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Abstract: Heat shock factors (HSFs) are essential for all organisms to survive exposures to acute stress. Recent
years have witnessed the progress in uncovering the importance of HSFs in cancer cell oncogenesis, progression
and metastasis. However, their roles in hepatocellular carcinoma (HCC) proliferation and the underlying mechanism
have seldom been discussed. The present study aims to uncover the two important HSFs members HSF1 and HSF2
in hepatocellular carcinoma (HCC). By using the Cancer Genome Atlas (TCGA) dataset analysis, we investigated the
prognosis value of HSF1 and HSF2 in HCC and identified HSF2 as a prediction factor of overall survival of HCC. In
vitro cell line studies demonstrated that silencing HSF2 expression could decrease the proliferation in HCC cells.
In depth mechanism analysis demonstrated that HSF2 promoted cell proliferation via positive regulation of aerobic
glycolysis, and HSF2 interacted with euchromatic histone lysine methyltransferase 2 (EHMT2) to epigenetically si-
lence fructose-bisphosphatase 1 (FBP1), which is a tumor suppressor and negative regulator of aerobic glycolysis
in HCC. HSF2 expression indicated unfavorable prognosis of HCC patients and it could regulate aerobic glycolysis by
suppression of FBP1 to support uncontrolled proliferation of HCC cells.
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Introduction

HCC is among the most common and lethal
cancer types worldwide, and it is ranked the
third leading cause of cancer death and the
fifth prevalent human cancer [1]. Although sig-
nificant progress has been made in the thera-
peutic options of HCC, including early diagno-
sis, surgical operations and chemotherapy, the
5-year overall survival rates remains poor and
stay at approximately at 30%. Therefore, there
is an urgent need for a better understanding
the molecular mechanism of HCC tumorigene-
sis, progression and identify novel predictive
and treatment targets for HCC [2].

Heat-shock factors (HSFs) are multifaceted
transcription factors that regulate the proteo-
toxic stress, namely the heat-shock response
[3]. HSF1 is the master regulator of stress re-
sponses and its targets include molecular cha-
perones, which contains cis-acting sequences

call heat shock elements (HSEs) and these
chaperons played vitals roles in maintaining
protein homeostasis. HSF1 has been reported
to regulate cell cycle progression, protein syn-
thesis, ribosome biogenesis and glucose me-
tabolism [4]. Recent years have witnessed the
importance of HSF1 in cancer, including onco-
genesis, progression, metastasis and metabo-
lism reprogramming. The clinical significance of
HSF1 was highlighted in a cohort of cancer
patients, such as breast cancer, prostate can-
cer, etc [5, 6]. In contrast to HSF1, another HSF
family member HSF2, which participated in the
regulation of HSF1-meidated stress response,
has seldom been studied in cancer.

Itis well acknowledged that proliferating human
cells require more energy and material supply
to sustain the proliferative process. However,
rapidly proliferative solid tumor cells lack sup-
plies including oxygen and nutrient due to limit-
ed oxygen supply caused by severely hypoxic
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conditions. To survive under such hypoxic con-
ditions, tumor cells must shift their metabolic
pattern to adapt to the hostile microenviron-
ment, the phenomenon is known as metabolic
reprogramming [7]. The best characterized me-
tabolic reprogramming is aerobic glycolysis,
which has been discovered by Otto Warburg
nighty years ago, also known as “Warburg ef-
fect” [8]. Aerobic glycolysis is thought to enable
the generation of building blocks for macromol-
ecule synthesis, such as nucleotide, proteins,
lipids, that are necessary to maintain the malig-
nant proliferative state [9]. HCC is a solid tumor
with severe hypoxic microenvironment, thus
aerobic glycolysis might be a prominent charac-
teristic of HCC and could be utilized to generate
novel predictive and treatment targets [10, 11].

In the present study, by using the cancer ge-
nome atlas (TCGA) dataset analysis, we demon-
strated that HSF2 could be used to reflect over-
all survival of HCC. In vitro studies demonstrat-
ed that HSF2 could regulate proliferation of
HCC cells. Mechanism explorations demon-
strated that HSF2 could regulate aerobic gly-
colysis by suppression of FBP1 through interac-
tion with EHMT2. In conclusion, the present
study uncovered novel predictive markers and
provided that possible mechanism, which mi-
ght help improve the dilemma for the prediction
and treatment of HCC.

