 6α/β-epoxycholesterol
(5, 6α -EC/5, 6β-EC). 22-HC is a high-affinity LXR ligand that induces
ABCA1 expression, leading to cellular cholesterol efflux. 25-HC is a
side-chain oxysterol that inhibits cholesterol biosynthesis by
inhibiting SREBP (Riscal et al., 2019). Certain oxysterols have
anticancer effects. In Jurkat T-cell lymphoma cells, 24-HC induces
apoptosis through a mechanism involving 24-HC esters and lipid
droplet accumulation (Yamanaka et al., 2014). 22-HC, 24-HC, 7α-
HC/7β-HC and 5, 6α -EC/5, and 6β-EC all act as agonists of LXR to
inhibit proliferation in breast cancer, ovarian cancer and prostate
cancer through inducing G1 cell cycle arrest or apoptosis (Lin et al.,
2013; Riscal et al., 2019; de Medina et al., 2021). Thus, oxysterols with
cytotoxic activity may be potential therapeutic agents for cancer.
However, 27-HC acts as an estrogen receptor (ER) agonist in breast
cancer, which stimulates tumor growth and metastasis in multiple
breast cancer models (McDonnell et al., 2014). A recent study
demonstrated that chronic exposure of cancer cells to 27-HC,
which likely models the situation in patients with
hypercholesterolemia/dyslipidemia, resulted in the emergence of
cells exhibiting increased tumorigenic and metastatic capacity (Liu
et al., 2021). Intriguingly, the metabolites of 5, 6-epoxycholesterol (5,
6-EC) have opposing properties in breast cancer oncogenesis. In
normal breast tissue, the metabolite dendrogenin A (DDA)
displays tumour-suppressive properties. Yet in breast cancer, 5, 6-
EC is metabolized to oncosterone (6-oxo-cholestan-3, 6-diol,
cholestan-3, 6-diol-6-one, and OCDO), acting as an
oncometabolite and tumor promoter in breast cancer. Therefore,
blocking oncosterone biosynthesis or neutralizing oncosterone
receptors may be a new pharmacological target for the treatment
of breast cancer (de Medina et al., 2021).

Besides the tumor cells, oxysterols can also influence the tumor
microenvironment. Immune cells expressing “generic” oxysterol
receptors, such as LXR, and specific receptors in immune cells,
such as G protein-coupled receptor 183 (GPR183), can recognize
different oxysterols (Willinger, 2019). Baek et al. (2017)

demonstrated that 27-HC increases the number and activity of
polymorphonuclear neutrophils (PMN) and γδT cells, and
reduces the cytotoxic CD8+ T cell population. In addition,
oxysterol promotes tumor growth by inhibiting dendritic cell
(DC) migration to lymphoid and by promoting the recruitment
of protumor neutrophils in the tumor microenvironment (Raccosta
et al., 2013).

4 Targeting cholesterol in tumor
therapy

4.1 Targeting cholesterol biosynthesis

4.1.1 Targeting HMGCR
As cholesterol metabolism has important functions in cancer

progression, targeting cholesterol metabolism has been shown to be
a viable antitumor strategy (Table 1). As previously described,
HMGCR is one of the rate-limiting enzymes for the cholesterol-
producing mevalonate pathway, so targeting HMGCR may be a
good strategy for tumor therapy (Nielsen et al., 2012; Gu et al., 2019;
Di Bello et al., 2020). Statins are the most common pharmacological
inhibitors of HMGCR. Numerous epidemiological analyses suggest
statins can reduce the incidence of certain tumors, but these
conclusions are not consistent (Kuzu et al., 2016). One study
suggests an association between statin and a slight reduction in
cancer-related mortality for 13 different cancer types (Nielsen et al.,
2012). However, there are also many epidemiological studies suggest
no association between statin and cancer (Kuzu et al., 2016). Statins
can enhance the effects of chemotherapeutic agents such as cisplatin,
anthracyclines, paclitaxel, 5-fluorouracil, etoposide and malfaran
(Osmak, 2012). The efficacy of reducing side effects and drug
resistance has also been proved (Terzi et al., 2019; Feng et al.,
2020). Currently, the efficacy of statins has been carried out in both
basic studies and clinical trials to evaluate monotherapy and
therapies in combination with other chemotherapeutic agents.

While inhibiting cholesterol biosynthesis, statins also inhibit the
synthesis of multiple other metabolites. By blocking the MVP
pathway, statins halt isoprenoid synthesis, such as GGPP and
FPP for GTPase-proteins essential for cancer cells (Takai et al.,
2001), which explains the pharmacological effects of statins in
antitumor effects (Takai et al., 2001; Buhaescu and Izzedine,
2007; Kidera et al., 2010). Moreover, the antitumor effects of
statins may also be related to non-MVP-mediated mechanisms
(Okubo et al., 2020).

Since statins have been approved for the treatment of
hypercholesterolemia and are one of the most widely used
pharmaceutical agents in the world. Thus, their repositioning in
the field of oncology is translated more easily and quickly to the
clinic. From the first clinical trial of lovastatin combined with
cytarabine started in 2001, how statins work and benefit in
cancers therapy has been widely evaluated over these 2 decades.
When “statins | cancer” are taken as the search term, 223 clinical
trials have been found on ClinicalTrial.gov, including 54 phase I
studies, 101 phase II studies, 24 phase III studies and 12 phase IV
studies from 2005 to 2023. Based on the types of diseases, studies for
clinical oncology treatment-related trials were included in the
analysis (Table 2).
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Of the 15 studies with results released, 5 suggested positive anti-
tumor outcomes, including simvastatin: 1 (1/2), pravastatin: 2 (2/7),
fluvastatin: 2 (2/2) in NSCLC, breast cancer, prostate cancer,
leukemia and HCC.

A phase II study has been carried out to evaluate the efficacy
and safety of gefitinib plus simvastatin in patients with advanced
non-small cell lung cancer (NSCLC). The result pointed out that
there is no superiority of GS (gefitinib plus simvastatin) to G
(gefitinib only) was demonstrated in the unselected NSCLC
population. But GS showed a higher response rate (RR) and
longer progression-free survival (PFS) compared with G alone in
patients with wild-type EGFR non-adenocarcinomas (Han J.-Y.
et al., 2011). Several studies of simvastatin combination
treatment in small cell lung cancer (SCLC) are ongoing.
Another study tested the effects of simvastatin on the
pharmacokinetics of anastrozole, a potent non-steroidal
aromatase inhibitor (AI) that holds promise for breast cancer
prevention, on patients with hormone receptor-positive breast

cancer suggested that simvastatin is not likely to compromise the
activity of anastrozole (Bao et al., 2012). While, a study of
simvastatin in patients at higher risk of developing a hormone
non-responsive (ER-) breast cancer was carried out in 2011
(NCT01500577). This study included 150 women with a
history of estrogen receptor negative ductal intraepithelial
neoplasia or lobular intraepithelial neoplasia or atypical
hyperplasia, or unaffected subjects carrying a mutation of
BRCA1 or with a probability of mutation >10% (according to
BRCAPRO) (Lazzeroni et al., 2012) to evaluate the
chemoprevention activity of simvastatin compared with
nimesulide. And the result of this trial has not yet been released.

A study of breast cancer patients with a 3–6 weeks fluvastatin
treatment before surgery suggested measurable biologic changes by
reducing tumor proliferation and increasing apoptotic activity in
high-grade, stage 0/1 breast cancer (Garwood et al., 2010)
(NCT00416403). A phase II study in prostate cancer patients
shows that short-term (4–12 weeks) fluvastatin treatment at a

TABLE 1 Anti-cancer therapies that target cholesterol metabolism.

Therapeutic class Mechanism Cancer type References

Targeting
cholesterol
biosynthesis

Stains Simvastatin Atorvastatin
Lovastatin Pravastatin
Rosuvastatin Fluvastatin
Pitavastatin

Competitive
inhibitors of
HMGCR

Colorectal, Prostate, Breast, Lung cancer,
multiple myeloma, melanoma and other
cancers

Nielsen et al. (2012), Osmak. (2012),
Fatehi Hassanabad. (2019), Gu et al.
(2019), Terzi et al. (2019), Chen YH et al.
(2020), Di Bello et al. (2020), Feng et al.
(2020), Lubtow et al. (2020), Okubo et al.
(2020)

Zaragonic acids Inhibitor of squalene
synthase

RMA lymphoma and Lewis lung
carcinoma models

Brusselmans et al. (2007), Lanterna et al.
(2016)

TAK-475 Inhibitor of squalene
synthase (FDFT1)

Pancreatic ductal adenocarcinoma model Biancur et al. (2021)

NB-598 Inhibitor of squalene
epoxidase

SCLC lines Mahoney et al. (2019)

R048-8071 Inhibitor of OSC HCT116 CRC, HPAF-II pancreatic
adenocarcinoma models and breast cancer
lines

Liang et al. (2014), Maione et al. (2015)

Targeting
cholesterol
uptake

ezetimibe Selective block of
NPC1L1

Breast cancer Pelton et al. (2014)

Targeting
cholesterol efflux

fenofibrate PPARα agonists Leukemia, Lymphoma, Multiple Myeloma,
endometrial cancer, prostate cancer, breast
cancer, oral cancer, pancreatic cancerand
and other cancers

Luo et al. (2019), Sun et al. (2019), You
et al. (2019), Chen L et al. (2020), Di
Bello et al. (2020)

Targeting
cholesterol
storage

Avasimibe Inhibitor of ACAT1 Human PC3 prostate cancer, MIA-PaCa2
pancreatic cancer, A549 lung cancer, and
HCT116 colon cancer lines

Pal et al. (2013), Lee et al. (2015), Lee
et al. (2018), Li et al. (2018)

Targeting
cholesterol
regulation

Fatostatin specific inhibitor of
SREBP

Prostate cancer, ER-positive breast cancer Li et al. (2014), Li et al. (2015), Gao et al.
(2018), Liu et al. (2020), Yao et al. (2020)

dipyridamole inhibit the cleavage of
SREBP2

multiple myeloma Pandyra et al. (2014)

T0901317 LXR agonists Breast, lung, prostate cancer and Leukemia Pommier et al. (2010), El Roz et al.
(2012), Flaveny et al. (2015), Villa et al.
(2016), Tavazoie et al. (2018), Lou et al.
(2019), Brendolan and Russo. (2022)

GW3965 Leukemia

DDA (Dendrogenin A) LXR partial agonist Leukemia

RGX-104 LXRβ agonist Advanced solid tumors and lymphomas

SR9243 LXR inverse agonist Colorectal, lung, prostate cancer models
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cholesterol-lowering dose before radical prostatectomy can increase
the percentage of apoptotic prostate cancer cells in the tumor
relative to baseline (Longo et al., 2020) (NCT01992042).

A positive result for high dose pravastatin combined with
cytarabine and idarubicin in relapsed AML patients’ therapy was
reported in 2014 (Advani et al., 2014) (NCT00840177). The

TABLE 2 Clinical trials of statins in cancer.

