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Abstract: Recently, heat shock transcription factor 1 (HSF1) is observed to be involved in the process of cellular me-
tabolism in cancer. However, the roles of HSF1 in the metabolic alteration of hepatocellular carcinoma (HCC) in tu-
mor microenvironment remain elusive. Here, HCC cells were co-cultured with tumor-associated macrophages (TAM). 
The levels of glucose uptake, the lactate release, reactive oxygen species (ROS) and mtDNA content were measured 
by the associated Kits; all detected protocols were correspondingly according to the manufacturers’ instructions. 
Recombinant lentiviruses with shRNA against HSF1 and MCT4 were transfected into HCC cells or TAMs. Western 
blot analysis was conducted to detect the relative levels of HSF1, MCT1 and MCT4 proteins. CCK-8 assay was uti-
lized to assess cell proliferation. Based on the co-culture system with HCC cells and TAMs, metabolic alteration of 
HCC cells after co-culture with TAMs was observed. Furthermore, glucose consumption rate, lactate production rate 
and intercellular ROS level were decreased, while the copy number of mtDNA was increased in HSF1-knockdown 
HCC cells. Besides, metabolic crosstalk between HCC cells and TAMs was induced by HSF1 not only in HCC cells but 
also in TAMs through regulating individually MCT1 and MCT4 expressions. To the best of our knowledge, this is an 
important study to demonstrate the roles of HSF1 in regulating metabolic alteration of HCC cells induced by TAMs, 
which implies the potential use of HSF1 as a target modulating malignant behaviors of HCC cells.
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Introduction

The metabolic reprogramming has been recog-
nized as the new hallmark of tumor [1], which 
results in a series of intracellular changes, con-
tributing not only to providing energy source for 
rapid cell growth, but also establishing a foun-
dation for effective adaptation to the altered 
microenvironment [2]. Previous researchers 
assume that the altered cellular metabolism is 
merely the trivial phenomena of tumor cytoge-
netic alterations [3]. However, mounting recent 
evidences suggest that energetic metabolism 
acts as the downstream components of onco-
gene activation pathways, and in contrast, can 
also function as the upstream components, 
affecting signaling pathways of cell growth. In 

other words, metabolic reprogramming is not 
an accompanying phenomenon with oncogen-
esis, but a central node of cellular oncogenesis 
[4].

Metabolic reprogramming of tumor cells is trig-
gered largely by activation of oncogenes or in- 
activation of tumor suppressor genes [5], which 
also means tumor cells doesn’t fabricate new 
“metabolic reactions” or “metabolic pathway” 
and just selectively turns on/off the specific 
metabolic pathways originally existed in cells 
[6]. Current studies in tumor metabolism field 
often paid more attention on oncogene activa-
tion, anti-oncogene inactivation and metabolic 
enzyme expression abnormalities [7]; in con-
trast, few studies have focused on roles and 
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functions of non-oncogenes, which may not 
directly mediate alteration of metabolism in 
oncogenesis, but can regulate the activation of 
oncogene-driven metabolic pathway [8]. Hence, 
researches on the involvement of non-onco-
genes in metabolic reprogramming of tumor 
cells will provide a new perspective for elucidat-
ing the mechanisms of tumor metabolic regula-
tion and meanwhile offer new potential targets 
for the treatment of malignant tumor.

It was previously deemed that “Warburg effect” 
is only confined to tumor cells; however, tumor 
cells constantly interact with the surrounding 
microenvironment in vivo, which could induce 
the neighboring cells’ metabolic alteration th- 
rough oxidative stress and mitochondrial auto- 
phagy [9]. Meanwhile, peritumoral cells with 
high-expressed monocarboxylate transporter  
4 (MCT4) secret large amounts of lactate and 
pyruvate, which can be utilized by tumor cells 
through monocarboxylate transporter 1 (MCT1) 
to maintain rapid proliferation. The novel meta-
bolic pattern was termed as the “Reverse 
Warburg Effect” [10, 11]. So far, this pattern 
has been verified by many studies in vivo and in 
vitro [12-14]. Among peritumoral cells, tumor-
associated macrophage (TAM) was character-
ized as an important component of the tumor 
microenvironment, promoting tumor progres-
sion and poor prognosis [15, 16]. Our previous 
study has identified that peritumoral high MCT4 
and high heat shock transcription factor 1 
(HSF1) expressions led to the worst prognosis 
of HCC patients and the expression of peritu-
moral HSF1 was significantly correlated with 
peritumoral MCT4 [17]. Furthermore, roles of 
HSF1 in a variety of tumor cells has been re- 
ported as a typical model for “non-oncogene 
addiction” phenomenon [18]. Recently, HSF1 
has been identified as a key mediator in glu-
cose metabolism and involved in the acidic 
tumor microenvironment [19, 20]. Based on  
the studies mentioned above, it can be pro-
posed that HSF1 may be involved in the inter- 
action between TAMs and HCC cells through 
affecting metabolic reprograming. To address 
this issue, we co-cultured HCC cells with TAMs, 
and demonstrated that the metabolic conver-
sation between HCC cells and TAMs was medi-
ated by HSF1, indicating the potential use of 
HSF1 as a target modulating malignant behav-
iors of HCC cells.