Material and methods
Cell culture

HEK293T cells were purchased from the
American Type Culture Collection (ATCC,
Manassas, Virginia, USA). PLC, HepG2, Hep3B,
SMMC-7721 and Li-7 cells were obtained from
the China Center of Type Culture Collection
(Shanghai, China). HEK293T and SMMC-7721
cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Thermo Fisher Sci-
entific, California, USA) with 10% fetal bovine
serum (FBS) and antibiotics. Huh-7 cells was
purchased from JCRB cell bank (Tokoyo, Japan)
and cultured in Roswell Park Memorial Institute
(RPMI) 1640 Medium (Thermo Fisher Scientific)
with 10% new born calf serum.

RNA isolation and quantitative real-time PCR

Total RNA was prepared using TRIzol reagent
(Invitrogen, USA). To obtain cDNA, TaKaRa Pri-
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meScript RT reagent Kit was used for reverse
transcription. Expression status of candidate
genes and B-actin were determined by quanti-
tative real-time PCR using an ABI 7900HT Real-
Time PCR system (Applied Biosystems, USA).
All reactions were run in triplicate. Primers
sequences are listed in below:

GLUT1F TCCTATCTGAGCATCGTGGCCAT
GLUTIR CCAGGAGCACAGTGAAGATGATG
HK2F GATCAGTGGAATGTACCTGGGTG
HK2R CAGGGCCAGGCAGTCACTCTCAAT
LDHAF TGGTGTCTCTCTGAAGACTCTGCA
LDHAR GCAAGGAACACTAAGGAAGACATC
FBP1F TCTACAGCCTTAACGAGGGCTAC
FBP1R AGCCTTCTCCATGACGTAGGCCA
HSF2F GACCCAGATCTCCTGGTTGATCTT
HSF2R CGAGGAATGCAAGAAGTGGAAAGG
B-actinF TTCCAGCTCCTCCCTGGAGAAGAG
B-actinR GACAGCACTGTGTTGGCGTACAGG

Protein extraction and western blot analysis

Cells were washed twice with ice-cold PBS and
lysed in RIPA buffer for 10 min followed by soni-
cation to obtain complete lysates. Cell debris
was removed by centrifugation at 12000 rpm
for 20 min at 4°C. 20 pg total protein lysate
were subjected to electrophoresis in dena-
turing 10% SDS-polyacrylamide gel, and then
transferred to a membrane for subsequent
blotting with specific antibodies. Antibodies
against HSF2, EHMT2, FBP1 and B-actin were
purchased from Proteintech.

Lentivirus production and stable cell line selec-
tion

For the generation of shRNA expression con-
structs against HSF2 and EHMT2, pLKO.1 TRC
cloning vector (Addgene plamid: 10878) was
used. 21 bp targets against HSF2 were 5-CG-
CAGATGTAATGCACATTAT-3’ and 5-TAACCAACT-
TGTGAGTTTAAA-3’ respectively. 21 bp targets
against EHMT2 were 5-CTCCAGGAATTTAAC-
AAGATT-3’" and 5-CGAGAGAGTTCATGGCTCTTT-
3’ respectively. Scramble shRNA or Scr was
obtained from Addgene (Addgene plasmid:
1864). Lentiviral particles were produced by
co-transfection of pLKO.1-shHSF2 or pLKO.1-
shEHMT2 constructs with psPAX2 and pMD2.G
into HEK-293T cells in a ratio of 4:3:1. Stable
cell lines were obtained by infection of SMMC-
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7721 and Huh? cells with lentiviral particles fol-
lowed by puromycin selection.

CCK-8 proliferation assay

Cell proliferation was determined by CCK-8
assays by using CCK-8 reagents (Dojindo,
Japan) and performed according to the manu-
facturer’s protocol.

Colony-formation assay

SMMC-7721 and Huh7 cells (5 x 102) stably
expressing shRNA targets against HSF2 and
their relative control cells were seeded into
6-well plates. After cultivating for 14 days, 4%
paraformaldehyde was used to fix the cells fol-
lowed by staining with 1% crystal violet. The
colonies were counted subsequently.

