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Abstract
Metastasis is responsible for most of the hepatocellular carcinoma (HCC)–associated death. However, its underlying mecha-
nism has yet to be fully elucidated. Glycolysis-derived lactate has been shown to be a powerful regulator of cancer metastasis. 
Heat shock protein A12A (HSPA12A) encodes a novel member of HSP70 family. We have recently demonstrated that heat 
shock protein A12A (HSPA12A) inhibited renal cancer cell migration by suppressing lactate output and glycolytic activity, 
which were mediated by unstabilizing CD147 and promoting its degradation. By striking contrast, here we demonstrated 
that HSPA12A promoted migration of human HCC cells. Extracellular acidification, lactate export, and glycolytic activity 
in HCC cells were also promoted following HSPA12A overexpression. Further analysis revealed that HSPA12A interacted 
with MCT4 and increased its membrane localization, thereby promoting export of lactate generated from glycolysis; this led, 
ultimately, to HCC cell migration. Our results revealed the opposite effect of HSPA12A on migration of renal cancer cells 
and that of HCC cells. Of note, in contrast to the inhibitory effect on CD147 expression in renal cancer cells, we found that 
HSPA12A increased CD147 expression in HCC cells, indicating that the expression of CD147 might exist heterogeneity in 
different cancer cell types. Taken together, we identified HSPA12A as an activator of HCC migration, a role opposite to that 
of renal cancer cells. Inhibiting HSPA12A might be a potential therapeutic intervention for HCC metastasis.
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Abbreviations
HCC	� Hepatocellular carcinoma
HSPA12A	� Heat shock protein A12A
MCT4	� Monocarboxylate transporter 4
FAK	� Focal adhesion kinase
MMP	� Matrix metallopeptidase

GLUT1	� Glucose transporter 1
GLUT4	� Glucose transporter type 4
HK2	� Hexokinase 2
PFKFB3	� 6-Phosphofructo-2-kinase/fructose-

2,6-biphosphatase 3
LDHA	� Lactate dehydrogenase A
HG-CD147	� High-glycosylation CD147
LG-CD147	� Low-glycosylation CD147
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Ad-NC	� Empty adenovirus-infected controls
Ad-HSPA12A	� HSPA12A overexpression by infection 

with HSPA12A adenovirus

Introduction

Hepatocellular carcinoma (HCC) is one of the most prevalent 
and life-threatening malignancies worldwide. The poor prog-
nosis in HCC patients is strongly associated with extrahepatic 
and intrahepatic metastasis, even of those with curative surgi-
cal treatment (Hsu et al. 2018; Zhou et al. 2019). Intrahepatic 
metastasis indicates tumor invasion of the portal vein and its 
branches, tumor thrombi formation, thereby causing multi-
ple metastases in the liver after thrombi falling off. Extrahe-
patic metastasis represents tumor spread outside the liver, 
mainly through blood, lymphatic, and planting metastasis. 
The median survival time of HCC patients with extrahepatic 
metastasis is less than 7 months (Zhang et al. 2019). There-
fore, a more comprehensive understanding of HCC metas-
tasis is urgently needed to develop effective intervention 
approach for reducing the risk of death from HCC metastasis.

Cancer cell invasion and metastasis are complex pro-
cesses that involve many genetic alterations and the subse-
quent metabolic transitions (Budanov et al. 2010). Unlike 
most normal cells that utilize glucose through mitochondrial 
oxidative phosphorylation, tumor cells exhibit a pronounced 
Warburg effect which metabolizes glucose into lactate 
through glycolysis pathway even in non-hypoxic environ-
ments (Koppenol et al. 2011). The glycolysis-generated 
lactate is exported to create a local microenvironment that 
confers cancer cell growth, invasion, and metastasis. First, 
the extracellular lactate activates the expression of genes 
for cancer metastasis and angiogenesis as well as forms an 
acid environment for weakening the tumor-killing capacity 
of immune cells (Fischer et al. 2007; Gottfried et al. 2006; 
Vegran et al. 2011). Second, lactate efflux is essential for 
energy metabolism in order to ensure the progression of 
glycolysis and for pH regulation to prevent intracellular 
acidification of cancer cells. Monocarboxylate transporter 
4 (MCT4) is the main transporter across the plasma mem-
brane for lactate efflux. Therefore, targeting MCT4-mediated 
lactate efflux holds therapeutic promises for HCC metastasis. 
However, the regulation of MCT4 in HCC cells has not been 
clearly addressed.