Materials and methods

Cell co-culture and treatment

MHCC97H is hepatitis B virus (HBV)-positive 
HCC cell line with high metastatic potential, 
was established at our institute [21]. The 
human monocyte leukemia cell line THP-1  
and HCC cell line-SMMC7721, which is HBV-
negative cell line with low metastatic poten- 
tial, were purchased from the Institute of Bio- 
chemistry and Cell Biology, Chinese Academy 
of Sciences, Shanghai, China. MHCC97H, SM- 
MC7721 and THP-1 cells, obtained from the 
Typical Culture Preservation Commission Cell 
Bank, Chinese Academy of Sciences (Shang- 
hai, China), were cultured in Dulbecco’s modi-
fied Eagle’s (DMEM) medium and in RPMI me- 
dium (Gibco, USA); media were supplemented 
with 10% fetal bovine serum (FBS, Gibco, USA). 
Cells were cultured at 37°C in a humidified 
incubator of 5% CO2. For M2 polarization to pro-
ducing TAMs [22], THP-1 cells were incubated 
in complete medium containing 200 ng/ml 
PMA (Sigma) for 24 h and cultured in fresh com-
plete medium for another 24 h to produce THP-
1-derived macrophages; these macrophages 
were cultured fresh complete medium with 20 
ng/ml IL-4 (Peprotech) and 20 ng/ml IL-13 
(Peprotech) for 72 h and then refreshed the cul-
ture medium with serum-free DMEM for anoth-
er 24 hours. These adherent TAMs were col-
lected for the following experiments. As for 
2-DG treatment, medium was changed for low 
glucose medium containing 1 g/L glucose with 
L-lactate (5 mM). The separation of TAMs and 
co-culture with MHCC97H cells system were 
established in our institute with reference to 
previous studies [23].

Reagents and antibodies

Sodium L-lactate and glycolysis inhibitor 2- 
Deoxy-D-glucose (2-DG) were purchased from 
Sigma-Aldrich. Rabbit anti-human HSF1 (#43- 
56) and β-tubulin (#2128) monoclonal antibody 
were obtained from Cell Signaling Technology 
(Danvers, MA, USA). Mouse anti-human MCT1 
(sc-365501) and MCT4 (sc-376140) monoclo-
nal antibodies were obtained from Santa Cruz 
Biotech. Anti-rabbit Anti-mouse HRP-linked sec-
ondary antibody IgG (#7074 and #7076) were 
purchased from Cell Signaling Technology.
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Western blotting

Harvested cells were homogenized with lysis 
buffer and protease inhibitor cocktail (Roche, 
Mannheim, Germany), then cell lysates were 
centrifuged at 4°C for 30 minutes at 12,000 
rpm. The supernatant was placed in fresh tu- 
bes and quantified using the protein assay Bra- 
dford reagent (Bio-Rad, Hercules, CA). Equal 
amounts of protein (40 μg) were firstly sepa- 
rated by 10% SDS-PAGE and then transferred 
onto PVDF membrane (Millipore, Billerica, USA). 
After blocking for nonspecific binding in 1 × TBS 
with 5% BSA or 5% non-fat milk containing 0.1% 
Tween-20 (TBS-T) for 1 h at room temperature, 
the membranes were incubated with a primary 
antibody (1:1000) overnight at 4°C. A β-tubulin 
antibody (1:1,000) was used as an internal con-
trol. Followed an extensively washed with TBS-
T, the membranes were then incubated with 
HRP-conjugated secondary antibodies for 1 h 
at room temperature. After washing in TBS-T for 
three times, the membranes were finally visual-
ized using the ECL western blot system (Super 
Signal West Pico Chemiluminescent Substrate, 
Pierce, Rockford, IL, USA) according to the man-
ufacturer’s instruction and quantified by ImageJ 
software (National Institutes of Health, Bethes- 
da, MD, USA).