Measurement of glycolysis

In order to assess the impact of HSF2 and
EHMT2 on HCC cell glycolysis and mitochondri-
al respiration, we measured ECAR and OCR by
using the Seahorse Bioscience XF96 Extra-
cellular Flux Analyzer, all according to the man-
ufacturer’s instructions of seahorse XF Glyco-
lysis Stress Test Kit and Cell Mito stress test
kit.

Dual-luciferase assay

The impact of HSF2 on FBP1 promoter activity
regulation was assessed by dual-luciferase
assay. The core promoter region of FBP1 was
amplified from Huh7 genomic DNA, according
to a previous report. The core promoter region
of FBP1 was ligated into pGL3-basic vector
(Promega). The promoter luciferase construct
that harbors the mutated HSF binding element
were generated by using the KOD-Plus-
Mutagenesis Kit (Toyobo, Japan). The impact of
HSF2 and EHMT2 on pGL3-FBP1 activity was
measured by using Promoga’s dual luciferase
assay kit.

Chromatin immunoprecipitation assay

To explore the occupancy status of HSF2 and
EHMT2 on FPB1 promoter region, we perfor-
med ChIP assay by using Millipore’s EZ-ChIP kit,
all according to the manufacture’s protocol. The
PCR primers to amplify FBP1 promoter were F:
5-GGCCAGGCAGAGTGGACGGGGCTT-3" and R:
5-CGCCTGCTTGGATCTTCAGACAAGGT-3’ [12].
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TCGA dataset analysis

TCGA-LIHC on RNA expression (Level 3) of liver
hepatocellular carcinoma patients in terms
of RNA-seq by Expectation-Maximization was
downloaded from the Cancer Genomics Brower
of the University of California, Santa Cruz
(UCSC) (https://genome-cancer.ucsc.edu/). In
total, 360 liver hepatocellular carcinoma sam-
ples from patients with detailed expression
data were chosen from the updated TCGA data-
base according to parameters mentioned.
Detailed demographics of these patients, char-
acterized by the TCGA consortium.

Statistical analyses

Statistical analyses were performed by SPSS
software (version 17.0, IBM Corp., Armonk, NY,
USA) using independent Student’s t-test (two-
tailed) or one-way analysis of variance (ANOVA).
Statistical significance was based on two-sided
P values of <0.05.

Results

HSF2 predicts prognosis and regulates prolif-
eration of HCC cancer cells

The expression of HSF2 on HCC proliferation
has seldom been discussed previously, thus we
first assessed the expression of HSF2 on HCC
prognosis. By using the TCGA dataset analysis,
we demonstrated that patients with higher lev-
els of HSF2 display worse survival, indicating
that HSF2 might be a prognostic marker for
HCC (Figure 1A). Next, we measure the influ-
ence of HSF2 on HCC cancer cell proliferation.
We assessed the expression status of HSF2 in
liver cancer cells by quantitative PCR, including
LO2, PLC, HepG2, Hep3B, Huh7, SMMC7721
and Li-7. Our Real-time PCR results demon-
strated that HSF2 mRNA levels exhibited a
lower expression in normal liver cells of LO2,
and displayed a highest expression status in
Huh7 and SMMC7721 cells (Figure S1A).
Subsequent western blot results demonstrated
that HSF2 expression was higher in Huh7 and
SMMC7721 cells (Figure 1B). Then, we silenced
HSF2 expression by lentiviral-mediated trans-
fection method, and the efficacy of knockdown
was confirmed by quantitative real-time PCR
and western blot (Figure 1C and 1D). Subse-
quently, we performed CCK-8 assay, and our
results demonstrated that silencing HSF2 ex-
pression inhibited cells viability in Huh7 and
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Figure 1. HSF2 predicts prognosis and regulates proliferation of HCC cancer cells. A. Patients with higher levels of
HSF2 displayed worse prognosis as revealed by TCGA-LIHC cohort analysis. B. HSF2 expression in liver cancer cell
lines was assayed by western blot analysis. C. Real-time PCR results confirmed that HSF2 was silenced in Huh7
and SMMC7721 cells. D. Western blot analysis further confirmed that HSF2 was effectively silenced in Huh7 and
SMMC7721 cells. E and F. CCK8 assay results indicated that knockdown of HSF2 inhibited cell variability of Huh7
and SMMC7721 cells. G and H. Silencing HSF2 expression inhibited colony formation capacity of liver cancer cells.