Drug Cancer type Condition Phase Combination strategy References

Simvastatin Breast Cancer II Anastrozole Bao et al. (2012)

with dyslipidemia II -

prevention II - Lazzeroni et al. (2012)

ER-positive/metastatic II Fulvestrant, Metformin

metastatic II HER2-targeted therapy

Prostate Cancer II Metformin

I Ezetimibe Wang et al. (2022)

Colorectal Cancer metastatic II FOLFIRI (irinotecan, 5-FU, leucovorin)

advanced/metastatic II Cetuximab/Panitumumab/Bevacizumab

Lung cancer SCLC II Irinotecan/Albumin Paclitaxel/Irinotecan,
Cisplatin

NSCLC II gefitinib Han J Y et al. (2011)

Atorvastatin Breast cancer II Letrozole

triple negative II Zoledronate

early stage III -

Prostate Cancer II Celecoxib

prevent recurrence II - Jeong et al. (2021)

Glioblastoma multiforme II Temozolomide Altwairgi et al. (2021)

Hepatocellular
Carcinoma (HCC)

prevent recurrence II Metformin

advanced II Sorafenib

Colorectal Cancer prevention II -

pancreatic cancer metastatic I Ezetimibe, Evolocumab

Lovastatin Ovarian cancer refractory/relapsed II Paclitaxel

Breast Cancer prevention II - Vinayak et al. (2013)

Melanoma II Interferon alfa-2b

precancerous lesions II - Linden et al. (2014)

Pravastatin HCC advanced II/III Sorafenib Jouve et al. (2019), Riaño et al. (2020),
Blanc et al. (2021)

Leukemia prevent recurrence II Cytarabine/Idarubicin Advani et al. (2014), Shadman et al. (2015)

relapsed/refractory I/II Cyclosporine, Mitoxantrone
Hydrochloride, Etoposide

Chen et al. (2013)

Lung Cancer SCLC III Etoposide, Cisplatin/Carboplatin Seckl et al. (2017)

Rosuvastatin Endometrial Carcinoma Stage I II Megestrol Acetate

Colorectal Cancer prevent recurrence/
advanced

II/III -

Fluvastatin Breast Cancer II - Garwood et al. (2010)

Prostate Cancer II - Longo et al. (2020)

Pitavastatin Breast Cancer II/III -
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recurrence rate has decreased from 75% to 5.5% after the combined
treatment, which shows the efficacy of this combined therapy. While
another study had been ceased due to the combined drugs did not
meet the predefined efficacy criteria for success (Shadman et al.,
2015) (NCT01831232).

As for HCC, there are three phase II studies aim to bring out the
efficacy of sorafenib combined with statins to select better arms for
further clinical trials in patients with advanced hepatocellular
carcinoma (HCC), as sorafenib is the preferred drug in the
palliative treatment [NCT01418729 (Riaño et al., 2020),
NCT01357486 (Blanc et al., 2021), NCT01075555 (Jouve et al.,
2019)]. All these three studies showed that adding pravastatin to
sorafenib did not improve overall survival (OS) in patients with
advanced HCC. However, one of the studies suggested the
combination of sorafenib and pravastatin prolonging the time to
progression (TTP) of patients with advancedHCC (Blanc et al., 2021).

Despite of the positive outcome of multiple types of Statins drugs
in clinical trials mentioned above, there are still some unsatisfactory
results. The included studies related to atorvastatin and lovastatin did
not suggest a positive outcome. For example, atorvastatin has been
evaluated in the prevention of the recurrence of prostate cancer, which
has shown that there was no association with a lower risk of disease
recurrence compared with placebo (Jeong et al., 2021). While
glioblastoma patients treated with atorvastatin in combination with
radiotherapy and temozolomide did not show an improvement in
progression-free survival (Altwairgi et al., 2021). In addition,
evaluation of lovastatin as a prevention drug for its use in the
treatment of women at increased risk of breast cancer
demonstrated no significant biomarker modulation
(NCT00285857) (Vinayak et al., 2013). Besides, there is a study of
lovastatin in melanoma, which did not show beneficial changes of
lovastatin for precancerous lesions (Linden et al., 2014)
(NCT00462280). Some studies had been terminated due to the
toxicity of drug combination (Chen et al., 2013) (NCT01342887).
There are also trials being recruited or underway, and for those
without positive results, longer observation periods and larger sample
sizes are needed to determine the therapeutic effects of statins on
various types of tumors. Besides, for trials with poor outcomes,
distinguishing more subgroups, such as gene polymorphism and
smoking (Han J.-Y. et al., 2011; Han J. Y. et al., 2011). May lead
tomeaningful conclusions.Moreover, the safety of statins still needs to
be given enough attention when used in combination with
chemotherapeutic drugs, and individual differences in drug use for
cancer patients also need to be considered.

4.1.2 Targeting squalene synthase
Squalene protects cancer cells from ferroptotic cell death,

providing a growth advantage under conditions of oxidative
stress produced by high proliferative rates and in tumor
xenografts (Garcia-Bermudez et al., 2019). It has been
experimentally demonstrated that Zaragozionic acid, a
pharmacological inhibitor of Squalene synthase (SQS), can lead
to growth arrest and induction of cytotoxicity in prostate cancer
cells (Brusselmans et al., 2007). In addition, using TAK-475, a potent
inhibitor of squalene synthase (Fdft1), researcher evaluated the
efficacy and tolerability of TAK-475 in a mouse transplant model
of pancreatic ductal adenocarcinoma (PDA) and showed
significantly reduced tumor growth (Biancur et al., 2021).

4.1.3 Targeting SQLE
A recent study showed that increased squalene production due

to the loss of squalene epoxidase (SQLE) in cholesterol nutrient-
deficient cells prevents oxidative cell death (Garcia-Bermudez et al.,
2019). Mahoney et al. (2019) demonstrated that small cell lung
cancer (SCLC) lines display sensitivity to NB-598, a known inhibitor
of squalene epoxidase (SQLE). In addition, terbinafine (TB) is an
antifungal agent that inhibits squalene epoxidase and has been
shown to inhibit tumor growth and angiogenesis (Chien et al.,
2012), by the mechanism that TB suppresses in vitro and in vivo
proliferation of various tumor cells, including oral, colon and liver
cancer via inhibiting DNA synthesis and activating apoptosis, which
is related to the p53-dependent signaling pathway (Lee et al., 2003).

4.1.4 Targeting OSC
Oxide squalene cyclase (OSC) is the enzyme that catalyzes the

conversion of a 2,3-monoepoxy squalene to a lanosterol. Since
lanosterol is a precursor to cholesterol, inhibition of OSC leads
to reduced cholesterol synthesis, experimental evidence has
demonstrated anti-antitumor effects of OSC inhibitors in human
glioblastoma and brain-derived endothelial cells and enhanced
antitumor effects in combination with statins (Staedler et al.,
2012). Ro 48–8071, an OSC inhibitor, shows anti-tumor effect
(Maione et al., 2015), and more importantly, it synergizes with 5-
fluorouracil, thus eliciting an enhanced anti-tumor outcome.

4.2 Targeting cholesterol uptake

Administration of a low-cholesterol diet or ezetimibe (an
inhibitor of NPC1L1) reduces tumor growth by reducing
cholesterol levels (Pelton et al., 2014). In addition, it has been
demonstrated that the use of leelamine (a lysosomotropic
compound, intercellular cholesterol transport inhibitor)
suppresses autophagic flux and induces cholesterol accumulation
in lysosomal/endosomal cell compartments, disrupts lysosomal cell
compartments, and induces cancer cell death (Kuzu et al., 2014).
High dietary cholesterol can bypass the need to enhance endogenous
cholesterol synthesis, thus accelerate the development of liver
cancer. Moreover, major cholesterol metabolites, such as 27HC,
25HC, 22HC, and 6-oxocholsterol-3β, 5α-diol, can promote
tumorigenesis (Nelson, 2018; Riscal et al., 2019). Furthermore, to
maintain systemic cholesterol homeostasis and reduce ATP
depletion of de novo cholesterol biosynthesis, some cancer cells
alter mevalonate pathway enzyme expression and deregulate
cholesterol influx/efflux genes, such as VLDLR, LDLR, SR-B1 and
ABCA1, which in turn may lead to cancer cell resistance to statins
(Riscal et al., 2019). Therefore, combining a low cholesterol diet or
the use of cholesterol absorption inhibitors (such as ezetimibe) with
anticancer drugs may be a promising strategy for clinical treatment
of tumors.

Vytorin®, a combination drug which contains ezetimibe (10 mg)
and simvastatin (40 mg), was used in an early phase I study to
determine whether cholesterol-lowering therapy could slow the
growth of prostate cancer (NCT02534376). The result shows that
Ki-67 staining decreased in normal prostate tissue and low-grade
prostate cancers and there was no significant change in Ki-67
staining in high-grade prostate cancers. This suggests that
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cholesterol-lowering therapy may decrease growth in both benign
prostate that produces voiding symptoms in older men and low-
grade prostate cancer (Wang et al., 2022). An ongoing Phase I trial
will evaluate a PCSK9-inhibitors (evolocumab) in combination with
atorvastatin and ezetimibe in patients with metastatic pancreatic
cancer undergoing standard chemotherapy (NCT04862260).

4.3 Targeting cholesterol efflux

Synthetic bette agonists (including fenofibrate) have been used
as lipid-lowering therapeutic agents. In addition to the lipid-
lowering effects, drugs targeting PPARα also have therapeutic
effects in cancer. In fact, Luo et al. (2019) found that intestinal
depletion of PPARα promotes colon carcinogenesis by increasing
DNMT1-mediated p21 methylation and PRMT6-mediated
methylation of p27. While using fenofibrate activated PPAR and
inhibited colon carcinogenesis (Luo et al., 2019). It has been shown
that fenofibrate inhibition of cell proliferation simultaneously
suppresses the expression of key enzymes in fatty acid
metabolism and induces human hepatoma Hep3B cells apoptosis
(You et al., 2019). In addition, it has been demonstrated that
fenofibrate has anti-cancer effects in endometrial cancer, prostate
cancer, triple negative breast cancer, oral cancer and pancreatic
cancer (Sun et al., 2019; Chen L et al., 2020). Chen L et al. (2020)
demonstrated that fenofibrate could induce mitochondrial
reprogramming through activation of the AMPK pathway and
inhibition of the HK2 pathway, inhibiting gastric cancer cell
proliferation and promoting apoptotic through the PPARα
pathway. Therefore, targeting PPARα may be an effective cancer
treatment and has been tested in clinical trials. When “fenofibrate/
bezafibrate | cancer” are taken as the search term, 18 clinical trials
have been found on ClinicalTrial.gov, including a phase I study,
6 phase II studies, 5 phase III studies from 2006 to 2023 (Table 3).

A phase II trial of a multi-agent oral antiangiogenic regimen in
children with recurrent or progressive cancer had been carried out in
2006 (NCT00357500). “5-drug” regimen, including celecoxib,
cyclophosphamide, etoposide, thalidomide, and fenofibrate, was
evaluated in patients with eight diseases. Of 97 patients,
24 patients completed 27 weeks of therapy without progression.
As a result, the combination of drugs had shown clinical benefits in
patients with low-grade glioma and ependymoma (Robison et al.,
2014). And the mitochondrial inhibitory function of fenofibrate was

tested in a clinical phase II study in patients with multiple myeloma
(NCT01965834).

Of the three included studies, one trial on fenofibrate had results
and suggested a positive clinical oncology effect. For now, there are
fewer clinical trials of fibrates for oncology treatment. More clinical
studies can be conducted to confirm the effectiveness of fibrates in
the future.

4.4 Targeting cholesterol storage

High expression of ACAT1 is related to cell proliferation rates,
tumor formation and metastasis, and cell resistance (Giacomini
et al., 2021). Indeed, treatment of breast cancer cells with ACAT-1
inhibitors resulted in reduced cell proliferation and migration and
reduced tumor growth through regulation of cholesterol metabolism
(Antalis et al., 2010; Shim et al., 2018). Avasimin, a systemically
injectable nanoformulation containing the ACAT-1 inhibitor
avasimibe has been developed, which has been used in clinical
trials for the treatment of atherosclerosis and shows good human
safety (Pal et al., 2013; Lee et al., 2015). The formulation was tested in
different human cancer cell lines showing that avasimin reduces
lipid droplet accumulation in prostate cancer cells and reduces
cellular activity in a variety of tumor cell lines (Lee et al., 2015).
ACAT-1 was overexpressed in MIA PaCa-2 human pancreatic
cancer cells compared to normal cells, and treatment of cells
with avasimibe or knockdown of the ACAT-1 gene results in a
block of cholesterol esterification, and a decrease in cell invasion and
migration. This may be because ACAT-1 inhibition impairs Wnt/β-
catenin signaling, thereby overcoming cancer cell metastasis (Lee
et al., 2018). The combination of gemcitabine and avasimbe showed
synergistic effects in vitro and may overcome gemcitabine resistance
for pancreatic ductal adenocarcinoma treatment (Li et al., 2018).

