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Abstract: Recent studies suggest that up-regulated HSF1 possesses metabolic phenotypes switch and chemoresis-
tance in cancer cells. However, the mechanism in which these characteristics are still ambiguous. Our study aims
to identify how HSF1 confers chemoresistance through regulating metabolic pathway in hepatocellular carcinoma
(HCC). Oxaliplatin (OXA)-resistant HCC cells (HCC-OXR) in both of abundant glucose (AG; 25 mM) and low glucose
(LG; 5.5 mM) conditions were constructed; then glucose consumption, lactate production, intracellular ATP level
and oxygen consumption of parental and OXA-resistant cells were determined by using the associated detected
kits. Moreover, HSF1 was knocked down to analyze its effects on metabolic phenotypes alteration and chemore-
sistance formation in HCC cells. Compared to cells in AG condition, HCC cells delayed to form chemoresistance to
OXA in LG condition; and OXA-resistant cells underwent a metabolic switch from glycolysis to oxidative phosphoryla-
tion (OXPHOS), which presented decreased glucose uptake and lactate production with increased levels of oxygen
consumption and intercellular ATP; interestingly, this energy-producing pathway was blocked in HSF1-knockdown
OXA-resistant cells, especially in LG condition. Analysis on previous data revealed that AMPK pathway was a criti-
cal regulator in the metabolism of OXA-resistance HCC cells. Furthermore, AMPKa2 was identified as an important
factor regulated by HSF1 to achieve metabolic phenotype switch in OXA-resistance HCC cells. Consequently, these
results suggest that combining restrictive glucose uptake and targeting HSF1/AMPKa2 is an attractive strategy to
prevent chemoresistance to OXA in HCC patients.
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Introduction olism [7, 8]. Accordingly, targeting these genes
and altered metabolic pathways reveals a po-

In the past few decades, reprogramming me- tential strategy to prevent chemoresistance in

tabolism has become an acknowledged hall-
mark of malignant tumors [1]. Most of normal
cells utilize oxidative phosphorylation (OXP-
HOS) to acquire energy for growth and prolif-
eration; however, cancer cells switch glucose
into lactate toward heighten aerobic glycolysis,
as called “Warburg effect” [2, 3]. Interestingly,
cancer cells cannot obtain sufficient adenos-
ine triphosphate (ATP) generated from glycoly-
sis to maintain their growth and proliferation
when chemotherapy and there is an alteration
of metabolic pathway in cancer cells with che-
moresistance [4-6]. Increasing evidences indi-
cate numerous oncogenes and tumor suppres-
sor genes involve in the reprogramming metab-

cancers.

As the third-generation platinum-derived che-
motherapeutic drug, oxaliplatin (OXA) displays
its anti-cancer activity to treat hepatocellular
carcinoma (HCC) patients in numerous studies
[9-11]; however, the pooled response rates of
OXA are not more than 20% for patients with
advanced HCC [10]. The low response rates
partly attribute to chemotherapy resistance,
which negatively influences on the recovery
rate of OXA-treatment patients [12]. As previ-
ous studies showed, acquired resistance to
OXA usually contributes to the alterations in
OXA transport and detoxification, DNA damage-
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repair dysfunction, cell death and epigenetic
mutations [13]. Nevertheless, it is still unclear
that how metabolic phenotypes alter in cancer
cells with OXA resistance.

As a pivotal regulator to enhance lifespan of
cells, heat shock factor 1 (HSF1), is often over-
expressed in HCC and has been demonstrated
to involve in the metabolic regulation of HCC
[14]. Besides, several studies have revealed
that HSF1 directly binds the promoter region of
multidrug resistance gene 1 (MDR1) and regu-
lates the expressions of some drug-resistant
proteins including P-gp [15], suggesting to pro-
mote the development of chemoresistance in
cancer cells. Of note, also as an important fac-
tor in stress responses, HSF1 connects stress
signals with energy metabolic pathways [16-
19]. Among numerous energy metabolic path-
ways, AMPK has been recognized as a critical
regulator of energy metabolism in cancers [20].
In mammal, AMPK pathway is activated to stre-
ngthen energy production and weaken energy
consumption, when intracellular ATP levels re-
duce in cells, which assisting cancer cells to
escape in chemoresistance and promote me-
tastasis [21]. Besides, increased phosphory-
lated AMPK reduces triglyceride accumulation
in liver and is correlated with the development
and prognosis of HCC, possibly associated with
Serine/Threonine Kinase 11 and tumor protein
P53 (TP53) or mTOR/AKT pathways [22-24].