Heat shock proteins (HSPs) are a group of ubiquitous 
molecular chaperones that exert versatile effects in condi-
tions of stress. HSP90β and HSP27 are involved in HCC 
cell proliferation, migration, and invasion (Ge et al. 2017; 
Meng et al. 2019). Heat shock protein A12A (HSPA12A) is 
identified as a distant member of HSP70 family (Han et al. 
2003). Though HSPA12A expresses at low level in normal 
liver, the expression is increased in HCC and non-alcoholic 

fatty liver (Cheng et al. 2020; Kong et al. 2019). The classi-
cal tumor node metastasis (TNM) staging system is based on 
tumor size, number of positive lymph nodes, and presence 
of distant metastasis (Pichler et al. 2013). Particularly, we 
have recently demonstrated a positive correlation between 
HSPA12A expression and TNM stage in HCC patients 
(Cheng et al. 2020), suggesting a possible role of HSPA12A 
in HCC progression. In supporting this hypothesis, we have 
shown that HSPA12A promotes HCC growth (Cheng et al. 
2020). However, the role of HSPA12A in HCC metastasis 
remains unclear.

Intriguingly, we have recently demonstrated that 
HSPA12A inhibits migration of human renal car-
cinoma cells via destabilizing CD147 (Min et  al. 
2020). Unexpectedly, here in this study, we found that 
HSPA12A promoted the migration of HCC cells in 
an MCT4-dependent manner. The findings revealed 
that HSPA12A plays opposite roles in the migration 
process of HCC and that of renal cancer cells, and 
suggested that inhibiting HSPA12A might represent 
a meaningful approach for limiting HCC metastasis.

Materials and methods

Reagents and antibodies

Primary antibody for E-Cadherin, focal adhesion kinase 
(FAK), p-FAK, MMP2, and MMP9 were purchased from 
Bioworld Technology (Louis Park, MN). Primary antibody 
for Vimentin and IgG were from SantaCruz (Dallas, TX). 
Primary antibody against CD147, PKM2, and MCT4 were 
from Proteintech Group (Rosemont, IL). Primary antibody 
for HSPA12A, GLUT4, and LDHA was from Abcam (Cam-
bridge, MA). Primary antibody for Integrin-β1, GLUT1, 
HK2, and PFKFB3 was from Cell Signaling Technology 
(Beverly, MA). Anti-flag and anti-α-tubulin antibodies were 
from Sigma-Aldrich (St. Louis, MO). Bovine serum albu-
min (BSA) was from Roche (Basel, Switzerland). Normal 
goat serum (NGS) and CyTM3-conjugated secondary anti-
body were from Jackson lmmunoResearch (West Grove, 
PA). Trizol reagent and Lipofectamine 3000 were from Life 
Technology (Carlsbad, CA). Dulbecco’s Modified Eagle’s 
medium (DMEM) and fetal bovine serum (FBS) were from 
Gibco (Shelton, CT). High-sig enhanced chemiluminescence 
(ECL) western blotting substrate was from Tanon (Shanghai, 
China).

Cell culture

Human HCC cell line HepG2 was purchased from the Type 
Culture Collection of the Chinese Academy of Sciences. 
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Cells were maintained in DMEM supplemented with 10% 
FBS and 1% penicillin/streptomycin.

Overexpression of HSPA12A

For gain-of-function experiments, HepG2 cells were infected 
with adenovirus (20 MOI) that carry 3 flag-tagged Hspa12a 
expression sequence (Ad-HSPA12A) for 16 h. HepG2 cells 
infected with empty virus served as normal controls (NCs). 
The construction of adenovirus vector was described previ-
ously (Kong et al. 2019; Liu et al. 2020).