Cell proliferative assay

MCT4-sh TAMs and MHCC97H cells were co-
cultured at indicated times, and then separat-
ed each other. Both MCT4-sh TAMs and MH- 
CC97H cells were seeded at 5 × 103 cells/well 
(100 μl) in a 96-well plate respectively. The  
Cell Counting Kit-8 (CCK8, Dojindo, Kumamoto, 
Japan) was used to determine the relative gr- 
owth of cell groups. As for sensibility to glycoly-
sis inhibitor 2-DG, MHCC97H and SMMC7721 
cells (5 × 103 cells/well, 100 μl) from monocul-
ture and co-culture condition were seeded at 
96-well plate and incubated with the concen-
tration gradient of 2-DG (0, 5, and 10 mmol/L) 
at indicated times. After treatments, all cells 
were stained with 10 μl CCK8 for 1 h at 37°C. 
Absorbances were measured at 450 nm using 
the microplate reader, Infinite 200 PRO Nano- 
Quant (TECAN, Männedorf, Switzerland). Cells 
incubated with only complete medium were 
used as the negative control and wells with 
complete medium but without cells as the 
blank control. Each treatment was repeated 4 
wells and cell proliferation activity was mea-
sured according to the equation: Cell prolifera-

tion activity = [(experimental absorbance - 
blank control absorbance)/(negative control 
absorbance - blank control absorbance)] × 
100%.

Glucose uptake assays

The ability of glucose uptake in different groups 
was measured using the Glucose Uptake Cell-
Based Assay Kit (Cayman, Ann Arbor, Michigan, 
USA) according to the manufacturer’s instruc-
tions. Briefly, the cells were seeded at a den- 
sity of 5 × 103 cells/well in 96-well flat-bot-
tomed plates and incubated overnight. Then, 
cells were treated with 100 μL glucose-free 
media containing 150 μg/mL of the fluorescent 
glucose analog 2-deoxy-2-[(7-nitro-2,1,3-ben-
zoxadiazol-4-yl)amino]-D-glucose (2-NBDG) for 
48 h. After treatment, the plates were centri-
fuged for 5 min at 400 × g at room tempera-
ture, and the supernatant was aspirated. Cell-
Based Assay Buffer was added to each well 
(100 μL/well). The reading of each well was 
immediately measured using a VICTOR2 1420 
multilabel counter (PerkinElmer Life Sciences, 
Downers Grove, IL, USA) at 485 nm excitation 
and 535 nm emission.

Lactate release assays

The cell culture media of different groups were 
collected for lactate measurement at indicated 
times. Samples were precipitated with 200 μl 
of 10% perchloric acid (Fisher Scientific, Cat No 
A-229) for 15 min and neutralized with 150 μl 
of 9.13% KOH (BDH Inc, Canada, Cat No 0260) 
for another 15 min at room temperature, then 
centrifuged at 13,000 rpm for 3 min. The lac-
tate assay was performed using an EnzyCh- 
rome lactate assay kit (ECLC-100) according  
to the manufacturer’s instructions (BioAssay 
Systems), and the absorbance at 565 nm was 
measured using a microplate reader (Infinite 
200 PRO NanoQuant, TECAN, Männedorf, Swit- 
zerland).

Reactive oxygen species assessment

The reactive oxygen species (ROS) in live cells 
was measured by Cell ROX Oxidative Stress 
Reagents fluorogenic probe (Thermo Fisher Sci- 
entific, Waltham, MA, USA) according to manu-
facturer’s specifications. This cell-permeable 
dye is weakly fluorescent in reduced state  
while in the presence of ROS, it is converted  
to the oxidized form which emits a fluorescen- 
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ce signal directly proportional to oxidation and 
thus to the amount of ROS.

Measurement of mtDNA

mtDNA content was measured by Human 
Mitochondrial DNA Fluorescence quantitative 
Polymerase Chain Reaction (PCR) Diagnostic 
Kit (Suoao Biotech., Beijing, China) according  
to manufacturer’s specifications. The precise 
mtDNA content per cell was reflected by the 
ratio of mtDNA to nuclear DNA. PCR was per-
formed in Stepone Plus system (Applied Bio- 
systems, Foster City, CA).