Herein, we investigated that HSF1 mediated
the alterations of aerobic glycolysis into OXPH-
0OS, which contributed to the formation of OXA
resistant in HCC cells. Notably, we demonstrat-
ed that AMPK pathway was closely related to
the metabolic regulation of OXR-HCC cells. Our
further findings elucidated that AMPKa2 acted
as an important mediator during HSF1-medi-
ated metabolic phenotype alteration in OXA-
resistance HCC cells.

Materials and methods
Antibodies

Antibodies to MPR1/ABCC1 (#72202), HSF1
(#12972), AMPKa (#5256), phospho-AMPKa
(#2532) and AMPK Subunit Antibody Sampler
kit (#9839) were obtained from Cell Signal-
ing Technology. Anti-rabbit IgG, HRP-linked se-
condary antibody (#sc-2004) was purchased
from Santa Cruz Biotechnology, Inc.
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Cell culture and construction of HCC-OXR cells

Two different HCC cell lines-MHCC97H and
Hep3B cells were harvested with trypsin and
passaged in cell culture flasks with DMEM
medium (both of AG and LG) containing 10%
FBS. The construction of MHCC97H-OXR cells
followed a reported study [25]. As Figure 1A
and 1C showed, every single concentration of
OXA in treated cells was defined as one cycle;
for MHCCO7H cells, one cycle indicated 5 days
and for Hep3B cells, one cycle meant 8 days;
the initiated treatment concentrations of OXA
for MHCC97H cells and Hep3B cells were res-
pectively 2 uM and 1 uM. Besides, we extraly
constructed the drug-resistant HCC cell line
in LG condition. MHCC97H cells with 6 and 9
treatment cycles of OXA were suspended for
next research. The above cells acquired stea-
dy resistance to OXA and were renamed MH-
CC97H-OXR cells and Hep3B-OXR cells; then
they were maintained in meida with 5 yM and
1 uM, respectively.

CCK-8 assay

Cells were plated in 96-well plates (1,000 cells/
well) and incubated for 24 h in complete medi-
um. After treatment with OXA, cell viability was
measured with the Cell Counting Kit-8 (CCK-8,
Dojindo Laboratories, Kumamoto, Japan) accor-
ding to the manufacturer’s instructions. Briefly,
10 ul CCK-8 solution was added to each well
with 100 yl medium without FBS. After incuba-
tion at 37°C for 2 h, a microplate reader (Perkin
Elmer Victor 3, USA) was used to read the opti-
cal density (OD) value at 450 nm. The IC50 val-
ues were calculated from the concentration-
response curve.

Glucose consumption

The change in glucose uptake by HCC cells was
measured by using Glucose Uptake Colorimetric
Assay Kit (#K676-100; 100 assays; BioVision;
Milpitas, CA, USA) following the manufacturer’s
instructions. Absorbance was then measured
at 405 nm by using a microplate reader (iMark;
Bio-Rad Laboratories, Hercules, CA, USA).

Lactate production

The change in lactate production was deter-
mined by using the Lactate Kit (Nangjing Jian-
cheng Bioengineering, Nanjing, China) accord-
ing to manufacturer’s protocol. Culture medi-
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Figure 1. HCC cells underwent the alteration of metabolic phenotype during resistance to OXA. A and C: The proce-
dure of establishing OXA-resistant MHCC97H (MHCC97H-OXR) and Hep3B (Hep3B-OXR) cells. The detail description
can be found in the METHODS section. B and D: The IC50s for OXA in MHCC97H vs MHCC97H-OXR cells and Hep3B
vs Hep3B-OXR cells in AG (25 mM) and LG (5.5 mM) condition. The left longitudinal axis means the IC50 for OXA;
the right longitudinal axis indicates relative resistance based on the definition of HCC cells in AG condition as 1.0.
All values represent the mean of three independent experiments.

um was collected for lactate concentration
measuring.

ATP production

The ATP production was assayed by the ATP
Colorimetric/Fluorometric Assay Kit (ab83355,
Abcam Inc.; Cambridge, MA, USA). Harvested
cells were washed with cold PBS and centri-
fuged 2 minutes at 4°C with 13,000 rpm and
supernatant was collected and kept on ice.
Final measurements were performed with the
colorimetric assay according to the manufac-
turer’s instructions.