4.5 Targeting cholesterol regulation

4.5.1 Targeting SREBP
Fatostatin, a specific inhibitor binds the SREBP-cleavage

activating protein (SCAP) to block cholesterol biosynthesis, is
able to inhibit tumor growth in vivo in a mouse prostate cancer
experiment (Li et al., 2014). In endometrial cancer, Fatostatin
reduces cancer cell viability and tumor growth in xenografted

TABLE 3 Clinical trials of fibrate in cancer.

Drug Cancer type Phase Combined drug

Fenofibrate Central Nervous System Tumor, Pediatric II Celecoxib Cyclophosphamide Etoposide Thalidomide Robison et al. (2014)

Leukemia

Lymphoma

Neuroblastoma

Sarcoma

Multiple Myeloma II -

Bezafibrate Myelodysplastic Syndromes (MDS) II Sodium Valproate Medroxyprogesterone
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mice and improves their survival rate (Gao et al., 2018). It has also
been demonstrated that Fatostatin inhibit the growth and
proliferation of human endometrial cancer cells, alter its cell
cycle and induce apoptotic (Yao et al., 2020). Furthermore,
Fatostatin can induce ER degradation by polyubiquitination of
K48 junctions, a key mechanism for tamoxifen to inhibit PI3K-
AKT-mTOR signaling in breast cancer, and has a synergistic effect
with tamoxifen in reducing cell proliferation in vitro and in vivo
tumor growth in breast cancer, indicating that Fatostatin may have
promising clinical use for ER-positive breast cancer patients (Liu
et al., 2020). In addition, the combination of Fatostatin and
docetaxel resulted in greater proliferation inhibition and
apoptosis induction compared with single agent treatment in PCa
cells in vitro an,d in vivo, especially those with mutant p53s (Li et al.,
2015). Of note, dipyridamole was also shown to inhibit the cleavage
of SREBP2. The statin–dipyridamole combination was synergistic
and induced apoptosis in multiple myeloma and AML cell lines and
primary patient samples, whereas normal peripheral blood
mononuclear cells were not affected (Pandyra et al., 2014).

4.5.2 Targeting RORγ
The RORγwas identified as an important driver of the cholesterol

biosynthesis program. RORγ inhibition would counteract the statin-
induced SREBP2-dependent feedback regulation and reduce the
tumor cholesterol biosynthesis rate without affecting the host
cholesterol homeostasis (Cai et al., 2019). Indeed, ROR inhibitors
cooperate with statins to kill TNBC (triple-negative breast cancer)
cells, and in addition, ROR-selective antagonists are very effective
manifested by leading tumor regression and blocking metastasis in
multiple TNBC models (Cai et al., 2019).

4.5.3 Targeting LXR
LXR can be activated by endogenous ligands, such as oxysterol or

by agonists. In MCF-7 breast cancer cells, treatment with two LXR
agonists (TO901317 and 22 (R) -hydroxycholesterol) can inhibit
MCF-7 cells proliferation and induce their apoptosis (El Roz et al.,
2012). In prostate cancer, the AKT survival pathway was
downregulated by treatment with the LXR agonist T0901317,
thereby inducing the apoptotic of LNCaP PCa cells in xenograft
nude mice and cell cultures (Pommier et al., 2010). Furthermore, it
has been demonstrated that the combination treatment of
T0901317 and anticancer drug gefitinib exhibits synergistic effects
in lung cancer models, inhibiting lung cancer migration and invasion
in vivo and in vitro, which may be through inhibition of ERK/MAPK
signaling pathway (Lou et al., 2019). In hematopoietic malignancies,
the agonists of LXR (T0901317, GW3965 and DDA) can induce
apoptosis or lethal autophagy in leukemic cells (Brendolan and Russo,
2022). The treatment of primary acute myeloid leukemia (AML)
samples with dendrogenin A (DDA), a modulator of LXR, that is, a
partial LXR agonist, induces lethal autophagy in vitro and in vivo (de
Medina et al., 2021; Brendolan and Russo, 2022). Meanwhile,
exogenous 27-Hydroxycholesterol induces apoptosis in leukemic
cells (HL60, KG1α, and K562 cells) through the accumulation of
reactive oxygen species (ROS) (Woo et al., 2022). In addition, because
LXR is a transcription factor towards to different targets including
genes associated with glycolysis and lipogenesis, targeting this
receptor may be a promising approach for cancer therapy.
Interestingly, a reverse agonist SR9243 was designed, and

SR9243 inhibits LXR activation by enhancing LXR-corepressor
recruitment (Flaveny et al., 2015). It has been demonstrated that
SR9243 can induce apoptosis in leukemic cells. In contrast, as was
previously described, the activation of LXR by different agonists has
also been shown to reduce cancer cell survival by promoting
cholesterol efflux, especially in glioblastoma (Villa et al., 2016).

Very recently, the latest trial was just posted on Clinicaltrials
(ClinicalTrials.gov) on 23 January 2023 which is initiated in 2016
(ClinicalTrials.gov Identifier: NCT02922764). This is a phase I, dose
escalation and expansion study of RGX-104, an oral small molecule
targeting the LXR. By depleting both myeloid-derived suppressor
cells (MDSCs) and tumor blood vessels, it exerts its anti-tumor
activity (Tavazoie et al., 2018). This trial will evaluate single agents or
combinations in patients with advanced solid tumors and
lymphomas. Combinations include nivolumab, ipilimumab,
docetaxel, or pembrolizumab plus carboplatin/pemetrexed. In the
expansion stage, the study will provide further characterization of
the safety, efficacy, PK, and pharmacodynamics. Immunological
activity and biomarkers of LXR target activation will also be
evaluated.

The statins, as well as ezetimibe and fibrates mentioned in the
above clinical trials, are all approved in the blood cholesterol
guideline, which demonstrate their safety and feasibility for
oncology treatment (Grundy et al., 2019). In the last 3 years,
there were 29 ongoing phase II or III clinical trials for oncology
treatment with statins alone or in combination with other drugs,
13 of which were first posted in these 3 years. Other targeted drugs
related to cholesterol metabolism are also gaining attention. These
trials focus on the prevention of cholesterol metabolism-related
drugs in patients at high risk for cancer, the treatment of further
disease progression, and the prevention of recurrence in cancer
patients, and are primarily focused on breast, prostate, small cell
lung, intestinal and uterine cancers. Furthermore, other trials
focusing on the prevention and treatment of side effects of
chemotherapy and radiotherapy for tumors, such as heart failure,
hearing loss (Fernandez et al., 2021), and metabolic syndrome,
which are not selected for analysis but show the promise of this
class of drugs in oncology treatment.

5 Conclusion and perspectives

Cholesterol is one of the important nutrients for normal
physiological function, the latest Dietary Guidelines for
Americans and Chinese removed the restriction for dietary
cholesterol. However, we should think calmly about dietary
cholesterol and health. Restricted dietary cholesterol intake in
people at high risk of cardiovascular disease is recommended in
many guidelines. In addition, dietary cholesterol is just one aspect of
a healthy diet. Population health is closely related to the overall
dietary pattern. We should not only pay attention to a separate
aspect of the food, but also consider the interactive effects of multiple
foods. Besides, Current dietary guidelines limit saturated fatty acids
to 10% of total energy, and dietary cholesterol intake is generally not
too high if people meet this requirement.

Cholesterol is normally linked to cardiovascular diseases.
Recently, there has been extensive evidence demonstrating that
cardiovascular disease and cancer are intertwined. Firstly,
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cardiovascular disease and cancer share several common risk factors,
including diabetes, dyslipidemia, cachexia, and an impaired immune
response. Secondly, Anticancer therapies can induce CVD via
several mechanisms, including direct cardiotoxicity, effects on the
vasculature, and perturbations to cardiovascular and immune
homeostasis (Curigliano et al., 2012; Karlstaedt et al., 2022).
Thirdly, patients with cardiovascular disease have higher cancer
risk compared with individuals from the general population (a
concept referred to as reverse cardio-oncology) (Aboumsallem
et al., 2020; Karlstaedt et al., 2022; Koelwyn et al., 2022).

In this review, it is evident that cholesterol metabolism is critical
for cancer progression and targeted drugs including statins and
fibrates are widely used in clinical trials (Huang et al., 2020; Xu et al.,
2020). However, there are still a number of outstanding questions in
the field need to be further addressed. Firstly, in cholesterol
metabolism targeted therapy, the maintenance of cholesterol
homeostasis is more important than just lowers the level of
cholesterol. Secondly, the accurate metabolic subtypes of cancers
should be established for better applying metabolic therapy. Thirdly,
it is not so clear that the effect of cholesterol metabolism on immune
microenvironment which also plays the key roles upon tumor
therapy. So far, the efficacy of targeted cholesterol metabolism
therapy largely depends on cancer types and all targeted drugs
are not used as first-line drugs but used in combination with other
therapy. Besides directly targeting cholesterol metabolism, bile acid,
the main product of cholesterol transformation, directly affects the
intestinal microflora, and the microecology is closely related to the
occurrence and prognosis of cancers. Therefore, we should also
focus on the microecology of intestinal microflora while detecting
cholesterol levels inside and outside tumor cells. Nevertheless, all
these progressions from bench to bed make targeting cholesterol
metabolism therapy a fascinating field to work in, and targeted
therapy which is more effectively, safely, precisely and
comprehensively should be further investigated.

Author contributions

WX and HW contributed equally to this work, and drafted the
manuscript. XZ and YW wrote the part of targeted drugs in clinical
trials and tables. LX, BC, and JS conceived and designed the study,
reviewed the manuscript. LX, JS, and WX were responsible for the
final review of the manuscript. All authors read and approved the
final manuscript.

Funding

The study was supported by the National Natural Science
Foundation of China (No. 81972966, No. 82001248, and No.
81902840), Beijing Natural Science Foundation (No. 7214269)
and the study was supported by the State Key Laboratory of
Natural and Biomimetic Drugs (No. K202226).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Aboumsallem, J. P., Moslehi, J., and de Boer, R. A. (2020). Reverse cardio-oncology:
Cancer development in patients with cardiovascular disease. J. Am. Heart Assoc. 9,
e013754. doi:10.1161/JAHA.119.013754

Advani, A. S., McDonough, S., Copelan, E., Willman, C., Mulford, D. A., List, A. F.,
et al. (2014). SWOG0919: A phase 2 study of idarubicin and cytarabine in combination
with pravastatin for relapsed acute myeloid leukaemia. Br. J. Haematol. 167, 233–237.
doi:10.1111/bjh.13035

Aguirre-Portoles, C., Feliu, J., Reglero, G., and Ramirez de Molina, A. (2018).
ABCA1 overexpression worsens colorectal cancer prognosis by facilitating tumour growth
and caveolin-1-dependent invasiveness, and these effects can be ameliorated using the BET
inhibitor apabetalone. Mol. Oncol. 12, 1735–1752. doi:10.1002/1878-0261.12367

Allott, E. H., Howard, L. E., Cooperberg, M. R., Kane, C. J., Aronson, W. J., Terris, M.
K., et al. (2014). Serum lipid profile and risk of prostate cancer recurrence: Results from
the SEARCH database. Cancer Epidemiol. Biomarkers Prev. 23, 2349–2356. doi:10.1158/
1055-9965.EPI-14-0458

Altmann, S. W., Davis, H. R., Jr., Zhu, L. J., Yao, X., Hoos, L. M., Tetzloff, G., et al.
(2004). Niemann-Pick C1 like 1 protein is critical for intestinal cholesterol absorption.
Science 303, 1201–1204. doi:10.1126/science.1093131