SMMC7721 cells (Figure 1E and 1F). Moreover,
in HSF2-low HepG2 cells, overexpression of
HSF2 could increase cell viability (Figure S1B-
D). In the end, we carried out colony formation
assay, and results suggested that silencing
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HSF2 expression in Huh7 and SMMC7721 cells
inhibited colony formation capacity (Figure 1G
and 1H). Collectively, these results suggested
that HSF2 reflected prognosis and could regu-
late proliferation of HCC cancer cells.
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Figure 2. HSF2 regulates aerobic glycolysis in HCC cancer cells. A and B.
Silencing HSF2 expression inhibited ECAR that reflected by Seahorse extra-
cellular flux analyzer in Huh7 and SMMC7721 cells. C and D. Knockdown of
HSF2 decreased glycolysis and glycolytic capacity in Huh7 and SMMC7721
cells. E and F. Decreasing HSF2 expression increased OCR values in Huh7
and SMMC7721 cells. G and H. Silencing HSF2 increase mitochondrial res-
piration as reflected by ATP production and maximal respiration.

HSF2 regulates aerobic glycolysis in HCC can-
cer cells

Recently years have witnessed the significance
of aerobic glycolysis for its decisive roles in
maintaining proliferation of solid tumors under
hypoxia conditions. Thus, we assessed the
impact of HSF2 on HCC cells. ECAR measure-
ment could reflect glycolysis rate by measuring
extracellular acidification rates that caused
by lactate accumulation. As shown, silencing
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2E and 2H). In consistent with
these observation, instruction
- of HSF2 into HepG2 cells inhib-
shHSF2B ited mitochondrial respiration,

as measured by OCR measure-

ment (Figure S2C, S2D).

HSF2 regulated GLUT1, HK2
and LDHA expression, which

Maximal could also reflect prognosis of

Respiration

HCC patients

Glycolysis was a multi-step
enzymatic reaction that cata-
lyzed by glycolysis enzymes.
Among them, glucose trans-
porter 1 (GLUT1) is responsible
for glucose intake, hexokina-
se 2 (HK2) phosphorylates glu-
cose to produce glucose-6-phosphate, lactate
dehydrogenase A (LDHA) converts L-lactate to
pyruvate in the final step of glycolysis. In HSF2
silenced Huh7 and SMMC7721 cells, we
observed a decrease in GLUT1, HK2 and LDHA
in MRNA levels (Figure 3A and 3B). Subse-
quently, we asked whether GLUT1, HK2 and
LDHA had prognostic values in HCC overall sur-
vival. In the TCGA-LIHC cohort, we demonstrat-
ed that patients with higher levels of GLUT1,
HK2 and LDHA displayed worse prognosis
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Figure 3. HSF2 regulated GLUT1, HK2 and LDHA expression, which could also reflect prognosis of HCC patients.
A and B. Silencing HSF2 expression decreased expression of glycolytic genes including GLUT1, HK2 and LDHA in
Hun7 and SMMC7721 cells. C-E. Expression of SLC2A1, HK2 and LDHA predicted prognosis and patients with
higher levels of these genes displayed worse overall survival respectively. F. HSF2 positively correlated with SLC2A1
expression in TCGA-LIHC cohort. G. HSF2 positively correlated with HK2 expression in TCGA-LIHC cohort. H. No sig-
nificant correlation between HSF2 with LDHA was observed.

respectively (Figure 3C-E). In the end, we ana-
lyzed the correlation between HSF2 with
GLUT1, HK2 and LDHA in LIHC patients. As
shown, HSF2 positively and significantly corre-
lated with SLC2A1 or GLUT1 and HK2 respec-
tively in liver cancer patients (Figure 3F and
3G). However, we observed no significant cor-
relation between HSF2 with LDHA in TCGA
cohort liver cancer patients (Figure 3H).