Knockdown of MCT4

Followed by HSPA12A overexpression, HepG2 cells were 
transfected with the siRNA targeting homo MCT4 mRNA or 
a scrambled control (GenePharma Inc., China) using Lipo-
fectamine 3000. The sense and antisense sequences of the 
siRNA were 5′-GCA​UUG​AAU​UUG​GUG​CCU​UTT-3′ and 
5′-AAG​GCA​CCA​AAU​UCA​AUG​CTT-3′, respectively.

Examination of migratory ability

The migratory ability of HepG2 cells was evaluated by 
wound healing assay. HepG2 cells were seeded in 6-well 
plates. After 50% confluent, cells were transfected with 
adenovirus and grown until totally confluent. A scratch was 
created by a same size pipette tip for each well. Cells were 
washed twice with PBS to remove floating cells. Afterwards, 
cells were cultured in the DMEM medium containing 1% 
FBS. At 0, 24, 48, and 72 h after scratching, images were 
obtained using a light microscope at × 10 magnification. The 
wound closure areas were measured using NIH ImageJ soft-
ware (National Institutes of Health, Bethesda, MD).

Evaluation of pH and lactate

After adenovirus infection for 72 h, the medium pH of 
cell cultures was determined by microprocessor pH Meter 
(HANNA, Italy). For medium pH measurement, we quickly 
took out six-cell plate from the incubator, collected 2 ml of 
culture medium to a 10-ml centrifuge tube, and then meas-
ured medium pH with a pH probe within 2 min. The medium 
volume for measurement was 2 ml. The medium was then 
collected and centrifuged at 2000 rpm for 10 min at 4 °C. 
After then, the lactate contents in the medium were deter-
mined using a colorimetric kit (Jiancheng bioengineering 
institute, Nanjing, China). For intracellular lactate meas-
urement, cells were lysed with lysis buffer and centrifuged. 
After centrifugation, the supernatant was collected for lac-
tate content analysis using a lactate assay kit according to 
the manufacturer’s instruction.

Immunoblotting

HepG2 cells were collected and lysed after treatment. Equal 
amounts of protein extract were separated by 10% sodium 
dodecyl sulfate polyacrylamide gel (SDS-PAGE) electropho-
resis and transferred onto polyvinylidene difluoride (PVDF) 
membranes (Millipore Corp., Bedford, MA). After being 
blocked in 5% skimmed milk for 1 h at room temperature, 
the membranes were then probed with according primary 
antibodies at 4 °C overnight. After thoroughly washing, 
membranes were incubated with peroxidase-conjugated sec-
ondary antibodies. For loading control, the same membranes 
were probed with anti-α-tubulin. The signals were quantified 
by scanning densitometry and the results from each experi-
mental group were expressed as relative integrated intensity 
compared with that of controls.

Immunofluorescence staining

Immunofluorescence staining was performed on HepG2 
cells that grow on coverslips. Briefly, after being blocked 
with 5% normal goat serum, the fixed cells were incubated 
with anti-MCT4 primary antibodies overnight at 4 °C fol-
lowed by incubation with the CyTM3-conjugated secondary 
antibody at 37 °C for 1 h to visualize the staining. The dilu-
tion used for anti-MCT4 primary antibody and secondary 
antibody was 1:100 and 1:200, respectively. Hoechst 33,342 
was used to counterstain nuclei. The staining was photo-
graphed by a fluorescence microscopy and quantified using 
Cellsens Dimention 1.15 software (Olympus, Tokyo, Japan).

Immunoprecipitation

HepG2 cells were overexpressed with f lag-tagged 
HSPA12A. Protein extracts were pretreated with protein 
A agarose for 2 h at 4 °C to remove non-specific binding 
proteins. After centrifugation at 15,000 × g for 7 min at 
4 °C, aliquots of equal volume and protein content were 
precipitated with anti-flag or anti-IgG antibodies (1 μg anti-
body:1 mg protein) overnight at 4 °C, followed by incubat-
ing with protein A agarose for 6 h at 4 °C. The fractions 
were then analyzed by mass spectrometry. In another set of 
experiments, the immunoprecipitates were immunoblotted 
against MCT4 and HSPA12A.