Oxygen consumption

The oxygen consumption was measured with
an Oxygen Consumption Rate Assay Kit (MitoX-
press-Xtra HS Method, Cayman Chemical, Ann
Arbor, MI, USA). Cells were seeded in a 96-well
plate and cultured overnight. Spent culture me-
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dium were removed and replaced by 150 ul
of fresh medium. Then, 10 ul MitoXpress-Xtra
solution was added to react. Finally, OD value
of the plate was read immediately in the Per-
kinElmer Victor 3 reader (Wellesley, MA, USA).

Cells transfection

The HSF1 and AMPKa2 were knocked down by
shRNA transfection in HCC cells. Lentiviral vec-
tors pLKO.1 TRC and pWPI.1 were used for con-
structing recombinant lentiviruses of short
interference RNA (shRNA). HSF1 shRNA (target
sequence: 5-CCGGCAGGAGCAGCTCCTTGAGA-
TTCAAGAGATCTC AAGGAGCTGCTCCTGTTTTTG-
3’), AMPKa2 shRNA (targeting the three sequ-
ences in the coding region of the AMPKa2 ge-

e [571~591, 1249~1269, 1303~1323]; tar-
get sequence 1: 5-GCAGGTCCTGAAGTTGAT-
ATC-3' [shRNA1]; target sequence 2: 5-GC-
TGAAGTTTACCGAGCTATG-3" [shRNAZ2]; target
sequence 3: 5-GCATACCATCTTCGTGTAAGA-3’
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[shRNA3] and their homologous non-targeting
shRNA (shCont). Recombinant lentivirus was
amplified in HEK293T cells.

Immunoblotting analysis

Cells were washed with cold PBS and lysed
in RIPA lysis buffer containing 1 mM phenyl-
methylsulfonyl fluoride (PMSF). 20 ug proteins
underwent electrophoresis on a 10% SDS-
polyacrylamide gel; then the gels were trans-
ferred to a 0.45 mm polyvinylidene fluoride
membrane (PVDF, Millipore, Billerica, USA) with
a Bio-Rad semi-dry instrument. After blocking
with 5% BSA in TBS containing 0.1% Tween-20
(TBST) for 1 h at room temperature, the mem-
branes were incubated with a primary antibody
overnight at 4°C. After washing with TBST, the
membranes were incubated with secondary
antibody and performed using the ECL wes-
tern blot system (Super Signal West Pico Che-
miluminescent Substrate, Pierce, Rockford, IL,
USA) according to the manufacturer’s instruc-
tion. Quantification of western blots was ana-
lyzed with QuantityOne software (Bio-Rad La-
boratories, Inc., Hercules, CA, USA).

Animal experiments

All animal protocols were approved by the
Zhongshan Hospital Institutional Animal Care
and Use Committee. Control HCC-OXR cells
and treated cells including HCC-OXR, shHS-
F1-HCC-OXR and shAMPKa-shHSF1-HCC-OXR
cells were cultured as described above. These
cells in the logarithmic growth phase were col-
lected and digested with a digestive solution
containing 0.02% EDTA-0.25% trypsin, and the
digestion was terminated by adding DMEM
solution containing 10% FBS; cell suspension
solution was transferred into a 15 ml Corning
centrifuge tube, and centrifuged at 800 rpm
for 5 min at 4°C and then resuspended with
sterile PBS solution for use. A suspension of
PBS containing approximately 5 x 10° HCC
cells/0.2 ml was subcutaneously injected into
the upper limbs of BALB/c nu/nu nude mice
with 4-6 week olds under sterile conditions.
After the nude mouse xenograft models were
completed, 0.1 ml of oxaliplatin (10 mg/kg)
was injected through the tail vein on 7" and
14% day in mice with treatment and the same
volume of saline was injected into control
mice. The diameter changes and growth curve
of xenograft tumors were observed. Mice were
humanely euthanized by CO, asphyxiation and
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xenograft tumors were completely removed
and the volume of tumors was calculated.

Statistical analysis

Statistical analysis was performed with SPSS
19.0 software (SPSS, Chicago, IL, USA). Stu-
dent’s t-test was used in two-group compari-
sons; nonparametric methods including Wil-
coxon rank test were applied with time as a
covariance. P < 0.05 or < 0.01 was considered
as significant difference or extremely signifi-
cant difference, respectively.