Altwairgi, A. K., Alghareeb,W.A.,AlNajjar, F.H.,Alhussain,H.,Alsaeed, E., Balbaid,A.A.O.,
et al. (2021). Atorvastatin in combinationwith radiotherapy and temozolomide for glioblastoma:
A prospective phase II study. Invest. New Drugs 39, 226–231. doi:10.1007/s10637-020-00992-5

Antalis, C. J., Arnold, T., Rasool, T., Lee, B., Buhman, K. K., and Siddiqui, R. A. (2010).
High ACAT1 expression in estrogen receptor negative basal-like breast cancer cells is
associated with LDL-induced proliferation. Breast Cancer Res. Treat. 122, 661–670.
doi:10.1007/s10549-009-0594-8

Baek, A. E., Yu, Y.-R. A., He, S., Wardell, S. E., Chang, C.-Y., Kwon, S., et al. (2017).
The cholesterol metabolite 27 hydroxycholesterol facilitates breast cancer metastasis
through its actions on immune cells. Nat. Commun. 8, 864. doi:10.1038/s41467-017-
00910-z

Bao, T., Blackford, A. L., and Stearns, V. (2012). Effect of simvastatin on the
pharmacokinetics of anastrozole. Breast Cancer Res. Treat. 131, 709–711. doi:10.
1007/s10549-011-1859-6

Biancur, D. E., Kapner, K. S., Yamamoto, K., Banh, R. S., Neggers, J. E., Sohn,
A. ;S. W., et al. (2021). Functional genomics identifies metabolic vulnerabilities
in pancreatic cancer. Cell Metab. 33, 199–210.e8. doi:10.1016/j.cmet.2020.
10.018

Blanc, J. F., Khemissa, F., Bronowicki, J. P., Monterymard, C., Perarnau, J. M.,
Bourgeois, V., et al. (2021). Phase 2 trial comparing sorafenib, pravastatin, their
combination or supportive care in HCC with Child-Pugh B cirrhosis. Hepatol. Int.
15, 93–104. doi:10.1007/s12072-020-10120-3

Brendolan, A., and Russo, V. (2022). Targeting cholesterol homeostasis
in hematopoietic malignancies. Blood 139, 165–176. doi:10.1182/blood.
2021012788

Brusselmans, K., Timmermans, L., Van de Sande, T., Van Veldhoven, P. P., Guan, G.,
Shechter, I., et al. (2007). Squalene synthase, a determinant of Raft-associated
cholesterol and modulator of cancer cell proliferation. J. Biol. Chem. 282,
18777–18785. doi:10.1074/jbc.M611763200

Buhaescu, I., and Izzedine, H. (2007). Mevalonate pathway: A review of clinical
and therapeutical implications. Clin. Biochem. 40, 575–584. doi:10.1016/j.
clinbiochem.2007.03.016

Frontiers in Pharmacology frontiersin.org11

Xia et al. 10.3389/fphar.2023.928821

147

https://doi.org/10.1161/JAHA.119.013754
https://doi.org/10.1111/bjh.13035
https://doi.org/10.1002/1878-0261.12367
https://doi.org/10.1158/1055-9965.EPI-14-0458
https://doi.org/10.1158/1055-9965.EPI-14-0458
https://doi.org/10.1126/science.1093131
https://doi.org/10.1007/s10637-020-00992-5
https://doi.org/10.1007/s10549-009-0594-8
https://doi.org/10.1038/s41467-017-00910-z
https://doi.org/10.1038/s41467-017-00910-z
https://doi.org/10.1007/s10549-011-1859-6
https://doi.org/10.1007/s10549-011-1859-6
https://doi.org/10.1016/j.cmet.2020.10.018
https://doi.org/10.1016/j.cmet.2020.10.018
https://doi.org/10.1007/s12072-020-10120-3
https://doi.org/10.1182/blood.2021012788
https://doi.org/10.1182/blood.2021012788
https://doi.org/10.1074/jbc.M611763200
https://doi.org/10.1016/j.clinbiochem.2007.03.016
https://doi.org/10.1016/j.clinbiochem.2007.03.016
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.928821


Cai, D., Wang, J., Gao, B., Li, J., Wu, F., Zou, J. X., et al. (2019). RORγ is a targetable
master regulator of cholesterol biosynthesis in a cancer subtype. Nat. Commun. 10,
4621. doi:10.1038/s41467-019-12529-3

Campion, O., Al Khalifa, T., Langlois, B., Thevenard-Devy, J., Salesse, S., Savary, K.,
et al. (2020). Contribution of the low-density lipoprotein receptor family to breast
cancer progression. Front. Oncol. 10, 882. doi:10.3389/fonc.2020.00882

Cerqueira, N. M., Oliveira, E. F., Gesto, D. S., Santos-Martins, D., Moreira, C.,
Moorthy, H. N., et al. (2016). Cholesterol biosynthesis: A mechanistic overview.
Biochemistry 55, 5483–5506. doi:10.1021/acs.biochem.6b00342

Chang, T. Y., Chang, C. C., Ohgami, N., and Yamauchi, Y. (2006). Cholesterol
sensing, trafficking, and esterification. Annu. Rev. Cell Dev. Biol. 22, 129–157. doi:10.
1146/annurev.cellbio.22.010305.104656

Chen L, L., Peng, J., Wang, Y., Jiang, H., Wang, W., Dai, J., et al. (2020). Fenofibrate-
induced mitochondrial dysfunction and metabolic reprogramming reversal: The anti-
tumor effects in gastric carcinoma cells mediated by the PPAR pathway. Am. J. Transl.
Res. 12, 428–446.

Chen, T. L., Estey, E. H., Othus, M., Gardner, K. M., Markle, L. J., and Walter, R. B.
(2013). Cyclosporine modulation of multidrug resistance in combination with
pravastatin, mitoxantrone and etoposide for adult patients with relapsed/refractory
acute myeloid leukemia: A phase 1/2 study. Leukemia Lymphoma 54, 2534–2536.
doi:10.3109/10428194.2013.777836

Chen Y H, Y. H., Chen, Y. C., Lin, C. C., Hsieh, Y. P., Hsu, C. S., and Hsieh, M. C.
(2020). Synergistic anticancer effects of gemcitabine with pitavastatin on pancreatic
cancer cell line MIA PaCa-2 in vitro and in vivo. Cancer Manag. Res. 12, 4645–4665.
doi:10.2147/CMAR.S247876

Chien,M. H., Lee, T. S., Kao, C., Yang, S. F., and Lee,W. S. (2012). Terbinafine inhibits
oral squamous cell carcinoma growth through anti-cancer cell proliferation and anti-
angiogenesis. Mol. Carcinog. 51, 389–399. doi:10.1002/mc.20800

Cruz, P. M., Mo, H., McConathy, W. J., Sabnis, N., and Lacko, A. G. (2013). The role
of cholesterol metabolism and cholesterol transport in carcinogenesis: A review of
scientific findings, relevant to future cancer therapeutics. Front. Pharmacol. 4, 119.
doi:10.3389/fphar.2013.00119

Curigliano, G., Cardinale, D., Suter, T., Plataniotis, G., de Azambuja, E., Sandri, M. T.,
et al. (2012). Cardiovascular toxicity induced by chemotherapy, targeted agents and
radiotherapy: ESMO clinical practice guidelines. Ann. Oncol. Official J. Eur. Soc. Med.
Oncol. 23 (7), vii155–vii166. vii155-vii166. doi:10.1093/annonc/mds293

de Gonzalo-Calvo, D., Lopez-Vilaro, L., Nasarre, L., Perez-Olabarria, M., Vazquez, T.,
Escuin, D., et al. (2015). Intratumor cholesteryl ester accumulation is associated with
human breast cancer proliferation and aggressive potential: A molecular and
clinicopathological study. BMC Cancer 15, 460. doi:10.1186/s12885-015-1469-5

de Medina, P., Diallo, K., Huc-Claustre, E., Attia, M., Soulès, R., Silvente-Poirot, S.,
et al. (2021). The 5,6-epoxycholesterol metabolic pathway in breast cancer: Emergence
of new pharmacological targets. Br. J. Pharmacol. 178, 3248–3260. doi:10.1111/bph.
15205

Di Bello, E., Zwergel, C., Mai, A., and Valente, S. (2020). The Innovative Potential of
Statins in Cancer, 8.New Targets New Ther.

Ehmsen, S., Pedersen, M. H., Wang, G., Terp, M. G., Arslanagic, A., Hood, B. L., et al.
(2019). Increased cholesterol biosynthesis is a key characteristic of breast cancer stem
cells influencing patient outcome. Cell Rep. 27, 3927–3938.e6. doi:10.1016/j.celrep.2019.
05.104

El Roz, A., Bard, J. M., Huvelin, J. M., and Nazih, H. (2012). LXR agonists and
ABCG1-dependent cholesterol efflux in MCF-7 breast cancer cells: Relation to
proliferation and apoptosis. Anticancer Res. 32, 3007–3013.

Fatehi Hassanabad, A. (2019). Current perspectives on statins as potential anti-cancer
therapeutics: Clinical outcomes and underlying molecular mechanisms. Transl. Lung
Cancer Res. 8, 692–699. doi:10.21037/tlcr.2019.09.08

Feng, J., Dai, W., Mao, Y., Wu, L., Li, J., Chen, K., et al. (2020). Simvastatin re-
sensitizes hepatocellular carcinoma cells to sorafenib by inhibiting HIF-1α/PPAR-γ/
PKM2-mediated glycolysis. J. Exp. Clin. Cancer Res. CR 39, 24. doi:10.1186/s13046-020-
1528-x

Fernandez, K. A., Allen, P., Campbell, M., Page, B., Townes, T., Li, C. M., et al. (2021).
Atorvastatin is associated with reduced cisplatin-induced hearing loss. J. Clin. Invest.
131, e142616. doi:10.1172/JCI142616

Flaveny, C. A., Griffett, K., El-Gendy Bel, D., Kazantzis, M., Sengupta, M., Amelio, A.
L., et al. (2015). Broad anti-tumor activity of a small molecule that selectively targets the
warburg effect and lipogenesis. Cancer Cell 28, 42–56. doi:10.1016/j.ccell.2015.05.007

Freed-Pastor, W. A., Mizuno, H., Zhao, X., Langerod, A., Moon, S. H., Rodriguez-
Barrueco, R., et al. (2012). Mutant p53 disrupts mammary tissue architecture via the
mevalonate pathway. Cell 148, 244–258. doi:10.1016/j.cell.2011.12.017

Gallagher, E. J., Zelenko, Z., Neel, B. A., Antoniou, I. M., Rajan, L., Kase, N., et al.
(2017). Elevated tumor LDLR expression accelerates LDL cholesterol-mediated breast
cancer growth in mouse models of hyperlipidemia. Oncogene 36, 6462–6471. doi:10.
1038/onc.2017.247

Gao, S., Shi, Z., Li, X., Li, W., Wang, Y., Liu, Z., et al. (2018). Fatostatin suppresses
growth and enhances apoptosis by blocking SREBP-regulated metabolic pathways in
endometrial carcinoma. Oncol. Rep. 39, 1919–1929. doi:10.3892/or.2018.6265

Garcia-Bermudez, J., Baudrier, L., Bayraktar, E. C., Shen, Y., La, K., Guarecuco, R.,
et al. (2019). Squalene accumulation in cholesterol auxotrophic lymphomas prevents
oxidative cell death. Nature 567, 118–122. doi:10.1038/s41586-019-0945-5

Garwood, E. R., Kumar, A. S., Baehner, F. L., Moore, D. H., Au, A., Hylton, N., et al.
(2010). Fluvastatin reduces proliferation and increases apoptosis in women with high
grade breast cancer. Breast Cancer Res. Treat. 119, 137–144. doi:10.1007/s10549-009-
0507-x