Mass spectrometry

Ad-HSPA12A or Ad-NC HepG2 cells were used for mass 
spectrometry analysis according to previous study (Kong 
et al. 2019). In brief, the above-obtained immunoprecipi-
tates were separated by SDS-PAGE followed by Coomassie 
blue staining, digested in gel with trypsin, and analyzed by 
liquid chromatography-tandem mass spectrometry (LC–MS/
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MS). Peptides were dissolved in solvent A (2% FA in 3% 
ACN) and loaded directly onto a reversed-phase Trap col-
umn (Chrom XP C18-CL-3 m 120A, Eksigent). Peptide 
separation was performed using a reversed-phase analyti-
cal column (3C18-CL-120, 3um, 120A, Eksigent). Eluting 
peptides from the column were analyzed using an AB Sciex 
5600 + TripleTOF™ system. MS/MS data were processed 
using ProteinPilotTM Software 4.5 (AB Sciex). Tandem 
mass spectra were searched against UniProt_Homo sapiens 
(160,566 sequences, released on April 9. 2016) database 
concatenated with reverse decoy database. Trypsin/P was 
specified as cleavage enzyme allowing up to 3 missing cleav-
ages, 4 modifications per peptide, and 5 charges.

Quantitative real‑time PCR

For cDNA synthesis, total RNA was isolated from 
cultured cells using Trizol Reagent. The quantitative 
RT-PCR analysis was performed with SYBR Green 
Master Mix on a Step One Plus real-time PCR System 
(Applied Biosystems). Gene expression levels were 
normalized to GAPDH. The primers used for PCR are 
listed in Supplementary Table S1.

Statistical analysis

Data are represented as mean ± standard devia-
tion. Comparisons between groups were assessed by 
unpaired two-tailed Student t-test or two-way ANOVA 
followed by Bonferroni’s test as a post hoc test. Statis-
tical significance was set at P value of < 0.05.

Results

HSPA12A promotes migratory ability of HCC cells

We have recently demonstrated that the levels of HSPA12A 
expression were positively correlated with HCC TNM 
stage (Cheng et  al. 2020), suggesting that HSPA12A 
may play a role in the metastasis of HCC. To address this 
issue, we examined the effects of HSPA12A on HCC cell 
migration. To this end, HSPA12A was overexpressed (Ad-
HSPA12A) in human HCC HepG2 cells by infection with 
Hspa12a-adenovirus, and the HepG2 cells infected with 
empty adenovirus served as negative controls (Ad-NC) 
(P < 0.01, Fig. 1a). The healing areas after wounding were 

Fig. 1   HSPA12A pro-
moted HCC cell migration. 
HepG2 cells were infected 
with Hspa12a-adenovirus 
to overexpress HSPA12A 
(Ad-HSPA12A). HepG2 cells 
infected with empty virus 
served as negative controls (Ad-
NC). The following experiments 
were performed subsequently. 
a HSPA12A expression. 
Expression of HSPA12A was 
examined by immunoblotting. 
The blots against α-tubulin 
served as loading controls. 
All data were presented as 
mean ± SD. **P < 0.01, n = 4/
group. b Wound-healing assay. 
Representative images show 
wound healing of Ad-NC and 
Ad-HSPA12A HepG2 cells at 
the indicated times after wound-
ing. Red lines indicate the 
wound areas. Closure (healing) 
area was calculated as (wound 
area at 0 h) − (remaining wound 
area). All data were presented 
as mean ± SD. **P < 0.01, 
n = 3/group. Ad-NC, empty 
adenovirus-infected controls; 
Ad-HSPA12A, HSPA12A 
overexpression by infection with 
HSPA12A adenovirus
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used to evaluate the migratory ability of HCC cells. We 
found that at 72 h after wounding, the healing area was 
significantly increased by 43.8% in Ad-HSPA12A cells 
compared with the time-matched Ad-NC controls, indi-
cating that HSPA12A promotes HCC cell migratory ability 
(P < 0.01, Fig. 1b).