FBP1 was a downstream target gene of HSF2

FBP1 was reported to be a negative regulator of
aerobic glycolysis and could act as a negative
factor in hypoxia inducible factor 1a (HIF1x)
that govern the expression of GLUT1, HK2 and
LDHA, which all contain hypoxia response ele-
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ments (HRE) in their promoter region. Therefore,
we asked whether HSF2 could regulate FBP1 to
enhance aerobic glycolysis in liver cancer. In
HSF2 silenced Huh7 and SMMC7721 cells, we
observed an increase in FBP1 mRNA levels
(Figure 4A). Immunoblotting with FBP1 anti-
body further confirmed the real-time PCR
results (Figure 4B). Next, we cloned FBP1 pro-
moter region covering from -2000 to +200 and
performed dual-luciferase assay. Luciferase
assay results demonstrated that HSF2 could
suppress pGL3-FBP1 promoter activity in a
dose-dependent manner in Huh7 and SMM-
C7721 cells (Figure 4C). In the promoter region
of FBP1, there exists a non-canonical heat-
shock response element (HSE) TTCTGAACTTC
from -205 to -195. We constructed the deletion
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Figure 4. FBP1 was a downstream target gene of HSF2. A. Silencing HSF2 expression increased FBP1 expression
in mRNA levels. B. Knockdown of HSF2 increased FBP1 protein levels in Huh7 and SMMC7721 cells. C. HSF2 sup-
pressed FBP1 promoter activity in a dose-dependent manner. D. We mutated HSE on FBP1 promoter from TTCT-
GAACTTC to TTCTGTTCTTC to generate the HSEM“ construct and luciferase assay results demonstrated that HSF2
lost its suppressive impact of HSEMt, E. HSF2 occupied the HSE in FBP1 promoter region. F. Patients with low levels
of FBP1 expression have worse prognosis. G. HSF2 negatively correlated with FBP1 expression in TCGA-LIHC cohort.

mutant (del) and mutated GAA into GTT (HSEM), strated that HSF2 lost its suppressive effect on
subsequent luciferase assay results demon- these mutated luciferase constructs (Figure
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4D). Subsequently, we performed ChlP assay to
confirm whether HSF2 could bind HSE in FBP1
promoter region. ChIP results demonstrated
that HSF2 could occupy the HSE in FBP1 pro-
moter region in Huh7 and SMMC7721 cells
(Figure 4E). Subsequently, we assessed the
roles of FBP1 in liver cancer overall survival and
TCGA-LIHC dataset analysis results demon-
strated that patients with lower levels of FBP1
displayed worse prognosis (Figure 4F). More-
over, HSF2 negatively and significantly corre-
lated with FBP1 expression in liver cancer pa-
tients (Figure 4G).

EHMT?2 interacts with HSF2 and regulates pro-
liferation of liver cancer cells

FBP1 could be epigenetically silenced by
EHMT2 or G9a in cancer cells, therefore we
asked whether EMHT2 could interact with HSF2
to silence FBP1 expression. By co-immunopre-
cipitation assay, we demonstrated that HF2
interacted with EHMT2 in liver cancer cells
(Figure 5A). Next, we assessed the roles of
EMHT2 in liver cancer cell proliferation. Firstly,
EHMT2 was silenced in Huh7 and SMMC7721
cells and the knockdown effect was confirmed
by real-time PCR and western blot assay (Figure
5B and 5C). CCK-8 cell variability assay results
demonstrated that knockdown of EHMT2 inhib-
ited cell variability of Huh7 and SMMC7721
cells (Figure 5D). Colony formation assay
results further confirmed that knockdown of
EHMT2 in Huh7 and SMMC7721 cells attenu-
ated colony formation capacity of these cells
(Figure 5E and 5F). In the end, we measured
the impact of EMHT2 in liver cancer overall sur-
vival and higher levels of EHMT2 was an unfa-
vorable marker for overall survival in liver can-
cer patients (Figure 5G). In conclusion, EMHT2
was an interacting partner for HSF2 and regu-
lated proliferation of liver cancer cells.