Results

HCC cells underwent the switch from glycolysis
to OXPHOS during the development of resis-
tance to OXA

MHCC97H and Hep3B cells were discontinu-
ously exposed to incremental doses of OXA
over several treatment cycles (Figure 1A, 1C),
the MHCC97H-OXR cells and Hep3B-OXR cells
were successfully established until 25 yM OXA
(6-cycle treatment) and 5 uM OXA (5-cycle
treatment) in AG condition, respectively. Then,
the half maximal growth inhibitory concentra-
tions (IC50) of OXA were compared between
HCC-OXR cells and the parental cells. It was
observed that in medium with AG, IC50 of OXA
in MHCC97H and Hep3B cells increased obser-
vably after 6 treatment cycles (IC50: MHCCO7H-
OXR cells, 88.60 + 8.87 uM, parental MHCCO7H
cells, 30.46 + 7.06 uM, P < 0.05) and 5 treat-
ment cycles (IC50: Hep3B-OXR cells, 1.47 +
0.31 uM, parental Hep3B cells, 5.07 + 0.10
UM, P < 0.05); in contrast, in the LG condition,
the IC50s of MHCC97H and Hep3B cells treat-
ed OXA with 6 cycles and 5 cycles were respec-
tively 60.36 + 7.81 uyM and 3.48 + 0.44 uM
(Figure 1B, 1D), and it was after 9 and 7 treat-
ment cycles in LG condition that IC50 of
MHCC97H and Hep3B cells to OXA achieved
respectively equally to those of MHCC97H and
Hep3B to OXA after 6 and 5 treatment cycles
in AG condition, which suggested that HCCOXR
cells generation required more OXA-treatment
cycles in LG condition than that in AG condi-
tion. At the molecular level, it was also obser-
ved that chemoresistance-related molecules-
MDR1 and ABCC2 mRNA levels were signifi-
cantly increased in HCC-OXR cells; the MRP1/
ABCC1 protein level of OXA-resistance cells
was higher than that of the parental HCC cells

(Supplementary Figure 1).
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Several studies indicate that chemoresistance
accompanies with the metabolic reprogramm-
ing involved in energy conversion [4, 26], but
the intranel relationship is unclear. To investi-
gate the metabolism phenotypes alteration of
HCC cells during the development of chemore-
sistance to OXA, we detected four metabolic
indictors (glucose consumption, lactate produ-
ction, intracellular ATP levels and oxygen con-
sumption) in parental HCC (MHCC97H, Hep3B)
and MHCC97H-OXR (MHCC97H-OXR, Hep3B-
OXR) cells. For glucose consumption and lac-
tate production, those of HCC-OXR (MHCC97H-
OXR, Hep3B-OXR) cells were significantly de-
creased compared to the parental HCC (MH-
CC97H-OXR, Hep3B-OXR) cells (both of P <
0.05) in AG condition; while there was no sig-
nificant difference in those of HCC-OXR and
HCC cells (both of P > 0.05) in LG condition,
but after more cycles, they were significantly
decreased in the HCC-OXR cells (both of P <
0.05) (Figure 2A, 2B). For the levels of intracel-
lular ATP and oxygen consumption, those in
HCC-OXR (MHCC97H-OXR, Hep3B-OXR) cells
were significantly higher than those in paren-
tal HCC (MHCC97H, Hep3B) cells (both of P <
0.05) in AG condition; but no significant differ-
ence was found in those of MHCC97H-OXR (6
cycles) and parental MHCC97H cells or Hep3B-
OXR (5 cycles) and parental Hep3B cells (both
of P > 0.05), as similar to glucose consumption
and lactate production, they displayed signifi-
cant difference between HCC-OXR cells with
more treatment cycles and parental HCC cells
(P < 0.05) (Figure 2C, 2D). These results indi-
cated that no matter cells were cultured in AG
or LG condition, HCC cells underwent metabolic
alteration in the development of resistance to
OXA.

HSF1 depletion inhibited the alteration of met-
abolic phenotypes in OXA-resistance HCC cells