HSPA12A activates Integrin‑β/focal adhesion kinase 
signaling

Given that Integrin-β/FAK signaling is an important regu-
lator for tumor cell migration (Lee et al. 2015; Shen et al. 
2019), effects of HSPA12A on Integrin-β/FAK/MMP sign-
aling activation were examined by immunoblotting. We 
found that overexpression of HSPA12A in HepG2 cells sig-
nificantly upregulated Integrin-β1 and FAK expression as 
well as increased FAK phosphorylation, respectively, when 
compared to those in NC controls (P < 0.01 or 0.05, Fig. 2). 
In line with it, the expression of matrix metalloproteinase-2 

and -9 (MMP2 and MMP9), two downstream targets of 
Integrin-β/FAK signaling for cell migration, was also 
increased by HSPA12A overexpression (P < 0.01 or 0.05, 
Fig. 2).

HSPA12A enhances epithelial mesenchymal 
transition of HCC cells

Epithelial mesenchymal transition (EMT), an evolutionar-
ily conserved developmental program, confers metastatic 
properties of cancer cells by enhancing mobility and inva-
sion (Mittal 2018). We therefore examined whether EMT 
is involved in the HSPA12A-induced promotion of HCC 
cell migration. Immunoblotting analysis revealed a signifi-
cant increase of vimentin (mesenchymal maker) expression 
and a significant decrease of E-cadherin (epithelial marker) 
expression in Ad-HSPA12A HepG2 cells compared to 
Ad-NC controls, respectively (P < 0.01, Fig. 3). The find-
ings indicate that HSPA12A enhances EMT of HCC cells.

Fig. 2   a, b HSPA12A activated Integrin-β1/FAK signaling in HCC 
cells. HepG2 cells were infected with Hspa12a-adenovirus to over-
express HSPA12A (Ad-HSPA12A) and HepG2 cells infected with 
empty virus served as negative controls (Ad-NC). Seventy-two hours 
after infection, HepG2 cells were harvested and immunoblotted with 
the indicated primary antibodies. The blots against α-tubulin served 

as loading controls. All data were presented as mean ± SD. **P < 0.01 
and *P < 0.05, n = 4/group. Ad-NC, empty adenovirus-infected con-
trols; Ad-HSPA12A, HSPA12A overexpression by infection with 
HSPA12A adenovirus. FAK, Focal adhesion kinase; MMP, matrix 
metallopeptidase
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HSPA12A promotes lactate export and glycolytic 
activity in HCC cells

We then sought to address the underlying mechanism of 
HSPA12A-induced promotion of HCC cell migration. 
Lactate, once considered a waste product of glycolysis, 
has emerged as a critical regulator of cancer metasta-
sis (Chen et al. 2017; Doherty and Cleveland 2013; Lin 
et al. 2018; Zhang et al. 2017). We found that the medium 
acidification and extracellular lactate contents of HepG2 
cell cultures were increased by HSPA12A overexpression 
compared with those of NC controls (P < 0.05, Fig. 4a, 
b). By contrast, the intracellular lactate contents were 
decreased by HSPA12A overexpression in HepG2 cells 
compared with NC controls (P < 0.01, Fig. 4c). These 
results suggest that HSPA12A promotes lactate export 
of HCC cells.

Enhanced efflux of lactate can activate glycolytic 
pathway (Updegraff et  al. 2018); we therefore further 
analyze the effect of HSPA12A on HCC glycolytic activ-
ity, and expression of the genes linking to glycolysis was 
examined. Overexpression of HSPA12A in HepG2 cells 
upregulated the protein expression of genes for glucose 
uptake (GLUT1 and GLUT4), glycolysis (HK2, PFKFB3, 
PKM2, and LDHA), and lactate efflux co-factor (CD147) 
(P < 0.01 or 0.05, Fig. 4d). Moreover, mRNA levels of 
genes for GLUT1 and LDHA were increased following 
HSPA12A overexpression (P < 0.01 or 0.05, Fig. 4e). The 
findings suggest that HSPA12A promotes glycolysis of 
HCC cells.