Geng, F., Cheng, X., Wu, X., Yoo, J. Y., Cheng, C., Guo, J. Y., et al. (2016). Inhibition of
SOAT1 suppresses glioblastoma growth via blocking SREBP-1-mediated lipogenesis.
Clin. Cancer Res. 22, 5337–5348. doi:10.1158/1078-0432.CCR-15-2973

Giacomini, I., Gianfanti, F., Desbats, M. A., Orso, G., Berretta, M., Prayer-Galetti, T.,
et al. (2021). Cholesterol metabolic reprogramming in cancer and its pharmacological
modulation as therapeutic strategy. Front. Oncol. 11, 682911. doi:10.3389/fonc.2021.
682911

Grabacka, M., and Reiss, K. (2008). Anticancer properties of PPARalpha-effects on
cellular metabolism and inflammation. PPAR Res. 2008, 930705. doi:10.1155/2008/
930705

Graf, G. A., Yu, L., Li, W. P., Gerard, R., Tuma, P. L., Cohen, J. C., et al. (2003).
ABCG5 and ABCG8 are obligate heterodimers for protein trafficking and biliary
cholesterol excretion. J. Biol. Chem. 278, 48275–48282. doi:10.1074/jbc.
M310223200

Grundy, S. M., Stone, N. J., Bailey, A. L., Beam, C., Birtcher, K. K., Blumenthal, R. S.,
et al. (2019). 2018 AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/
ASPC/NLA/PCNA guideline on the management of blood cholesterol: A report of
the American college of cardiology/American heart association task force on clinical
practice guidelines. Circulation 139, e1082–e1143. doi:10.1161/CIR.0000000000000625

Gu, L., Saha, S. T., Thomas, J., and Kaur, M. (2019). Targeting cellular cholesterol for
anticancer therapy. FEBS J. 286, 4192–4208. doi:10.1111/febs.15018

Guo, D., Reinitz, F., Youssef, M., Hong, C., Nathanson, D., Akhavan, D., et al. (2011).
An LXR agonist promotes glioblastoma cell death through inhibition of an EGFR/AKT/
SREBP-1/LDLR-dependent pathway. Cancer Discov. 1, 442–456. doi:10.1158/2159-
8290.CD-11-0102

Han, J.-Y., Lim, K. Y., Yu, S. Y., Yun, T., Kim, H. T., and Lee, J. S. (2011). A phase
2 study of irinotecan, cisplatin, and simvastatin for untreated extensive-disease small
cell lung cancer. Cancer 117, 2178–2185. doi:10.1002/cncr.25790

Han, J. Y., Lee, S. H., Yoo, N. J., Hyung, L. S., Moon, Y. J., Yun, T., et al. (2011). A
randomized phase II study of gefitinib plus simvastatin versus gefitinib alone in
previously treated patients with advanced non-small cell lung cancer. Clin. Cancer
Res. 17, 1553–1560. doi:10.1158/1078-0432.CCR-10-2525

He, J., Shin, H., Wei, X., Kadegowda, A. K., Chen, R., and Xie, S. K. (2015).
NPC1L1 knockout protects against colitis-associated tumorigenesis in mice. BMC
Cancer 15, 189. doi:10.1186/s12885-015-1230-0

Horton, J. D., Shah, N. A., Warrington, J. A., Anderson, N. N., Park, S. W., Brown, M.
S., et al. (2003). Combined analysis of oligonucleotide microarray data from transgenic
and knockout mice identifies direct SREBP target genes. Proc. Natl. Acad. Sci. U. S. A.
100, 12027–12032. doi:10.1073/pnas.1534923100

Huang, B., Song, B.-L., and Xu, C. (2020). Cholesterol metabolism in cancer:
Mechanisms and therapeutic opportunities. Nat. Metab. 2, 132–141. doi:10.1038/
s42255-020-0174-0

Huang, J., Li, L., Lian, J., Schauer, S., Vesely, P. W., Kratky, D., et al. (2016). Tumor-
induced hyperlipidemia contributes to tumor growth. Cell Rep. 15, 336–348. doi:10.
1016/j.celrep.2016.03.020

Hulce, J. J., Cognetta, A. B., Niphakis, M. J., Tully, S. E., and Cravatt, B. F. (2013).
Proteome-wide mapping of cholesterol-interacting proteins in mammalian cells. Nat.
Methods 10, 259–264. doi:10.1038/nmeth.2368

Iwayanagi, Y., Takada, T., and Suzuki, H. (2008). HNF4alpha is a crucial modulator of
the cholesterol-dependent regulation of NPC1L1. Pharm. Res. 25, 1134–1141. doi:10.
1007/s11095-007-9496-9

Jeong, I. G., Lim, B., Yun, S. C., Lim, J. H., Hong, J. H., and Kim, C. S. (2021). Adjuvant
low-dose statin use after radical prostatectomy: The PRO-STAT randomized clinical
trial. Clin. Cancer Res. 27, 5004–5011. doi:10.1158/1078-0432.CCR-21-0480

Jouve, J. L., Lecomte, T., Bouché, O., Barbier, E., Khemissa Akouz, F., Riachi, G.,
et al. (2019). Pravastatin combination with sorafenib does not improve survival in
advanced hepatocellular carcinoma. J. Hepatol. 71, 516–522. doi:10.1016/j.jhep.
2019.04.021

Karlstaedt, A., Moslehi, J., and de Boer, R. A. (2022). Cardio-onco-metabolism:
Metabolic remodelling in cardiovascular disease and cancer. Nat. Rev. Cardiol. 19,
414–425. doi:10.1038/s41569-022-00698-6

Kennedy, M. A., Barrera, G. C., Nakamura, K., Baldan, A., Tarr, P., Fishbein, M. C.,
et al. (2005). ABCG1 has a critical role in mediating cholesterol efflux to HDL and
preventing cellular lipid accumulation. Cell Metab. 1, 121–131. doi:10.1016/j.cmet.2005.
01.002

Kidera, Y., Tsubaki, M., Yamazoe, Y., Shoji, K., Nakamura, H., Ogaki, M., et al. (2010).
Reduction of lung metastasis, cell invasion, and adhesion in mouse melanoma by statin-
induced blockade of the Rho/Rho-associated coiled-coil-containing protein kinase
pathway. J. Exp. Clin. Cancer Res. CR 29, 127. doi:10.1186/1756-9966-29-127

Frontiers in Pharmacology frontiersin.org12

Xia et al. 10.3389/fphar.2023.928821

148

https://doi.org/10.1038/s41467-019-12529-3
https://doi.org/10.3389/fonc.2020.00882
https://doi.org/10.1021/acs.biochem.6b00342
https://doi.org/10.1146/annurev.cellbio.22.010305.104656
https://doi.org/10.1146/annurev.cellbio.22.010305.104656
https://doi.org/10.3109/10428194.2013.777836
https://doi.org/10.2147/CMAR.S247876
https://doi.org/10.1002/mc.20800
https://doi.org/10.3389/fphar.2013.00119
https://doi.org/10.1093/annonc/mds293
https://doi.org/10.1186/s12885-015-1469-5
https://doi.org/10.1111/bph.15205
https://doi.org/10.1111/bph.15205
https://doi.org/10.1016/j.celrep.2019.05.104
https://doi.org/10.1016/j.celrep.2019.05.104
https://doi.org/10.21037/tlcr.2019.09.08
https://doi.org/10.1186/s13046-020-1528-x
https://doi.org/10.1186/s13046-020-1528-x
https://doi.org/10.1172/JCI142616
https://doi.org/10.1016/j.ccell.2015.05.007
https://doi.org/10.1016/j.cell.2011.12.017
https://doi.org/10.1038/onc.2017.247
https://doi.org/10.1038/onc.2017.247
https://doi.org/10.3892/or.2018.6265
https://doi.org/10.1038/s41586-019-0945-5
https://doi.org/10.1007/s10549-009-0507-x
https://doi.org/10.1007/s10549-009-0507-x
https://doi.org/10.1158/1078-0432.CCR-15-2973
https://doi.org/10.3389/fonc.2021.682911
https://doi.org/10.3389/fonc.2021.682911
https://doi.org/10.1155/2008/930705
https://doi.org/10.1155/2008/930705
https://doi.org/10.1074/jbc.M310223200
https://doi.org/10.1074/jbc.M310223200
https://doi.org/10.1161/CIR.0000000000000625
https://doi.org/10.1111/febs.15018
https://doi.org/10.1158/2159-8290.CD-11-0102
https://doi.org/10.1158/2159-8290.CD-11-0102
https://doi.org/10.1002/cncr.25790
https://doi.org/10.1158/1078-0432.CCR-10-2525
https://doi.org/10.1186/s12885-015-1230-0
https://doi.org/10.1073/pnas.1534923100
https://doi.org/10.1038/s42255-020-0174-0
https://doi.org/10.1038/s42255-020-0174-0
https://doi.org/10.1016/j.celrep.2016.03.020
https://doi.org/10.1016/j.celrep.2016.03.020
https://doi.org/10.1038/nmeth.2368
https://doi.org/10.1007/s11095-007-9496-9
https://doi.org/10.1007/s11095-007-9496-9
https://doi.org/10.1158/1078-0432.CCR-21-0480
https://doi.org/10.1016/j.jhep.2019.04.021
https://doi.org/10.1016/j.jhep.2019.04.021
https://doi.org/10.1038/s41569-022-00698-6
https://doi.org/10.1016/j.cmet.2005.01.002
https://doi.org/10.1016/j.cmet.2005.01.002
https://doi.org/10.1186/1756-9966-29-127
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.928821


Kim, W. Y. (2019). Therapeutic targeting of lipid synthesis metabolism for selective
elimination of cancer stem cells. Arch. Pharm. Res. 42, 25–39. doi:10.1007/s12272-018-
1098-z

Koelwyn, G. J., Aboumsallem, J. P., Moore, K. J., and de Boer, R. A. (2022). Reverse
cardio-oncology: Exploring the effects of cardiovascular disease on cancer pathogenesis.
J. Mol. Cell. Cardiol. 163, 1–8. doi:10.1016/j.yjmcc.2021.09.008

Kopecka, J., Godel, M., and Riganti, C. (2020a). Cholesterol metabolism: At the cross
road between cancer cells and immune environment. Int. J. Biochem. Cell Biol. 129,
105876. doi:10.1016/j.biocel.2020.105876

Kopecka, J., Trouillas, P., Gasparovic, A. C., Gazzano, E., Assaraf, Y. G., and
Riganti, C. (2020b). Phospholipids and cholesterol: Inducers of cancer multidrug
resistance and therapeutic targets. Drug Resist Updat 49, 100670. doi:10.1016/j.
drup.2019.100670

Kuzu, O. F., Gowda, R., Sharma, A., and Robertson, G. P. (2014). Leelamine mediates
cancer cell death through inhibition of intracellular cholesterol transport. Mol. Cancer
Ther. 13, 1690–1703. doi:10.1158/1535-7163.MCT-13-0868

Kuzu, O. F., Noory, M. A., and Robertson, G. P. (2016). The role of cholesterol in
cancer. Cancer Res. 76, 2063–2070. doi:10.1158/0008-5472.CAN-15-2613

Lanterna, C., Musumeci, A., Raccosta, L., Corna, G., Moresco, M., Maggioni, D., et al.
(2016). The administration of drugs inhibiting cholesterol/oxysterol synthesis is safe
and increases the efficacy of immunotherapeutic regimens in tumor-bearing mice.
Cancer Immunol. Immunother. 65, 1303–1315. doi:10.1007/s00262-016-1884-8

Lazzeroni, M., Guerrieri-Gonzaga, A., Serrano, D., Cazzaniga, M., Mora, S., Casadio,
C., et al. (2012). Breast ductal lavage for biomarker assessment in high risk women:
Rationale, design and methodology of a randomized phase II clinical trial with
nimesulide, simvastatin and placebo. BMC Cancer 12, 575. doi:10.1186/1471-2407-
12-575