Recent studies suggest that HSF1 regulates
the expression of MDR and participates in
chemoresistance of cancer cells [27]. Herein,
we sought to explore more underlying roles of
HSF1 in chemotherapy resistance of HCC. Fir-
stly, it was observed HSF1 was significantly up-
regulated in HCC-OXR cells compared to the
parental HCC cells both in of AG and LG condit-
ions (Figure 3A-E). Next, HSF1 was significantly
knocked down in HCC (MHCC97H and Hep3B)
cells (Figure 3C, 3F); then shHSF1-HCC cells
were cultured in AG and LG medium respect-
ively with cumulative concentration of OXA and
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the acquired OXA-resistance shHSF1-HCC cells
were constructed and IC50s of OXA in shHSF1-
HCC cells with indicated cycles of OXA treat-
ment were determined; in detail, in AG condi-
tion, the IC50 of OXA in shHSF1-MHCC97H cells
didn’t reach up to IC50 value as in MHCCO7H-
OXR cells, after 6 cycles treatment (50.33 +
7.83 uM vs 88.62 + 3.81 pM), even 9 cycles
treatment with maximum escalated concentra-
tion of 40 uM OXA (66.93 + 4.13 pM vs 88.62
+ 3.81 uM). Moreover, compared with that in
AG condition, the IC50 of OXA in shHSF1-MHC-
C9O7H cells cultured in LG condition was more
significantly decreased after 6 cycles treatme-
nt (50.33 £ 7.83 yM vs 31.67 + 5.25 uyM) or 9
cycles treatment (50.33 + 7.83 uM vs 34.73 +
9.28 uM) and maintained no significantly differ-
ent low values of IC50 at the times of 6 cycles
treatment and 9 cycles treatment (Figure 3G).
For shHSF1-Hep3B cells, similar features on
IC50 were found during the development of
resistance to OXA (Figure 3J). These findings
suggested that, although HSF1 existence con-
tributed to the development of HCC cells resis-
tance to OXA both in AG and LG conditions,
HSF1 knockdown could block the developmen-
tal process of resistance to OXA in LG condi-
tion and delay the generation of OXA resistant
in AG condition. Moreover, in vivo animal mod-
els assay showed OXA-resistance shHSF1-HCC
cells delayed the tumor growth and formed
smaller tumors (P < 0.05), in comparison with
HCC-OXR cells (Figure 3H-L).

In addition, it was further observed that, in LG
condition, shHSF1-HCC- cells didn’t display sig-
nificant decrease in glucose restriction, lactate
production and increase in oxygen consump-
tion level and intercellular ATP levels, com-
pared with controls. In contrast, in AG condi-
tion, shHSF1-HCC cells showed still significant
decreased glucose consumption, lactate pro-
duction and increased oxygen consumption
and intercellular ATP levels (Figure 4). These
results suggested that, during resistance to
OXA, metabolic alteration of HCC cells might
be dependent on HSF1 existence in LG condi-
tion, but non-dependent on HSF1 expression in
AG condition.

HSF1 regulates AMPK pathway in OXA-
resistance HCC cells

To investigate the molecular mechanism in whi-
ch HSF1 involved in the development of pro-
moting chemoresistance of HCC cells, we per-
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Figure 2. Metabolic parameters alteration in parental HCC cells (MHCC97H, Hep3B) and HCC-OXR (MHCC97H-OXR, Hep3B-OXR) cells when cultured in AG (25 mM)
and LG (5.5 mM) condition. Glucose consumption (A and E), lactate production (B and F) and intracellular ATP levels (C and G), oxygen consumption (D and H) of
HCC (MHCC97H and Hep3B, respectively) cells and HCC-OXR (MHCC97H-OXR, Hep3B-OXR) cells were determined by using the associated methods described in
METHODS section. All values represent the mean of three independent experiments. *P < 0.05.

2354

Am J Cancer Res 2019;9(11):2349-2363



The involvement of HSF1/AMPKa2 in oxaliplatin resistance

A B 2 C
Glucose 25mM 5.5mM é; § B3 MHCCOTH
2 § 3 - sh-HSF1 - +
=8
GES=——— - -
2 & 2 @ § o1
& & & & =5 B-actin
& & & A 220
- b{.?’ \} QC?’ £ (5!\ 4"“
& ¥ & &
D E » F
Glucose 256mM 5.5mM % E bepae
e —_—
- - [
| . —-4 ] HSF1 |-
pracen I |
o Bactn - -
2 <& o] = =P
& ) & ) 3¢
Es & & & :E
R R =
2 &
G H
Glucose 25mMm 5.5 mM
100+ 1.0
4000q -+~ Cont;Veh
80 ¢ 08 @ g -=- shHSF1;Veh Cont:Veh abfe
= A 0. ”
ES & 30004 === Cont;OXA .
e ) shHSF1;Veh - -
< 60 * Los & s = ShHSF1,0XA e e &
o 2 3 35 20001 y
‘5 404 # Loa 2 © Cont:0XA L ) &0
g T g A
© 2 Lo 2 E 1000+ shHSFI:OXA & o % @
Q - 23 5
0 Lo.o r T r J
0 7 14 21 28
& P S PH P
R A A Time(days)
) K3 2 & 2
‘!ﬁ" gfo“ = & 5g.?‘
& &
J K L
Glucose 25mMm 5.5 mM
64 1.2 =-s= Cont;Veh
1o o 16004 —m shHSF1:Veh Cout:‘v'ehP‘ T
s ¢ ’ E E - Cont;OXA
; i 0.8 % E 12000 o shHSF1;0XA shHSF1:veh @ @ W
i
.
H Lo 53 =2
% ik g'- 2 8007 Cont:OXA e @ @
: i o+ §
e 5 Loz 8 2 4 shHSFIOXA & % @
am
H
L 0 d v M 1
0 0 7 14 21 28
Time(days)