HSPA12A forms complex with MCT4 in HCC cells

To investigate how HSPA12A promoted lactate export and 
glycolysis of HCC cells, an unbiased screen was performed. 
To this end, flag-tagged HSPA12A was immunoprecipitated 
from Ad-HSPA12A HepG2 cells for mass spectrometry. 
The results indicated an interaction between HSPA12A 
and MCT4, a key monocarboxylate transporter of lactate 
export (P < 0.05, Fig. 5a, b). To further verify the interac-
tion between HSPA12A and MCT4, we performed immuno-
precipitation-immunoblotting assay. Indeed, MCT4 protein 
was recovered in HSPA12A immunoprecipitates of HepG2 
cells (Fig. 5c). However, no interaction between HSPA12A 
and lactate efflux co-factor CD147 was detected. The data 
indicate that HSPA12A interacts with MCT4 in HCC cells.

HSPA12A increases MCT4 expression and cell 
membrane localization of HCC cells

The interaction between HSPA12A and MCT4 motivated us 
to investigate whether MCT4 was involved in the HSPA12A-
induced promotion of HCC cell migration. We therefore 
evaluated the effect of HSPA12A on MCT4 expression in 
HepG2 cells. As shown in Fig. 6a and b, HSPA12A upregu-
lated MCT4 expression at both mRNA and protein levels in 
HepG2 cells, respectively, when compared to the Ad-NC 
controls (P < 0.01 or P < 0.05).

Lactate is transported across the cell membrane mainly 
through the membrane-localized MCT4; we then examined 

Fig. 3   a, b HSPA12A increased 
epithelial mesenchymal transi-
tion (EMT) of HCC cells. 
HepG2 cells with HSPA12A 
overexpression (Ad-HSPA12A) 
or normal expression (Ad-NC) 
were harvested for immu-
noblotting with the primary 
antibodies against vimentin and 
E-cadherin. The blots against 
α-tubulin served as loading con-
trols. All data were presented as 
mean ± SD. **P < 0.01, n = 4/
group for vimentin and n = 3/
group for E-cadherin. Ad-NC, 
empty adenovirus-infected con-
trols; Ad-HSPA12A, HSPA12A 
overexpression by infection with 
HSPA12A adenovirus
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the effect of HSPA12A on MCT4 membrane localization of 
HepG2 cells. The results of immunofluorescence staining 
revealed that membrane MCT4 was significantly increased 
in Ad-HSPA12A HepG2 cells compared with Ad-NC con-
trols (P < 0.05, Fig. 6c). Altogether, the results suggest that 
HSPA12A increases MCT4 expression and plasma mem-
brane localization of HCC cells.

Knockdown of MCT4 inhibits the HSPA12A‑induced 
HCC cell migration

To determine whether the HSPA12A-induced HCC cell 
migration is mediated by MCT4, we detected the effects 
of MCT4 knockdown on HSPA12A-induced HCC migra-
tion. To this end, we knocked down MCT4 in Ad-HSPA12A 

Fig. 4   HSPA12A enhanced lactate export and glycolytic activity in 
HCC cells. HepG2 cells were infected with Hspa12a-adenovirus to 
overexpress HSPA12A (Ad-HSPA12A) and HepG2 cells infected 
with empty virus served as negative controls (Ad-NC). Seventy-two 
hours after infection, the following measurements were performed. a 
Medium acidification. The medium pH values of HepG2 cell cultures 
were determined by microprocessor pH meter. All data were pre-
sented as mean ± SD. *P < 0.05, n = 4/group. b Extracellular lactate. 
The lactate contents in medium were determined using a colorimetric 
assay. All data were presented as mean ± SD. *P < 0.05, n = 6/group. 
c Intracellular lactate. HepG2 cells were lysed and subjected to col-
orimetric assay. Cell lysate protein concentration was determined for 
loading control. All data were presented as mean ± SD. **P < 0.01, 
n = 4 /group. d Protein expression of the genes linking to glycolysis. 