EHMT2 regulates aerobic glycolysis in liver
cancer cells

By using Seahorse extracellular flux analyzer,
we demonstrated that silencing of EHMT2 ex-
pression decreased ECAR in Huh7 and SMM-
C7721 cells (Figure 6A and 6B). In depth analy-
sis of the ECAR results reflected that silencing
EHMT2 inhibited glycolysis and glycolytic ca-
pacity in Huh7 and SMMC7721 cells (Figure 6C
and 6D). Subsequently, we examined the roles
of EHMT2 in mitochondrial respiration by mea-
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suring OCR with Seahorse MitoStress kit. Our
results demonstrated that silencing EHMT2
expression increased OCR vales in Huh7 and
SMMC7721 cells (Figure 6E and 6F). Moreover,
with the OCR date we demonstrated that silenc-
ing EHMT2 increased ATP production and maxi-
mal respiration in liver cancer cells, which fur-
ther confirmed the negative roles of EHMT2 in
mitochondrial respiration in liver cancer (Figure
6G and 6H). Therefore, we conclude that EH-
TM2 was a positive regulator of aerobic glycoly-
sis in liver cancer cells.

EHMT2 negatively regulated FBP1 expression
in liver cancer cells

Based on the positive roles of EHMT2 in aero-
bic glycolysis, we asked whether EHMT2 could
suppress FBP1 expression, a negative regula-
tor of aerobic glycolysis. In EHMT2 silenced
Huh7 and SMMC7721 cells, we observed an
up-regulation of FBP1 in mRNA and protein lev-
els (Figure 7A and 7B). Dual luciferase assay
results demonstrated that EHMT2 could sup-
press FBP1 promoter activity in a dose-depen-
dent manner (Figure 7C and 7D). By performing
ChIP assay, we demonstrated that EHMT2
could occupy the HSE region in FBP1 promoter,
confirming it negative roles in FBP1 expression
(Figure 7E). In the end, we performed TCGA
dataset analysis, and uncovered that EHTM2
negatively correlated with FBP1 expression in
liver cancer patients (Figure 7F). Therefore, we
reported EHMT2 as a negative regulator of
FBP1 expression in liver cancer.

HSF2 interacted with EHMT2 to epigenetically
silence FBP1 expression

To further explore the influence of HSF2 and
EMTH2 on FBP1 expression, we performed
dual-luciferase assay, and results demonstrat-
ed that co-transfection of HSF2 and EMHT2
suppressed FBP1 promoter activity to the most
extent compared to transfection of HSF2 or
EMHT2 alone in Huh7 and SMMC7721 cells
(Figure 8A). Then, we performed ChIP and re-
ChlPassay, and results suggested that EMHT2
and HSF2 co-occupy the same HSE region on
FBP1 promoter (Figure 8B). In the end, by per-
forming quantitative ChIP assay, we demon-
strated that silencing of HSF2 expression
decreased occupancy of EHMT2 on FBP1 pro-
moter. Furthermore, heterochromatin markers
of tirmethylation H3K9 decreased and euchro-
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matin marker AcH3 that stands for active tran-
scription increased in HSE region when HSF2
was silenced (Figure 8C and 8D). Therefore,
HSF2 was responsible for recruiting EHMT2 to
HSE in FBP1 promoter to epigenetically silence
its expression.
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Figure 5. EHMT2 interacts with HSF2 and regulates
proliferation of liver cancer cells. A. HSF2 interact-
ed with EHMT2 in Huh7 and SMMC7721 cells as
reflected by co-immunoprecipitation assay. B and
C. EHMT2 was effectively silenced in Huh7 and
SMMC7721 cells as validated by real-time PCR and
western blot. D. Knockdown of EHMT2 expression
suppressed cell variability that measured by CCK-
8 assay. E and F. Knockdown of EHMT2 decreased
colony formation capacity of Huh7 and SMMC7721
cells. G. Patients with higher levels of EMHT2 had
shorter overall survival.

In conclusion of the whole study, we uncovered
HSF2 as a novel prognostic marker for HCC.
Mechanism studies demonstrated that HSF2
could interact and recruit EMHT2 to the pro-
moter region of FBP1, leading to decreased
expression of FBP1 and enhanced aerobic gly-
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Figure 6. EHMT2 regulates aerobic glycolysis in liver cancer cells. A and
B. Silencing EHMT2 expression decreased ECAR values. C and D. Knock-
down of EHMT2 decreased glycolysis and glycolytic capacity of Huh7 and
SMMC7721 cells. E and F. Decreasing EHMT2 expression increased OCR
that measured by Seahorse extracellular flux analyzer. G and H. Knockdown
of EHMT2 increased ATP production and maximal respiration in Huh7 and
SMMC7721 cells.