Plasmids and viral transductions

We used the Lentiviral vectors pLKO.1 TRC and 
pWPI.1 to construct recombinant lentiviruses. 
Oligonucleotides encoding hairpin precursors 
for shMCT4 (target sequence: 5’-CGTCTACAT- 
GTACGTGTTCAT-3’) were used for generating 
short interference RNA (shRNA) constructs. A 
scrambled non-targeting sequence was used 
as a control (Mock). The HSF1 knockdown by 
shRNA transfection in HCC cells and TAMs  
was carried out as previously described [17]. 
Recombinant lentivirus was amplified in HEK- 
293T cells. The site-directed mutagenic plas-
mid of HSF1 at Ser303/307 was generated 
using the QuickChange mutagenesis kit (Stra- 
tagene, La Jolla, CA) according to manufactur-
er’s protocol.

Statistical analysis

Statistical analysis was performed with SPSS 
16.0 for Windows (SPSS, Chicago, IL). The 
Fisher’s exact test was used to compare quali-
tative variables, and quantitative variables 
were expressed as the means ± SEM. Nonpa- 
rametric methods including Wilcoxon rank test 
were applied to perform a comparison between 
monoculture and coculture groups and time 
was set as a covariance. A value of P<0.05 or 
P<0.01 was considered as significant differ-
ence or extremely significant difference, res- 
pectively.

Results

Metabolic phenotype of HCC cells altered from 
glycolysis phenotype to OXPHOS phenotype 
after co-culture with TAMs

After the differentiation of TPH-1 into TAMs, the 
associated markers CD68 and CD204 levels 

were increased, suggesting the phenotype of 
TAMs (Figure S1). HCC cells-MHCC97H or SM- 
MC7721 were co-cultured with TAMs for 4 days, 
and then were separated; glucose consump-
tion (G) and lactate release (L) were detected  
in both monoculture and co-culture HCC cells; 
afterwards, the L/G ratio was calculated. The 
results showed that, in monoculture condition, 
the L/G ratio of MHCC97H or SMMC7721 cells 
was close to 2 (L/G≈2 means the glycolysis 
phenotype) and these HCC cells were sensi- 
tive to the glycolysis inhibitor 2-DG, the inhibi-
tion of cell proliferation was dose-dependent 
(Figure 1A, 1B and 1D, 1E). In contrast, in co-
culture condition, MHCC97H or SMMC7721 
cells weren’t sensitive to 2-DG and the values 
of L and G were lower than monoculture, and 
L/G ratio in MHCC97H and SMMC7721 cells 
were respectively 2.75 and 2.93, deviated far 
from 2.0 (Figure 1C, 1F); while TAMs did not 
presented obviously deviation, but L/G signifi-
cantly decreased in the co-culture condition 
and proliferation ability was not affected by  
the existence of HCC cells (Figure S2). These 
results suggested that metabolic phenotype of 
HCC cells altered from glycolysis phenotype to 
OXPHOS phenotype after co-culture with TAMs.

HSF1 functions in metabolism reprogramming 
of HCC cells co-cultured with TAMs

Accumulating evidences have showed that 
HSF1 regulates cellular metabolism in tumor 
development [19, 24]. To further validate the 
relationship between HSF1 and metabolism 
alteration in HCC cells, we knock-downed sig-
nificantly HSF1 expression in HCC cells (Figure 
2A, 2B) and found that glucose consumption 
rate, lactate production rate and intercellular 
ROS level (by-product of OXPHOS) were decre- 
ased in HSF1-knockdown HCC cells, while the 
copy number of mtDNA was increased, com-
pared with control and mock cells (Figure 2C- 
F); meanwhile the expressions of some criti- 
cal glycolysis-related enzymes including HK1, 
LDHA and PKM2 were downregulated after 
HSF1 knockdown in HCC cells (Figure 2G, 2H). 
In addition, these metabolic indicators were 
detected again in HCC cells with reintroducing 
HSF1-cDNA after knockdown (shRES). The re- 
sults showed that reintroduction of HSF1 partly 
recovered the glucose consumption and lac-
tate production rate (Figure 2I, 2J), suggesting 
further the roles of HSF1 in regulating metabo-
lism alteration of HCC cells. 
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HSF1 was involved in the conversation of en-
ergy metabolism between TAMs and HCC cells