Lee, H. J., Li, J., Vickman, R. E., Li, J., Liu, R., Durkes, A. C., et al. (2018).
Cholesterol esterification inhibition suppresses prostate cancer metastasis by
impairing the wnt/β-catenin pathway. Mol. Cancer Res. 16, 974–985. doi:10.
1158/1541-7786.MCR-17-0665

Lee, S. S., Li, J., Tai, J. N., Ratliff, T. L., Park, K., and Cheng, J. X. (2015). Avasimibe
encapsulated in human serum albumin blocks cholesterol esterification for selective
cancer treatment. ACS Nano 9, 2420–2432. doi:10.1021/nn504025a

Lee, W. S., Chen, R. J., Wang, Y. J., Tseng, H., Jeng, J. H., Lin, S. Y., et al. (2003). In
vitro and in vivo studies of the anticancer action of terbinafine in human cancer cell
lines: G0/G1 p53-associated cell cycle arrest. Int. J. Cancer 106, 125–137. doi:10.1002/ijc.
11194

Lewis, C. A., Brault, C., Peck, B., Bensaad, K., Griffiths, B., Mitter, R., et al. (2015).
SREBP maintains lipid biosynthesis and viability of cancer cells under lipid- and
oxygen-deprived conditions and defines a gene signature associated with poor survival
in glioblastoma multiforme. Oncogene 34, 5128–5140. doi:10.1038/onc.2014.439

Li, J., Qu, X., Tian, J., Zhang, J. T., and Cheng, J. X. (2018). Cholesterol esterification
inhibition and gemcitabine synergistically suppress pancreatic ductal adenocarcinoma
proliferation. PLoS One 13, e0193318. doi:10.1371/journal.pone.0193318

Li, X., Chen, Y. T., Hu, P., and Huang, W. C. (2014). Fatostatin displays high
antitumor activity in prostate cancer by blocking SREBP-regulated metabolic pathways
and androgen receptor signaling. Mol. Cancer Ther. 13, 855–866. doi:10.1158/1535-
7163.MCT-13-0797

Li, X., Wu, J. B., Chung, L. W., and Huang, W. C. (2015). Anti-cancer efficacy of
SREBP inhibitor, alone or in combination with docetaxel, in prostate cancer harboring
p53 mutations. Oncotarget 6, 41018–41032. doi:10.18632/oncotarget.5879

Liang, J. Q., Teoh, N., Xu, L., Pok, S., Li, X., Chu, E. S. H., et al. (2018). Dietary
cholesterol promotes steatohepatitis related hepatocellular carcinoma through
dysregulated metabolism and calcium signaling. Nat. Commun. 9, 4490. doi:10.
1038/s41467-018-06931-6

Liang, Y., Besch-Williford, C., Aebi, J. D., Mafuvadze, B., Cook, M. T., Zou, X., et al.
(2014). Cholesterol biosynthesis inhibitors as potent novel anti-cancer agents:
Suppression of hormone-dependent breast cancer by the oxidosqualene cyclase
inhibitor RO 48-8071. Breast Cancer Res. Treat. 146, 51–62. doi:10.1007/s10549-
014-2996-5

Lin, C.-Y., Huo, C., Kuo, L.-K., Hiipakka, R. A., Jones, R. B., Lin, H.-P., et al.
(2013). Cholestane-3β, 5α, 6β-triol suppresses proliferation, migration, and
invasion of human prostate cancer cells. PloS One 8, e65734. doi:10.1371/
journal.pone.0065734

Linden, K. G., Leachman, S. A., Zager, J. S., Jakowatz, J. G., Viner, J. L., McLaren, C. E.,
et al. (2014). A randomized, double-blind, placebo-controlled phase II clinical trial of
lovastatin for various endpoints of melanoma pathobiology. Cancer Prev. Res. (Phila) 7,
496–504. doi:10.1158/1940-6207.CAPR-13-0189

Liu, W., Chakraborty, B., Safi, R., Kazmin, D., Chang, C.-Y., and McDonnell, D. P.
(2021). Dysregulated cholesterol homeostasis results in resistance to ferroptosis
increasing tumorigenicity and metastasis in cancer. Nat. Commun. 12, 5103. doi:10.
1038/s41467-021-25354-4

Liu, Y., Zhang, N., Zhang, H., Wang, L., Duan, Y., Wang, X., et al. (2020). Fatostatin in
combination with tamoxifen induces synergistic inhibition in ER-positive breast cancer.
Drug Des. Devel Ther. 14, 3535–3545. doi:10.2147/DDDT.S253876

Longo, J., Hamilton, R. J., Masoomian, M., Khurram, N., Branchard, E., Mullen, P. J.,
et al. (2020). A pilot window-of-opportunity study of preoperative fluvastatin in
localized prostate cancer. Prostate Cancer Prostatic Dis. 23, 630–637. doi:10.1038/
s41391-020-0221-7

Lou, R., Cao, H., Dong, S., Shi, C., Xu, X., Ma, R., et al. (2019). Liver X receptor
agonist T0901317 inhibits the migration and invasion of non-small-cell lung
cancer cells in vivo and in vitro. Anticancer Drugs 30, 495–500. doi:10.1097/
CAD.0000000000000758

Lubtow, M. M., Oerter, S., Quader, S., Jeanclos, E., Cubukova, A., Krafft, M., et al.
(2020). In vitro blood-brain barrier permeability and cytotoxicity of an atorvastatin-
loaded nanoformulation against glioblastoma in 2D and 3D models. Mol. Pharm. 17,
1835–1847. doi:10.1021/acs.molpharmaceut.9b01117

Luo, J., Yang, H., and Song, B. L. (2020). Mechanisms and regulation of
cholesterol homeostasis. Nat. Rev. Mol. Cell Biol. 21, 225–245. doi:10.1038/
s41580-019-0190-7

Luo, Y., Xie, C., Brocker, C. N., Fan, J., Wu, X., Feng, L., et al. (2019). Intestinal PPARα
protects against colon carcinogenesis via regulation of methyltransferases DNMT1 and
PRMT6. Gastroenterology 157, 744–759.e4. doi:10.1053/j.gastro.2019.05.057

Luu, W., Sharpe, L. J., Capell-Hattam, I., Gelissen, I. C., and Brown, A. J. (2016).
Oxysterols: Old tale, new twists. Annu. Rev. Pharmacol. Toxicol. 56, 447–467. doi:10.
1146/annurev-pharmtox-010715-103233

Mahoney, C. E., Pirman, D., Chubukov, V., Sleger, T., Hayes, S., Fan, Z. P., et al.
(2019). A chemical biology screen identifies a vulnerability of neuroendocrine
cancer cells to SQLE inhibition. Nat. Commun. 10, 96. doi:10.1038/s41467-018-
07959-4

Maione, F., Oliaro-Bosso, S., Meda, C., Di Nicolantonio, F., Bussolino, F., Balliano, G.,
et al. (2015). The cholesterol biosynthesis enzyme oxidosqualene cyclase is a new target
to impair tumour angiogenesis and metastasis dissemination. Sci. Rep. 5, 9054. doi:10.
1038/srep09054

McDonnell, D. P., Park, S., Goulet, M. T., Jasper, J., Wardell, S. E., Chang, C.-Y., et al.
(2014). Obesity, cholesterol metabolism, and breast cancer pathogenesis. Cancer Res. 74,
4976–4982. doi:10.1158/0008-5472.CAN-14-1756

Nelson, E. R. (2018). The significance of cholesterol and its metabolite, 27-
hydroxycholesterol in breast cancer. Mol. Cell Endocrinol. 466, 73–80. doi:10.1016/j.
mce.2017.09.021

Nielsen, S. F., Nordestgaard, B. G., and Bojesen, S. E. (2012). Statin use and reduced
cancer-related mortality. N. Engl. J. Med. 367, 1792–1802. doi:10.1056/
NEJMoa1201735

Nohturfft, A., and Zhang, S. C. (2009). Coordination of lipid metabolism in
membrane biogenesis. Annu. Rev. Cell Dev. Biol. 25, 539–566. doi:10.1146/annurev.
cellbio.24.110707.175344

Okubo, K., Isono, M., Miyai, K., Asano, T., and Sato, A. (2020). Fluvastatin potentiates
anticancer activity of vorinostat in renal cancer cells. Cancer Sci. 111, 112–126. doi:10.
1111/cas.14225

Osmak, M. (2012). Statins and cancer: Current and future prospects. Cancer Lett. 324,
1–12. doi:10.1016/j.canlet.2012.04.011

Ouimet, M., Barrett, T. J., and Fisher, E. A. (2019). HDL and reverse cholesterol
transport. Circ. Res. 124, 1505–1518. doi:10.1161/CIRCRESAHA.119.312617

Pal, P., Gandhi, H., Giridhar, R., and Yadav, M. R. (2013). ACAT inhibitors: The
search for novel cholesterol lowering agents. Mini Rev. Med. Chem. 13, 1195–1219.
doi:10.2174/1389557511313080007

Pandyra, A., Mullen, P. J., Kalkat, M., Yu, R., Pong, J. T., Li, Z., et al. (2014). Immediate
utility of two approved agents to target both the metabolic mevalonate pathway and its
restorative feedback loop. Cancer Res. 74, 4772–4782. doi:10.1158/0008-5472.CAN-14-
0130

Pelton, K., Coticchia, C. M., Curatolo, A. S., Schaffner, C. P., Zurakowski, D.,
Solomon, K. R., et al. (2014). Hypercholesterolemia induces angiogenesis and
accelerates growth of breast tumors in vivo. Am. J. Pathol. 184, 2099–2110. doi:10.
1016/j.ajpath.2014.03.006

Petan, T., Jarc, E., and Jusovic, M. (2018). Lipid droplets in cancer: Guardians of fat in
a stressful world. Molecules 23.

Pommier, A. J., Alves, G., Viennois, E., Bernard, S., Communal, Y., Sion, B., et al.
(2010). Liver X Receptor activation downregulates AKT survival signaling in lipid rafts
and induces apoptosis of prostate cancer cells. Oncogene 29, 2712–2723. doi:10.1038/
onc.2010.30

Raccosta, L., Fontana, R., Maggioni, D., Lanterna, C., Villablanca, E. J., Paniccia,
A., et al. (2013). The oxysterol-CXCR2 axis plays a key role in the recruitment of
tumor-promoting neutrophils. J. Exp. Med. 210, 1711–1728. doi:10.1084/jem.
20130440

Riaño, I., Martín, L., Varela, M., Serrano, T., Núñez, O., Mínguez, B., et al. (2020).
Efficacy and safety of the combination of pravastatin and sorafenib for the treatment
of advanced hepatocellular carcinoma. Cancers (Basel): ESTAHEP Clinical
Trial, 12.