treatment of HCC, the patients’
prognosis remains poor [14].
Thus, there is an urgent need
for a better understanding of
the molecular mechanisms th-
at governing malignancies of
HCC. One prominent feature of
HCC is the alterations in glu-
cose metabolism that received
more and more attention re-
cently. Therefore, uncovering
targets that regulate aberrant
HCC glucose metabolism mi-
ght offer promising therapeutic
strategies for HCC in the future
[15]. In the present study, we
demonstrated that HSF2 could
be used to reflect prognosis of
HCC, mechanism explorations
suggested that HSF2 could
regulate aerobic glycolysis via
suppression of FBP, which was
a negative regulator of aerobic
glycolysis. Moreover, HSF2 re-
cruited epigenetic factor EH-
ME2 to FBP1 promoter region
to epigenetically silence FBP1
expression.

HSFs are multifaceted tran-
scription factors that regulate
the response upon proteotoxic
stress. Moreover, HSFs have
been implicated in cell cyc-
le, protein synthesis, ribosome
biogenesis [16]. One new func-
tion of HSFs is its impact on
glucose metabolism. For exam-
ple, HSF1 could modulate tu-
mor energy metabolism via
suppression of thioredoxin in-
teracting protein (TXNIP), whi-
ch is a powerful negative regu-

colysis, which supported the proliferation of lator of glucose uptake and is a well-estab-
HCC cancer cells (Figure 8E). lished regulator of cellular energy status [17].

What is more, HSF1 has been reported to play
Discussion central roles in controlling cellular bioenergetic

and mediate adaptation to nutrient availability.
Hepatocellular carcinoma ranks as the second Hypoxia inducible factor 1a (HIF1a) and cMyc
leading cause of cancer-related deaths wo- are master regulator of metabolism reprogram-
ridwide and is responsible for approximately ming for cancer cells, and HSF1 has been
700000 deaths worldwide [13]. Although sig- reported to regulate HIF1a and cMyc, reinforc-
nificant progress by using surgically hepatic ing the role of HSFs on cancer cells metabolism
resection, local ablation, liver transplantation [18-20]. But there were little reports linking
and targeted therapies has been made for the HSFs to glucose metabolism. In the present
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study, we demonstrated a novel role of HSF2 in
regulating glycolysis of HCC cells. Aerobic gly-
colysis has been regarded as one decisive fac-
tors that governing malignancies of cancer
cells. Besides providing cancer cells with con-
stitutive requirement of nutrient supply, aerobic
glycolysis also participate to other malignan-
cies of HCC cells. Phosphoglycerate kinase 1
(PGK1) is an important enzyme in the pathway
of metabolic glycolysis, could also regulate
metastasis of HCC [21, 22]. Monocarboxylate
transporter 1 (MCT1) plays an important role in
lactic acid transport and Wnt/B-catenin signal-
ing, indicating its roles in glycolysis, prolifera-
tion and metastasis [23]. The acidic microenvi-
ronment that caused by accumulation of lac-
tate is the hallmark of invasive tumors, which
also renders the ability to escape adaptive
immune surveillance and contribute to local
infammation [24]. Therefore, targeting HCC
cancer cell metabolism might provide novel

1617

100ng 200ng 500ng
10ng 10ng 10ng

Figure 7. EHMT2 negatively regulated FBP1 expression
in liver cancer cells. A. Silencing of EHMT2 expression
increased FBP1 expression in mRNA levels. B. The pro-
tein levels of FBP1 increased in EHMT2-silenced Huh7
and SMMC7721 cells. C and D. EHMT2 suppressed
promoter activity of FBP1 in a dose-dependent manner.
E. EHMT2 occupied the HSE in FBP1 promoter region
that demonstrated by ChIP assay. F. EHMT2 negatively
correlated with FBP1 expression in TCGA-LIHC cohort
patients.

strategies for the treatment of HCC. In this
study, we pointed out that HSF2 was overex-
pressed in HCC and could regulate aerobic gly-
colysis, which adds the potential for targeting
HSF2 as novel therapeutic strategies.