As mentioned above, MCT4 in peritumoral cells 
has a responsibility for lactate and pyruvate 
release, which can be transported into cells by 
MCT1 in tumor cells [10]. Here, TAMs were co-
cultured with HCC cells for 4 days and it was 
found the increased expression of MCT4 in 
TAMs and MCT1 in HCC cells (Figure 3A, 3B); 
moreover, to mimic the effect of co-culture con-
dition on the expression of MCT1 in HCC cells, 
L-lactate (5 mM) was added in glucose-restric-
tion (1 g/L) condition media for 72 h and it was 
observed the expression of MCT1 in HCC cells 
was significantly up-regulated (Figure 3C). 
Then, to further demonstrate the effect of  
TAMs on the altered metabolism of HCC cells, 
TAMs were treated with shRNA against MCT4 
(shMCT4-TAMs). The results showed that knock-
down of MCT4 in TAMs did not down-regulate 
HSF1 expression but inhibit cell proliferation 
(Figure 3D-F); meanwhile, led to the decrease 
of relative lactate release rate (based on same 
number of detected cells) (Figure 3G). When 
HCC cells were co-cultured with shMCT4-TAMs, 
ROS level was decreased and MCT1 expre- 
ssion was decreased but MCT4 and HSF1 

expression was not significantly changed in 
HCC cells (Figure 3H-J). 

Subsequently, to investigate the effects of 
HSF1 on regulating the expressions of MCT1 
and MCT4 when HCC cells were co-cultured 
with TAMs, HCC cells were firstly co-cultured 
with HSF1-knockdown TAMs (shHSF1-TAMs) 
and it was found that HSF1-knockdown down-
regulated MCT1, but had no influence on the 
expression of MCT4 in TAMs; meanwhile such 
co-cultured condition didn’t lead to the up- 
regulation of MCT1 and MCT4 expression in 
HCC cells (Figure 4A, 4B). In contrast, the 
expression of MCT1 in TAMs was not signifi-
cantly altered, although MCT4 expression pre-
sented non-significant decrease, when co-cul-
tured with shHSF1-HCC cells, in which HSF1-
knockdown downregulated both MCT1 and 
MCT4 (Figure 4C, 4D). Notably, both of the co-
culture conditions from shHSF1-TAMs with HCC 
cells and shHSF1-HCC cells with TAMs led to 
decreased glucose uptake and lactate release 
rate of HCC cells, compared to the co-culture of 
HCC cells with TAMs (Figure 4E, 4F). Altogether, 
these results above suggested that HSF1 par-
ticipated in the conversation of energy meta- 
bolism between TAMs and HCC cells through 

Figure 1. Metabolic alteration of HCC cells after co-culture with TAMs. Co-cultured TAMs with HCC cells including 
MHCC97H (A) and SMMC7721 (D) for 4 days, and then separated the HCC cells, glucose consumption (G) and lac-
tate production (L) were detected in both monoculture and co-culture MHCC97H cells, afterwards, calculate the L/G 
ratio. Proliferation of MHCC97H (B, C) and SMMC7721 (E, F) cells under monoculture or co-culture condition after 
adding pre-set concentration of 2-DG was measured by using CCK8 assay. *P<0.05.
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regulating individually MCT1 
and MCT4 expression.

Discussion

In this study, based on the  
co-culture system with HCC 
cells and TAMs, the effects  
of HSF1 on metabolic cross-
talk between HCC cells and 
TAMs was investigated and 
several novel findings were 
obtained. Firstly, HCC cells 
achieved metabolism altera-
tion when co-cultured with 
TAMs. Secondly, HSF1 plays 
an important role in regula- 
ting metabolism of HCC cells. 
Thirdly, metabolic crosstalk 
between HCC cells and TAMs 
was induced by HSF1 expres-
sion not only in HCC cells but 
also in TAMs, possibly associ-
ated with regulating MCT1 
and MCT4 expression. To the 
best of our knowledge, this  
is an important study to de- 
monstrate the roles of HSF1 
in metabolic reprograming of 
HCC cells induced by TAMs.