Figure 3. Expression of HSF1 in parental HCC cells and HCC-OXR cells and effect of HSF1 knockdown on the resis-
tance to OXA. Protein level (A, D) and mRNA level (B, E) of HSF1 were increased in HCC-OXR cells compared with
parental HCC cells. **P < 0.01. After HSF1 effective knockdown (C, F), the relative resistance to OXA was decreased
in AG (25 mM) and LG (5.5 mM) condition; *P < 0.05 vs HCC-OXR, ®P < 0.05 vs shHSF1-HCC (with 6 cycles treat-
ment in MHCCO7H or with 5 cycles treatment in Hep3B) in AG condition, #P < 0.05 in LG condition vs the corre-
sponding shHSF1-HCC with same cycles treatment in AG condition (G, J). (H, I, K, L) HCC-OXR and shHSF1-HCC-OXR
cells were used for establishing human liver cancer nude mouse xenograft models and these mice were divided
into four groups: HCC-OXR with saline treatment (Cont; Veh), shHSF1-HCC-OXR with saline treatment (shHSF1; Veh),
HCC-OXR with OXA treatment (Cont; OXA) and shHSF1-HCC-OXR with OXA treatment (shHSF1; OXA). The growth of
xenograft tumor (H, K) and tumor volume (I, L) among the four groups were comparatively analyzed. **P < 0.01, *P
< 0.05 vs Cont; Veh; #P < 0.05 vs Cont; OXA.
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Figure 5. AMPK pathway is involved in HSF1-mediated metabolic phenotype switch in OXA-resistance HCC cells.
(A) Corresponding network by IPA analysis based on the different expression genes of HCC cells and HCC-OXR cells
indicated AMPK pathway is a critical node during the forming of resistance to OXA. Various subunits including o1,
a2, 1, B2 andy (B, C) and p-AMPKa/AMPKa ratio (D-F) in HCC and HCC-OXR cells were detected in AG and LG con-
dition by using western blot. *P < 0.05. Moreover, p-AMPKa/AMPKa ratio was further detected in HSF1-knockdown
parental HCC and shHSF1-HCC cells with OXA treatment in AG and LG condition (F, G). *P < 0.05 vs shHSF1-HCC

and #P < 0.05 vs shHSF1-HCC (MHCC97H: 6 cycles;

Hep3B: 5 cycles) in AG condition; &P < 0.05 vs shHSF1-HCC

(MHCC97H: 6 cycles; Hep3B: 5 cycles) in LG condition.

formed an ingenuity pathway analysis (IPA) with
a reported data from Gene Expression Omni-
bus database (GSE51951), which is based on
the OXA-resistant and control tumors form-
ed from HCC cells-xenograft models [28], and
finally recognized that AMPK involved in the
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network of carbohydrate metabolism (Figure
5A), suggesting AMPK pathway was an impor-
tant node to adjust the metabolism in the for-
mation of OXA-resistance HCC cells. Numerous
studies have demonstrated that AMPK is a criti-
cal regulator of energy metabolism in cancers;
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in response to decreased intracellular ATP le-
vel, AMPK pathway was activated to promote
energy production and suppress energy con-
sumption [20]. AMPK is a heterotrimeric prote-
in consisting of a catalytic subunit (&) and two
regulatory subunits (3 and y) [24, 29, 30]. Thus,
we sought to determine the protein levels of
these AMPK subunits in OXA-resistance HCC
cells. As shown in Figure 5B, 5C, regardless of
AG or LG condition, the significant downregula-
tion of AMPKa2 was detected in MHCCO7H-
OXR and Hep3B-OXR cells, meanwhile the sig-
nificant downregulation of AMPKB2 in MHCC-
97H-OXR cells and AMPKy in Hep3B cells were
found; but no significant difference in other
AMPKs expressions between the parental HCC
and HCC-OXR cells. Furthermore, regardless of
glucose condition, p-AMPKa/AMPK« ratio was
decreased in HCC-OXR cells, compared to HCC
cells (Figure 5D, 5F). To further investigate the
effect of HSF1 on the activation of AMPK path-
way in the development of resistance to OXA in
HCC cells, we observed the p-AMPKo/AMPKo
ratio in shHSF1-HCC and shHSF1-HCC-OXR
cells and found that in AG condition, p-AMPKao/
AMPKa ratio was decreased in shHSF1-HCC-
OXR cells as compared with shHSF1-HCC cells
(Figure 5E, 5G).