Riscal, R., Skuli, N., and Simon, M. C. (2019). Even cancer cells watch their
cholesterol. Mol. Cell 76, 220–231. doi:10.1016/j.molcel.2019.09.008

Frontiers in Pharmacology frontiersin.org13

Xia et al. 10.3389/fphar.2023.928821

149

https://doi.org/10.1007/s12272-018-1098-z
https://doi.org/10.1007/s12272-018-1098-z
https://doi.org/10.1016/j.yjmcc.2021.09.008
https://doi.org/10.1016/j.biocel.2020.105876
https://doi.org/10.1016/j.drup.2019.100670
https://doi.org/10.1016/j.drup.2019.100670
https://doi.org/10.1158/1535-7163.MCT-13-0868
https://doi.org/10.1158/0008-5472.CAN-15-2613
https://doi.org/10.1007/s00262-016-1884-8
https://doi.org/10.1186/1471-2407-12-575
https://doi.org/10.1186/1471-2407-12-575
https://doi.org/10.1158/1541-7786.MCR-17-0665
https://doi.org/10.1158/1541-7786.MCR-17-0665
https://doi.org/10.1021/nn504025a
https://doi.org/10.1002/ijc.11194
https://doi.org/10.1002/ijc.11194
https://doi.org/10.1038/onc.2014.439
https://doi.org/10.1371/journal.pone.0193318
https://doi.org/10.1158/1535-7163.MCT-13-0797
https://doi.org/10.1158/1535-7163.MCT-13-0797
https://doi.org/10.18632/oncotarget.5879
https://doi.org/10.1038/s41467-018-06931-6
https://doi.org/10.1038/s41467-018-06931-6
https://doi.org/10.1007/s10549-014-2996-5
https://doi.org/10.1007/s10549-014-2996-5
https://doi.org/10.1371/journal.pone.0065734
https://doi.org/10.1371/journal.pone.0065734
https://doi.org/10.1158/1940-6207.CAPR-13-0189
https://doi.org/10.1038/s41467-021-25354-4
https://doi.org/10.1038/s41467-021-25354-4
https://doi.org/10.2147/DDDT.S253876
https://doi.org/10.1038/s41391-020-0221-7
https://doi.org/10.1038/s41391-020-0221-7
https://doi.org/10.1097/CAD.0000000000000758
https://doi.org/10.1097/CAD.0000000000000758
https://doi.org/10.1021/acs.molpharmaceut.9b01117
https://doi.org/10.1038/s41580-019-0190-7
https://doi.org/10.1038/s41580-019-0190-7
https://doi.org/10.1053/j.gastro.2019.05.057
https://doi.org/10.1146/annurev-pharmtox-010715-103233
https://doi.org/10.1146/annurev-pharmtox-010715-103233
https://doi.org/10.1038/s41467-018-07959-4
https://doi.org/10.1038/s41467-018-07959-4
https://doi.org/10.1038/srep09054
https://doi.org/10.1038/srep09054
https://doi.org/10.1158/0008-5472.CAN-14-1756
https://doi.org/10.1016/j.mce.2017.09.021
https://doi.org/10.1016/j.mce.2017.09.021
https://doi.org/10.1056/NEJMoa1201735
https://doi.org/10.1056/NEJMoa1201735
https://doi.org/10.1146/annurev.cellbio.24.110707.175344
https://doi.org/10.1146/annurev.cellbio.24.110707.175344
https://doi.org/10.1111/cas.14225
https://doi.org/10.1111/cas.14225
https://doi.org/10.1016/j.canlet.2012.04.011
https://doi.org/10.1161/CIRCRESAHA.119.312617
https://doi.org/10.2174/1389557511313080007
https://doi.org/10.1158/0008-5472.CAN-14-0130
https://doi.org/10.1158/0008-5472.CAN-14-0130
https://doi.org/10.1016/j.ajpath.2014.03.006
https://doi.org/10.1016/j.ajpath.2014.03.006
https://doi.org/10.1038/onc.2010.30
https://doi.org/10.1038/onc.2010.30
https://doi.org/10.1084/jem.20130440
https://doi.org/10.1084/jem.20130440
https://doi.org/10.1016/j.molcel.2019.09.008
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.928821


Robison, N. J., Campigotto, F., Chi, S. N., Manley, P. E., Turner, C. D., Zimmerman,
M. A., et al. (2014). A phase II trial of a multi-agent oral antiangiogenic (metronomic)
regimen in children with recurrent or progressive cancer. Pediatr. Blood Cancer 61,
636–642. doi:10.1002/pbc.24794

Rosenson, R. S., Brewer, H. B., Jr., Davidson, W. S., Fayad, Z. A., Fuster, V., Goldstein,
J., et al. (2012). Cholesterol efflux and atheroprotection: Advancing the concept of
reverse cholesterol transport. Circulation 125, 1905–1919. doi:10.1161/
CIRCULATIONAHA.111.066589

Seckl, M. J., Ottensmeier, C. H., Cullen, M., Schmid, P., Ngai, Y., Muthukumar, D.,
et al. (2017). Multicenter, phase III, randomized, double-blind, placebo-controlled trial
of pravastatin added to first-line standard chemotherapy in small-cell lung cancer
(LUNGSTAR). J. Clin. Oncol. Official J. Am. Soc. Clin. Oncol. 35, 1506–1514. doi:10.
1200/JCO.2016.69.7391

Shadman, M., Mawad, R., Dean, C., Chen, T. L., Shannon-Dorcy, K., Sandhu, V., et al.
(2015). Idarubicin, cytarabine, and pravastatin as induction therapy for untreated acute
myeloid leukemia and high-risk myelodysplastic syndrome. Am. J. Hematol. 90,
483–486. doi:10.1002/ajh.23981

Shim, S. H., Sur, S., Steele, R., Albert, C. J., Huang, C., Ford, D. A., et al. (2018).
Disrupting cholesterol esterification by bitter melon suppresses triple-negative breast
cancer cell growth. Mol. Carcinog. 57, 1599–1607. doi:10.1002/mc.22882

Smith, B., and Land, H. (2012). Anticancer activity of the cholesterol exporter
ABCA1 gene. Cell Rep. 2, 580–590. doi:10.1016/j.celrep.2012.08.011

Sorrentino, G., Ruggeri, N., Specchia, V., Cordenonsi, M., Mano, M., Dupont, S., et al.
(2014). Metabolic control of YAP and TAZ by the mevalonate pathway. Nat. Cell Biol.
16, 357–366. doi:10.1038/ncb2936

Staedler, D., Chapuis-Bernasconi, C., Dehmlow, H., Fischer, H., Juillerat-Jeanneret,
L., and Aebi, J. D. (2012). Cytotoxic effects of combination of oxidosqualene cyclase
inhibitors with atorvastatin in human cancer cells. J. Med. Chem. 55, 4990–5002. doi:10.
1021/jm300256z

Sun, J., Zheng, Z., Chen, Q., Pan, Y., Quan, M., and Dai, Y. (2019). Fenofibrate
potentiates chemosensitivity to human breast cancer cells by modulating apoptosis via
AKT/NF-κB pathway. Onco Targets Ther. 12, 773–783. doi:10.2147/OTT.S191239

Takai, Y., Sasaki, T., and Matozaki, T. (2001). Small GTP-binding proteins. Physiol.
Rev. 81, 153–208. doi:10.1152/physrev.2001.81.1.153

Tavazoie, M. F., Pollack, I., Tanqueco, R., Ostendorf, B. N., Reis, B. S., Gonsalves, F. C.,
et al. (2018). LXR/ApoE activation restricts innate immune suppression in cancer.Cell 172.

Terzi, H., Altun, A., and Şencan, M. (2019). In vitro comparison of the cytotoxic
effects of statins on U266 myeloma cell line. Indian J. Med. Res. 150, 630–634. doi:10.
4103/ijmr.IJMR_672_18

van Reyk, D. M., Brown, A. J., Hult’en, L. M., Dean, R. T., and Jessup, W. (2006).
Oxysterols in biological systems: Sources, metabolism and pathophysiological relevance.
Redox Biol. 11 (6), 255–262. doi:10.1179/135100006X155003

Villa, G. R., Hulce, J. J., Zanca, C., Bi, J., Ikegami, S., Cahill, G. L., et al. (2016). An
LXR-cholesterol Axis creates a metabolic Co-dependency for brain cancers. Cancer Cell
30, 683–693. doi:10.1016/j.ccell.2016.09.008

Vinayak, S., Schwartz, E. J., Jensen, K., Lipson, J., Alli, E., McPherson, L., et al.
(2013). A clinical trial of lovastatin for modification of biomarkers associated with
breast cancer risk. Breast Cancer Res. Treat. 142, 389–398. doi:10.1007/s10549-013-
2739-z

Wang, Y., You, S., Su, S., Yeon, A., Lo, E. M., Kim, S., et al. (2022). Cholesterol-
lowering intervention decreases mTOR complex 2 signaling and enhances
antitumor immunity. Clin. Cancer Res. 28, 414–424. doi:10.1158/1078-0432.
CCR-21-1535

Weinglass, A. B., Kohler, M., Schulte, U., Liu, J., Nketiah, E. O., Thomas, A., et al.
(2008). Extracellular loop C of NPC1L1 is important for binding to ezetimibe. Proc.
Natl. Acad. Sci. U. S. A. 105, 11140–11145. doi:10.1073/pnas.0800936105

Willinger, T. (2019). Oxysterols in intestinal immunity and inflammation. J. Intern.
Med. 285, 367–380. doi:10.1111/joim.12855

Woo, S. Y., Lee, H., Park, S. M., Choi, H. S., Kim, J., Kwon, M., et al. (2022). Role of
reactive oxygen species in regulating 27-hydroxycholesterol-induced apoptosis of
hematopoietic progenitor cells and myeloid cell lines. Cell Death Dis. 13, 916.
doi:10.1038/s41419-022-05360-0

Wu, G., Wang, Q., Xu, Y., Li, J., Zhang, H., Qi, G., et al. (2019). Targeting the
transcription factor receptor LXR to treat clear cell renal cell carcinoma: Agonist or
inverse agonist? Cell Death Dis. 10, 416. doi:10.1038/s41419-019-1654-6

Xu, H., Zhou, S., Tang, Q., Xia, H., and Bi, F. (2020). Cholesterol metabolism: New
functions and therapeutic approaches in cancer, biochimica et biophysica acta. Reviews
On Cancer, 1874, 188394.

Yamanaka, K., Urano, Y., Takabe, W., Saito, Y., and Noguchi, N. (2014). Induction of
apoptosis and necroptosis by 24(S)-hydroxycholesterol is dependent on activity of acyl-
CoA: cholesterol acyltransferase 1. Cell Death Dis. 5 (1), e990. doi:10.1038/cddis.
2013.524

Yang, Y. F., Jan, Y. H., Liu, Y. P., Yang, C. J., Su, C. Y., Chang, Y. C., et al. (2014).
Squalene synthase induces tumor necrosis factor receptor 1 enrichment in lipid rafts to
promote lung cancer metastasis. Am. J. Respir. Crit. Care Med. 190, 675–687. doi:10.
1164/rccm.201404-0714OC

Yao, L., Chen, S., and Li, W. (2020). Fatostatin inhibits the development of
endometrial carcinoma in endometrial carcinoma cells and a xenograft model by
targeting lipid metabolism. Arch. Biochem. Biophys. 684, 108327. doi:10.1016/j.abb.
2020.108327

You, B. J., Hour, M. J., Chen, L. Y., Luo, S. C., Hsu, P. H., and Lee, H. Z. (2019).
Fenofibrate induces human hepatoma Hep3B cells apoptosis and necroptosis through
inhibition of thioesterase domain of fatty acid synthase. Sci. Rep. 9, 3306. doi:10.1038/
s41598-019-39778-y

Yue, S., Li, J., Lee, S. Y., Lee, H. J., Shao, T., Song, B., et al. (2014). Cholesteryl ester
accumulation induced by PTEN loss and PI3K/AKT activation underlies human
prostate cancer aggressiveness. Cell Metab. 19, 393–406. doi:10.1016/j.cmet.2014.
01.019

Zhong, C., Fan, L., Li, Z., Yao, F., and Zhao, H. (2019). SREBP2 is upregulated in
esophageal squamous cell carcinoma and cooperates with cMyc to regulate HMGCR
expression. Mol. Med. Rep. 20, 3003–3010. doi:10.3892/mmr.2019.10577