Over the past decade, rese- 
arches in tumor metabolism 
have gained more and more 
attention. The metabolic re- 
programming of tumor cells 
has previously been assumed 
as the trivial phenomena of 
tumor cytogenetic alterations. 
Some metabolites and mutat-
ed metabolic enzymes includ-
ing isocitrate dehydrogenase 
(IDH) and pyruvate kinase 
(PKM) have been recognized 
as oncogenic factors closely 
related to tumor development 
[25-28]. However, recent evi-
dences suggested that HSF1 
supports malignant phenoty- 
pes of tumor cells by orches-
trating a network of core cel-
lular functions [29], linked to 
an altered metabolism in a 
variety of tumors by influenc-
ing cellular energy homeosta-

Figure 2. HSF1 played an important role in regulating energy metabolism 
of HCC cells. HSF1 expression in MHCC97H and SMMC7721 cells were sig-
nificantly knock-downed, in indicated conditions reintroduced HSF1-cDNA 
(shRES) after knockdown for subsequent assays (A, B). After these HCC cells 
were transinfected with sh-HSF1 or Mock lentivirus or control cells without 
treatment, the glucose consumption rate (C), lactate production rate (D), the 
expression of ROS (E) and the copy number of mtDNA (F) were measured 
by relevant Kit according to the manufacturer’s instructions. Expressions of 
some metabolism-related enzymes including HK1, LDHA and PKM2 were 
examined by western blotting (G, H). Moreover, HSF1 wild-type (HSF1-WT), 
HSF1 knockdown (HSF1-sh), reintroducing HSF1-cDNA (HSF1-R) MHCC97H 
were established to detect glucose consumption (I) and lactate production 
rate (J). *P<0.05 vs Control, #P<0.05 vs shRES.
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sis [30]. For example, HSF1 
has been identified as a criti-
cal transcriptional regulator  
of NAD+ metabolism and can 
uncouple metabolic control 
from proteostatic regulation 
[31]; moreover, the malfunc-
tions of HSF1 can enhance 
insulin sensitivity and promo- 
te activation of AMP-activa- 
ted protein kinase (AMPK), an 
important regulator of energy 
homeostasis and inhibitor of 
lipid synthesis, finally involv-
ing in the regulation of he- 
patic metabolism [32]. In the 
study, we found that HSF1 
knockdown was associated 
with the down-regulation of 
glycolysis, whereas OXPHOS 
level was elevate to some 
extent in HCC cells. These 
results suggested that HSF1 
functions as a mediator in 
regulating energy metabolism 
of HCC cells. 

In 2009, a new metabolic pat-
tern “Warburg effect takes 
place in stroma cells rather 
than tumor cells” was firstly 
described [33]; hereafter, it 
was termed as “Reverse War- 
burg Effect”, which stresses 
the aerobic glycolysis of tu- 
mor stroma, the symbiosis 
relationship of metabolism 
between tumor cells and stro-
ma [9]. In the model, some 
noncancerous cells surround-
ing tumor tissue experience 
genetic and epigenetic alter- 
ation, playing a potential role 
in regulating the metabolic 
reprogramming of tumor cells 
[34]. Herein, as an impor- 
tant component and effector 
of tumor microenvironment, 
TAMs was introduced through 
co-culture system to investi-
gate the effects of noncan- 
cerous cells on metabolic re- 
programming of HCC cells 
and the results showed me- 
tabolic phenotype switch of 

Figure 3. HSF1 was involved in the conversation of energy metabolism 
between TAMs and HCC cells. When MHCC97H cells were cocultured with 
TAMs, the expressions of MCT1 and MCT4 were separately detected and 
relatively quantitative analysis was performed (A, B). The protein levels of 
MCT1 in HCC cells were analyzed by Western blotting after adding L-lactate 
(5 mM) in glucose-restriction (1 g/L) condition at indicated times (C). After 
TAMs were treated with shRNA against MCT4 (shMCT4-TAMs), expressions of 
HSF1, MCT1 and MCT4 in TAMs were analyzed by Western blotting (D, E) and 
proliferation of TAMs was determined by CCK-8 assay (F). In addition, lactate 
release rate of TAMs was determined after transfection (G). When MHCC97H 
cells were co-cultured with shMCT4-TAMs, ROS level was detected by rel-
evant Kit according to the manufacturer’s instructions (H) and MCT1, MCT4 
and HSF1 expression in MHCC97H cells was detected by Western blotting (I, 
J). *P<0.05 or **P<0.01 vs Mock.
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HCC cells; meanwhile upregulated expression 
MCT4 in TAMs and MCT1 in HCC cells after  
co-culture, in accordance with the “Reverse 
Warburg Effect”, in which stromal cells and 
tumor cells achieved energy resource shuttle 
through MCT4 and MCT1 [35]. Furthermore, it 
was found that knockdown of MCT4 in TAMs  
led to reduced lactate release rate; further-
more, after adding L-lactate in glucose-restric-
tion condition, the proliferation of MCT4-sh 
TAMs was inhibited, suggesting a positive fe- 
edback mechanism in macrophages to main-

HSF1 regulating MCT1 or MCT4 will be elucidat-
ed in subsequent experiments. 