Unexpectedly, in the LG medium, p-AMPKo/
AMPKa ratio was increased in shHSF1-HCC
cells with more cycles OXA treatment, compar-
ed to shHSF1-HCC cells with less cycles OXA
treatment (Figure 5E, 5G). These results sug-
gested that HSF1 promotes resistance to OXA
via regulating AMPK activity; further exploration
is required on the underlying mechanism how
HSF1 regulates AMPK pathway in the develop-
ment of chemoresistance of HCC cells.

HSF1 regulates AMPKa2 to achieve metabolic
phenotypes alteration in OXA-resistance HCC
cells

It is recently reported that HSF1 inhibition ac-
celerates AMPK activation to suppress tumor
cell growth and proliferation [31]. To validate
the relationship of HSF1 and specific AMPK
subunits in OXR-HCC cells in this study, we first-
ly observed the change of a variety of AMPK
subunits in shHSF1-HCC-OXR cells, compared
to HCC-OXR cells. It was found that AMPKa2
was significantly upregulated whereas no sig-
nificant difference in levels of AMPKal, AM-
PKB1, AMPKB2 and AMPKy between shHSF1-
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HCC-OXR and HCC-OXR cells in AG condition;
meanwhile, only slightly decreased AMPKa2 in
shHSF1-HCC-OXR cells was observed in LG con-
dition (Figure 6A, 6B, 6D and 6E), suggesting
HSF1 poses a targeted negative regulation on
AMPKa2 level in OXA-resistance HCC cells and
there was a difference between in AG and LG
conditions. Then, to further elucidate the nega-
tive effect of HSF1 on AMPKa2 in HCC-OXR
cells, AMPKa2 was knocked down in shHSF1-
MHCC9O7H-OXR cells (Supplementary Figure 2);
the IC50s of OXA in AMPKa2 knockdown
shHSF1-HCC-OXR cells increased significantly
in either AG condition and LG condition, even
up to the level of HCC-OXR cells (Figure 6C, 6F).
Further analysis was executed in the nude
mouse xenograft model. With the parallel OXA
treatment, HCC-OXR cells with dual depletion
of HSF1 and AMPKa2 grew faster and devel-
oped much larger tumor than HCC-OXR cells
with only HSF1 depletion (Figure 6G, 6H). As
mentioned above, it indicated that restrictive
glucose consumption contributed to sensitize
HSF1-deleted HCC cells to OXA treatment. Ac-
cordingly, to define the effects of AMPKa2 on
the metabolic alteration of HCC-OXR cells with
HSF1 depletion in glucose-limited condition.
We examined the metabolic alteration of sh-
HSF1-HCC-OXR cells with AMPKa2 knockdown,
compared to shHSF1-HCC and shHSF1-HCC-
OXR cells, in LG condition and it was observed
that decreased glucose uptake and lactate pro-
duction with increases ATP production and oxy-
gen consumption in shHSF1-HCC-OXR cells fol-
lowing AMPKa2 depletion (Figure 7).

Discussion

As one first-line drug for cancer chemotherapy,
OXA displays the anti-cancer effects on numer-
ous cancers including HCC [11]. However, stud-
ies show that resistance to OXA is still a major
challenge for those HCC patients to achieve
effective efficacy when receiving chemothera-
py [13]. In our study, when constructing the
HCC-OXR cells with the exposing increased
concentration of OXA, we observed that incre-
ased treatment cycles were required for gener-
ating successfully HCC-OXR cells in LG condi-
tion, which is consistent with the consequenc-
es of several studies [32]. Furthermore, we
observed that HCC-OXR cells presented decre-
ased glucose uptake and lactate production
with increased ATP production and oxygen con-
sumption in AG condition; however, no signifi-
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cant difference was detected in the four indict-
ors (glucose uptake, lactate production, ATP
production and oxygen consumption) between
the parental HCC and HCC-OXR cells in LG con-
dition. Together, these results suggested limit-
ed glucose uptake delayed the generation of
chemoresistance in HCC cells.