Frontiers in Pharmacology frontiersin.org14

Xia et al. 10.3389/fphar.2023.928821

150

https://doi.org/10.1002/pbc.24794
https://doi.org/10.1161/CIRCULATIONAHA.111.066589
https://doi.org/10.1161/CIRCULATIONAHA.111.066589
https://doi.org/10.1200/JCO.2016.69.7391
https://doi.org/10.1200/JCO.2016.69.7391
https://doi.org/10.1002/ajh.23981
https://doi.org/10.1002/mc.22882
https://doi.org/10.1016/j.celrep.2012.08.011
https://doi.org/10.1038/ncb2936
https://doi.org/10.1021/jm300256z
https://doi.org/10.1021/jm300256z
https://doi.org/10.2147/OTT.S191239
https://doi.org/10.1152/physrev.2001.81.1.153
https://doi.org/10.4103/ijmr.IJMR_672_18
https://doi.org/10.4103/ijmr.IJMR_672_18
https://doi.org/10.1179/135100006X155003
https://doi.org/10.1016/j.ccell.2016.09.008
https://doi.org/10.1007/s10549-013-2739-z
https://doi.org/10.1007/s10549-013-2739-z
https://doi.org/10.1158/1078-0432.CCR-21-1535
https://doi.org/10.1158/1078-0432.CCR-21-1535
https://doi.org/10.1073/pnas.0800936105
https://doi.org/10.1111/joim.12855
https://doi.org/10.1038/s41419-022-05360-0
https://doi.org/10.1038/s41419-019-1654-6
https://doi.org/10.1038/cddis.2013.524
https://doi.org/10.1038/cddis.2013.524
https://doi.org/10.1164/rccm.201404-0714OC
https://doi.org/10.1164/rccm.201404-0714OC
https://doi.org/10.1016/j.abb.2020.108327
https://doi.org/10.1016/j.abb.2020.108327
https://doi.org/10.1038/s41598-019-39778-y
https://doi.org/10.1038/s41598-019-39778-y
https://doi.org/10.1016/j.cmet.2014.01.019
https://doi.org/10.1016/j.cmet.2014.01.019
https://doi.org/10.3892/mmr.2019.10577
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.928821


+41 (0)21 510 17 00 
frontiersin.org/about/contact

Avenue du Tribunal-Fédéral 34
1005 Lausanne, Switzerland
frontiersin.org

Contact us

Frontiers

Explores the interactions between chemicals and 

living beings

The most cited journal in its field, which advances 

access to pharmacological discoveries to prevent 

and treat human disease.

Discover the latest 
Research Topics

See more 

Frontiers in
Pharmacology

https://www.frontiersin.org/journals/Pharmacology/research-topics

	Cover

	FRONTIERS EBOOK COPYRIGHT STATEMENT

	New anti-cancer strategies targeting epigenetic modifications and associated metabolism reprogramming

	Table of contents

	Noncoding RNAs in the Glycolysis of Ovarian Cancer
	1 Introduction
	2 Glucose Metabolism in Neoplastic Cells
	2.1 Warburg Effect
	2.2 Factors Affecting Aerobic Glycolysis
	2.2.1 GLUTs
	2.2.2 HK Isoforms
	2.2.3 PFK and PK


	3 Tumor Aerobic Glycolytic Signaling Pathway
	4 The Regulatory Mechanism of ncRNAs in the Glycolysis of Ovarian Cancer
	4.1 MicorRNAs in the Glycolysis of Ovarian Cancer
	4.2 LncRNAs in the Glycolysis of Ovarian Cancer
	4.3 circRNAs in the Glycolysis of Ovarian Cancer

	5 Future Perspectivesand Conclusion
	Author Contributions
	Funding
	References

	GM-CSF-miRNA-Jak2/Stat3 Signaling Mediates Chemotherapy-Induced Cancer Cell Stemness in Gastric Cancer
	Introduction
	Materials and Methods
	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Adenosine Kinase on Deoxyribonucleic Acid Methylation: Adenosine Receptor-Independent Pathway in Cancer Therapy
	1 Introduction
	2 Deoxyribonucleic Acid Hypermethylation in Tumor-Suppressor Genes
	3 Adenosine Regulations in Cancer
	4 Adenosine Receptor-Dependent Pathway in Cancer
	5 Adenosine Receptor-independent Pathway With Deoxyribonucleic Acid Methylation in Cancer
	6 Targeting Adenosine Kinase on Deoxyribonucleic Acid Methylation in Cancer
	7 Prospect and Challenge
	Author Contributions
	Funding
	References

	Argininosuccinate synthase 1, arginine deprivation therapy and cancer management
	Introduction
	ASS1 regulation and signaling networks
	ASS1 and metabolic adaptation
	Different role of ASS1 in tumor progression
	ASS1 and resistance to chemotherapy
	ASS1 and arginine deprivation therapy

	Implicit of ASS1 in cancer treatment
	Prognostic and predictive value of ASS1 in cancer
	Development of ASS1 activator for cancer treatment

	Conclusion
	Author Contributions
	Funding
	Conflict of interest
	Publisher’s note
	References

	Connections between metabolism and epigenetics: mechanisms and novel anti-cancer strategy
	1 Introduction
	2 Metabolism shapes the epigenetic state of cancer cells
	2.1 Metabolites are either substrates or co-factors for epigenetic enzymes
	2.2 SAM/SAH ratio affects DNA and histone methylation
	2.2.1 SAM/SAH

	2.3 TCA cycle metabolites regulate DNA and histone demethylation
	2.3.1 TCA cycle metabolites

	2.4 Acetyl-CoA, NAD+ and acetate influence histone acetylation
	2.4.1 Acetyl-CoA
	2.4.2 NAD+
	2.4.3 Acetate

	2.5 ATP/AMP ratio controls histone phosphorylation
	2.5.1 ATP/AMP

	2.6 Hexosamine biosynthetic pathway mediates protein glycosylation
	2.6.1 O-GlcNAc

	2.7 Genetic mutations of metabolic enzyme that modify epigenome
	2.7.1 D2HG and L2HG
	2.7.2 Succinate and fumarate
	2.7.3 Lactate
	2.7.4 PHGDH, PRODH, and NNMT


	3 Epigenetic events contribute to altered metabolism in cancer
	3.1 DNA methylation
	3.2 Histone modifications
	3.2.1 SIRT6
	3.2.2 SIRT7
	3.2.3 SIRT2


	4 Novel cancer therapy targeting metabolism-epigenetic crosstalk
	4.1 Novel targets for cancer metabolism
	4.2 Reversal of epigenetic dysfunction by targeting metabolism
	4.3 Reversal of metabolism rewiring by targeting epigenetics
	4.4 Combination therapy of metabolism and epigenetics

	5 Epigenetic, metabolic, and immune crosstalk
	5.1 Principles linking cancer metabolism, epigenetics, and immunity
	5.2 Rational for novel immunotherapy-based combinations

	6 Perspectives
	Author contributions
	Conflict of interest
	Publisher’s note
	References

	Recent findings in the regulation of G6PD and its role in diseases
	Introduction
	Transcriptional regulation of G6PD
	Transcription factors regulate G6PD expression
	Transcriptional coactivators/repressors regulate G6PD expression
	Non-coding RNA regulates the expression of G6PD

	Post-Translational modification regulates G6PD expression in tumorigenesis
	Post-Translational modification of G6PD regulates enzyme activity in tumorigenesis
	G6PD phosphorylation
	G6PD O-linked GlcNAc
	G6PD acetylation
	Newly identified post-translational modifications of G6PD

	Post-Translational modifications modify G6PD structure
	G6PD-Rrgulated downstream signalings
	G6PD inhibits ferroptosis
	G6PD-mediated metabolites regulate amp-activated protein kinase

	Role of G6PD In Non-Neoplastic diseases
	G6PD and virus infection
	G6PD and vascular diseases

	Inhibitors
	Summary and perspectives
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References

	Epigenetics and environment in breast cancer: New paradigms for anti-cancer therapies
	Breast cancer overview
	Epigenetic players in breast cancer
	DNA methylation
	Chromatin modification
	Histone acetylation
	Histone methylation

	Non-coding RNAs

	Environmental triggers of epigenetic aberrations in breast cancer
	Mdig, an environment regulated gene in breast cancer
	Perspectives
	Author contributions
	Funding
	Acknowledgments
	References
	Glossary

	Histone modification and histone modification-targeted anti-cancer drugs in breast cancer: Fundamentals and beyond
	Introduction
	Histone modifications within BC
	Histone methylation in BC
	H3K4 methylation
	H3K9 methylation
	H3K27 methylation
	H3K36 methylation
	H3K79 methylation
	H4K20 methylation
	Histone H2A and H2B pathways in breast cancer

	Histone demethylation in BC
	Histone acetylation in breast cancer
	GNAT family
	P300/CEBP family
	MYST family

	Histone deacetylation in breast cancer

	Histone methylation-targeted anti-cancer drugs
	Inhibitors that target H3K4-specific HMTs for anticancer therapy
	MLL family inhibitors
	Menin-MLL inhibitors
	SMYD inhibitors
	WDR5 inhibitors
	SETD1 inhibitors

	H3K9 methyltransferase targets anti-BC drugs
	G9A inhibitor

	H3K27 methylation targeting potential in anti-BC treatment
	EZH2 inhibitors
	H3K27 methylation inhibitors


	Histone acetylation targeted anti-cancer drugs
	HAT inhibitors’ effect on anti-BC treatment
	KAT inhibitors (KATi)
	Bisubstrate inhibitors
	Curcumin
	Anacardic acid
	Garcinol
	Carnosol
	BET family

	Effects of HDACs inhibitors on BC therapy

	Epi-drugs in clinical practice
	Limitation and prospects of epi-drugs in breast cancer
	Conclusion
	Author contributions
	Conflict of interest
	Publisher’s note
	References

	Combined inhibition of PARP and EZH2 for cancer treatment: Current status, opportunities, and challenges
	1 Introduction
	2 Seesaw effect: The promotion of DNA repair by EZH2 is released by Poly ADP-ribose polymerase inhibitors
	2.1 EZH2 is involved in the DNA damage response of tumor cells
	2.2 EZH2 impacts DNA damage repair in tumor cells
	2.3 Orchestration of EZH2 and Poly ADP-ribose polymerase in DNA damage repair in tumor cells

	3 Association between EZH2 and Poly ADP-ribose polymerase in the tumor microenvironment
	3.1 PARylation modification of EZH2 directly by Poly ADP-ribose polymerase
	3.2 Association between EZH2 and Poly ADP-ribose polymerase in the tumor immune microenvironment
	3.3 Potential coordination between EZH2 inhibitors and Poly ADP-ribose polymerase inhibitors in tumor metabolism
	3.4 The limitation of the combined strategy due to tumor-suppressor role of EZH2

	4 Preclinical studies of combination strategy of EZH2 inhibitors and Poly ADP-ribose polymerase inhibitors
	5 Perspectives
	Author contributions
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	The role of cholesterol metabolism in tumor therapy, from bench to bed
	1 Introduction
	2 Overview of the cholesterol metabolism in normal cells
	3 Reprogrammed cholesterol metabolism in tumor cells
	3.1 Cholesterol biosynthesis is enhanced in tumor cells
	3.2 Cholesterol uptake is enhanced in tumor cells
	3.3 Cholesterol efflux is dysregulated in tumor cells
	3.4 Cholesterol esterification is enhanced in tumor cells
	3.5 Abnormal regulation of cholesterol homeostasis in tumor cells
	3.6 Oxysterols have multifunctional role in cancer cells

	4 Targeting cholesterol in tumor therapy
	4.1 Targeting cholesterol biosynthesis
	4.1.1 Targeting HMGCR
	4.1.2 Targeting squalene synthase
	4.1.3 Targeting SQLE
	4.1.4 Targeting OSC

	4.2 Targeting cholesterol uptake
	4.3 Targeting cholesterol efflux
	4.4 Targeting cholesterol storage
	4.5 Targeting cholesterol regulation
	4.5.1 Targeting SREBP
	4.5.2 Targeting RORγ
	4.5.3 Targeting LXR


	5 Conclusion and perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References

	Back Cover



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