In conclusion, our results suggested that inter-
action between TAMs and HCC cells altered 
energy metabolism of HCC cells, providing nec-
essary energy-rich microenvironment for facili-
tating tumor growth. The complicated effects of 
HSF1 on metabolic reprograming of HCC cells 
induced by TAMs and the crosstalk between 
HCC cells and TAMs implied the potential use of 
HSF1 as a target modulating malignant behav-

Figure 4. Effects of HSF1 on regulating the expressions of MCT1 and MCT4 
when HCC cells were co-cultured with TAMs. When MHCC97H cells were co-
cultured with shHSF1-TAMs (A, B) or shHSF1-MHCC97H cells were co-cul-
tured with TAMs (C, D), MCT1, MCT4 and HSF1 expression in MHCC97H cells 
was detected by Western blotting. *P<0.05 vs monoculture. Then MHCC97H 
cells were separated and glucose uptake (E) and lactate release rate (F) of 
HCC cells, compared to those of HCC cells from the co-culture of HCC cells 
with TAMs, were detected by relevant Kits according to the manufacturer’s 
instructions. *P<0.05 vs MHCC97H cells from the co-culture of HCC cells 
with TAMs.

tain a high glycolytic rate [36]. 
Meanwhile, MCT1 expression 
in HCC cells was significant- 
ly up-regulated in our study, 
which may be due to effect- 
ive adaption of HCC cells to 
the microenvironments that 
include such stressors as aci-
dosis and nutrient deprivat- 
ion [22, 37].

In addition, our previous study 
demonstrated that HSF1 can 
regulate MCT4 expression in 
HCC cells in stress condition 
[17]. In present study, it was 
observed that TAMs with 
HSF1 knockdown unable to 
up-regulate MCT1 expression 
in HCC cells in co-cultured 
condition; meanwhile MCT4 
expression in TAMs was not 
significantly altered when co-
cultured with HSF1-knockdo- 
wn HCC cells. These results 
suggested that HSF1 partici-
pates in the conversation of 
energy metabolism between 
TAMs and HCC cells through 
regulating conditionally and 
correspondingly MCT1 and 
MCT4 expression. 

Nevertheless, there are some 
limitations in our study which 
will be improved in the future. 
For example, the cytokines 
and/or chemokines which po- 
ssible induce the association 
between TAM and HCC cells 
will be profiled. Moreover,  
the molecular mechanism of 
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iors of HCC cells. At present, the new me- 
chanism of tumorigenesis is being elucida- 
ted from the perspective of metabolic abnor-
mality. The correction of cellular metabolic ab- 
normalities is becoming new ideas for tumor 
prevention and treatment. Fortunately, some 
targeted drugs against cellular metabolism 
have entered the clinical stage, such as TLN-
232/CAP-232 targeting PKM2, AZD3965 tar-
geting MCT1, and PU-H71 targeting HSP90, a 
downstream of HSF1, etc [38, 39].
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Figure S1. Induction of THP-1 cells to TAMs. For producing TAMs, THP-1 cells were incubated in complete medium 
containing PMA (200 ng/ml) for 24 h and cultured in fresh complete medium for another 24 h to produce macro-
phages; these macrophages were cultured fresh complete medium with IL-4 (20 ng/ml) and IL-13 (20 ng/ml) for 72 
h and then refreshed the culture medium with serum-free DMEM for another 24 hours. These adherent TAMs were 
collected for detecting CD68 and CD204 levels with flow cytometry. The mean (SD) represents the relative levels 
from three replications. *P<0.05; **P<0.01.

Figure S2. Metabolic alteration of TAMs after co-culture with HCC cells. Co-cultured TAMs with HCC cells for 4 days, 
and then separated the TAMs, the L/G ratio were calculated in both monoculture and co-culture conditions (A). 
Proliferation of TAMs co-cultured with MHCC97H (B) and SMMC7721 (C) cells under monoculture or co-culture con-
dition was measured by using CCK8 assay.