Increasing evidences demonstrate that HSF1
accelerates the chemoresistance in cancers by
binding with MDR1 and regulating resistance
related protein [19, 27]. In our study, after HSF1
was knocked down in HCC cells, we found HSF1
depletion delayed the process of resistance to
OXA in HCC cells when performing OXA resis-
tance induction. Besides, HCC-OXR cells with
HSF1 knockdown cannot product efficient ATP
to adapt chemotherapy stress, especially in LG
condition, suggesting that HSF1 is an impor-
tance factor to drive energy metabolism altera-
tion in resistance to OXA. Targeting on HSF1
might be an effective strategy to enhance the
sensibility to chemotherapeutics.

According to the results of IPA with a gene
microarray (GSE51951) previously reported by
us, AMPK signaling was identified as one of
critical pathway in the energy metabolism of
OXR cells. It has indicated that enhanced ste-
mness with AMPK activation was detected in
OXA-resistance HCC cells; AMPK inhibitors sup-
pressed the generation of hematopoietic stem
cells, suggesting that AMPK pathway was in-
volved in the self-renewing and chemoresis-
tance generating of cancer cells [25, 33]. Con-
fusingly, several studies also found that met-
formin, an AMPK activator, can sensitize the
chemotherapy of breast and prostate cancers
and inhibit the growth of tumor stem cells [34,
35]. Therefore, further researches need to be
executed on the mechanism of AMPK signal-
ing in chemoresistance in HCC cells. Herein,
we demonstrated AMPKa2 level as well as p-
AMPKo/AMPKa. were decreased in HCC-OXR
cells, in comparation to the parental cells; but
some difference existed between MHCC97H
and Hep3B, for example, the significant down-
regulation of AMPKB2 in MHCC97H-OXR cells
and AMPKy in Hep3B cells, which may be as-
sociated with the heterogeneity of tumor cell
lines, such as P53 mutations. Moreover, we
observed that p-AMPKoa/AMPKa ratio and AM-
PKa2 was upregulated in HCC-OXR cells with
HSF1 depletion and after AMPKa2 depletion in
shHSF1-HCC-OXR cells, these cells grew faster
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and developed much larger tumor and experi-
enced metabolic alteration. These results re-
vealed that AMPKa2 depletion reversed the
sensitivity to OXA treatment in HSF1-defected
HCC-OXR cells and AMPKa2 played a negative
role in HSF1 promoting chemoresistance of
HCC cells to OXA.

In summary, our findings unravel the associa-
tion between glycolysis to OXPHOS switch and
OXA-resistance in HCC cells and unveil a key
role of HSF1 in the forming of HCC cells resis-
tance to OXA treatment, and uncover also a
novel mechanism of HSF1 regulating AMPK
pathway activity, particularly AMPKa2, which
involved in metabolic phenotype alteration dur-
ing the chemoresistance. These findings may
not only improve our understanding of HCC
chemoresistance, but may provide novel insig-
ht for developing new therapeutic strategies,
for instance, combining restrictive glucose up-
take with targeting HSF1/AMPKa2 will be an
attractive strategy to sensitize OXA-treatment
in HCC. Nevertheless, there are some limita-
tions in our study, which will be improved in the
future. For example, these findings need to be
validated in more HCC cell lines and clinical
samples; which cytokines and/or chemokines
will be involved in the molecular mechanism of
HSF1 regulating AMPKx2.
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The involvement of HSF1/ AMPKa2 in oxaliplatin resistance
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Supplementary Figure 1. The relative levels of MDR1 and ABCC2 mRNA and MRP1/ABCC1 protein in MHCC9O7H-
OXR and Hep3B-OXR cells, compared to parental MHCC97H and Hep3B cells.
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Supplementary Figure 2. A total of three shRNAs against AMPKa2 were respectively transfected into shHSF1-
MHCC97H-OXR cells and, based on the knockdown efficacy, the shRNA3 was chosen for subsequent experiments
(A). Furthermore, the shRNA3 was reconfirmed in shHSF1-Hep3B cells (B).