As a negative regulator of aerobic glycolysis,
FBP1 gained more and more attention for its
important roles in many hallmarks of cancer.
FBP1 opposes renal carcinoma progression by
antagonizing glycolytic flux and inhibiting
“Warburg effect” [25]. In gastric, ovarian can-
cer and breast cancer, FBP1 expression indi-
cated a better prognosis and can negatively
regulate the EMT process [26-29]. In cervical
cacner, decreased FBP1 expression promoted
carcinogenesis and chemotherapy resistance
[30]. In HCC, FBP1 could reduce 18F-FDG up-
take, suggesting its negative roles in glycolysis
[31, 32]. Overall survival analysis demonstrat-
ed that decreased FBP1 expression predicted

Am J Cancer Res 2019;9(8):1607-1621
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worse prognosis of HCC. In vitro and in vivo
studies indicated that FBP1 expression was
responsible for proliferation and metastasis of
HCC cells [33]. Therefore, strategies to restore
the levels and activity of FBP1 might help to
develop novel treatment targets for HCC.
Hepatocyte nuclear factor 4o (HNF4«) is a tran-
scription factor and could bind to promoter
region of FBP1 to suppress expression in
HepG2 cells [34]. In colorectal cancer, tran-
scription factor forkhead box C1 (FOXC1) could
specifically bind to FBP1 promoter to silence its
expression [35]. Here, we identified a novel
transcription factor HSF2 to regulate FBP1
expression and targeting HSF2 might restore

1618

FBP1 expression to reverse malignancies of
HCC. Transcription factors inhibit or activate
target gene expression via interaction with epi-
genetic factors like DNA methyltransferase, his-
tone lysine methyltransferase or demethylase,
histone acetyltransferase of deacetylase and
chromatin modifiers. As to FBP1, histone de-
acetylase 1 and 2 (HDAC1/2) could regulated
histone H3 lysine 27 acetylation, and inhibiting
HDAC1/2 activity could restore FBP1 expres-
sion [36]. Histone H3 lysine 27 methyltransfer-
ase enhancer of zeste homolog 2 (EZH2) could
trimethylated chromatin of FBP1 promoter,
resulting in decreased FBP1 expression in
osteosarcoma cells [37]. Based on negative
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roles of HSF2 on FBP1 expression, it is neces-
sary to carry out protein interaction screening
to identify HSF2 interacting partners in the
hope of elucidate the mechanism that govern
HSF2 in regulation of HSF2.

Epigenetic changes such as DNA hypermethyl-
ation or hypomethylation, dysregulation of his-
tone modification patterns, chromatin remodel-
ing, and aberrant expression of microRNAs and
long noncoding RNAs are associated with HCC
[38]. Due to versatility of histone modification,
there comes up with the notion of “histone
code” which is of paramount importance in
gene regulation and tumorigenesis [39]. EHMT2
is a specific histone lysine methyltransferase
that could both mono- and dimethylate H3K9.
Loss-of-function analysis by silencing EHMT2
and HCC tissue sample analysis demonstrated
that EHMT2 expression could regulate carcino-
genesis and reflect prognosis of HCC [40].
Moreover, pharmacological inhibition of EHMT2
with BIX-01294 could inhibit proliferation and
tumorigenesis of HCC in culture and in vivo
xenograft models [41]. Here we identified that
in HCC cancer cells, EHMT2 could suppress
FBP1 expression and was a positive regulator
of aerobic glycolysis via interaction with HSF2.
Further investigations are needed to verify
whether EHMT2 could directly interact with
HSF2 to suppress FPB1 expression. Moreover,
developing compounds like BIX-01294 might
be used to restore FBP1 expression and cutting
fuel supply for HCC. In conclusion, we have
demonstrated that HSF2 could interact with
EHMT2 to silence FBP1 expression, rendering
proliferative and metabolic advantages to HCC
cells. Further analysis are necessary to eluci-
date the in-depth regulator mechanism of
HSF2/EHMT2 complex on FPB1 silence and
maintenance of malignant hallmarks of HCC.
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Figure S1. A. mRNA expression of HSF2 in normal liver cells and liver cancer cells. B and C. HSF2 was overexpressed
in HepG2 cells. D. Introduction of HSF2 into HepG2 cells increased cell proliferation of HepG2 cells, as reflected by
CCK-8 assay.
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Figure S2. A and B. Overexpressing HSF2 increased glycolysis capacity of HepG2 cells, as reflected by ECAR exami-
nation. C and D. HSF2 introduction into HepG2 cells attenuated mitochondrial respiration, as measured by OCR.