Expression of the indicated genes was determined by immunoblot-
ting. The blots against α-tubulin served as loading controls. All data 
were presented as mean ± SD. **P < 0.01 and *P < 0.05, n = 4/group. 
e mRNA levels of the genes linking to glycolysis. mRNA expression 
of the indicated genes was determined by quantitative PCR experi-
ment. The PCR results of GAPDH served as internal controls. All 
data were presented as mean ± SD. **P < 0.01 and *P < 0.05, n = 4/
group. Ad-NC, empty adenovirus-infected controls; Ad-HSPA12A, 
HSPA12A overexpression by infection with HSPA12A adenovirus; 
GLUT1, glucose transporter 1; GLUT4, glucose transporter type 4; 
HK2, hexokinase 2; PFKFB3, 6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase 3; LDHA, lactate dehydrogenase A; HG-CD147, 
high-glycosylation CD147; LG-CD147, low-glycosylation CD147
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HepG2 cells by transfection with MCT4-targeted siRNA 
while the Ad-HSPA12A HepG2 cells transfected with 
scrambled RNA served as the negative controls (Si-NC) 
(P < 0.05, Fig. 7a). We found that knockdown of MCT4 
reduced extracellular lactate contents in Ad-HSPA12A 
HepG2 cells, suggesting that MCT4 knockdown inhibits the 
HSPA12A-induced lactate output (P < 0.05, Fig. 7b). Impor-
tantly, the wound-healing assay showed that at 72 h after 
wounding, knockdown of MCT4 reversed HSPA12A-over-
expressing induced promotion of wound closure (P < 0.01, 
Fig. 7c). Concomitantly, the protein expression levels of 
Integrin-β1, MMP2, and MMP9 in Ad-HSPA12A HepG2 
cells were reduced following MCT4 knockdown (P < 0.05, 
Fig. 7d). Collectively, the findings suggest that knockdown 

of MCT4 inhibits the HSPA12A-enhanced lactate efflux and 
migration of HCC cells (Fig. 8).

Discussion

We have recently demonstrated that HSPA12A inhibits 
migration of renal cancer cells (Min et al. 2020). By striking 
contrast, we found in this study that the migration of HCC 
cells was promoted by HSPA12A. Our findings revealed that 
HSPA12A plays opposite roles in the migration process of 
HCC and that of renal cancer cells. The findings indicate that 
targeting HSPA12A expression could be a potential strategy 
for controlling HCC metastasis.
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Fig. 5   HSPA12A formed complex with MCT4 in HCC cells. a Mass 
spectrometry. HepG2 cells were overexpressed with the flag-tagged 
HSPA12A (Ad-HSPA12A) or control flag adenovirus (Ad-NC). Cel-
lular protein extracts were immunoprecipitated with primary antibody 
for flag. The immunoprecipitates were subjected to mass spectro-
metric analysis. The MS/MS and main sequence ions of representa-
tive MCT4 peptide EPQPEVAAAEEEK + 2 (m/z: 713.8378) and 
LLDLSVFR + 2 (m/z: 401.7570) were shown. b Comparison of pep-
tide count of MCT4 by mass spectrometry. All data were presented as 
mean ± SD. *P < 0.05, n = 3/group. c Immunoprecipitation-immunob-
lotting analysis. HepG2 cells were overexpressed with HSPA12A by 

infection with flag-tagged HSPA12A adenovirus (Ad-HSPA12A) or 
control flag adenovirus (Ad-NC) for 72 h. Immunoprecipitation with 
flag was performed. The immunoprecipitates were immunoblotted 
for HSPA12A, MCT4, and CD147. Protein extracts without immu-
noprecipitation (input) served as positive controls, and immunopre-
cipitates from IgG incubation served as negative controls. Note that 
MCT4 was recovered in the HSPA12A immunoprecipitates. Ad-NC, 
empty adenovirus-infected controls; Ad-HSPA12A, HSPA12A over-
expression by infection with HSPA12A adenovirus; MCT4, mono-
carboxylate transporter 4; HG-CD147, high-glycosylation CD147; 
LG-CD147, low-glycosylation CD147
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Owing to the tumor-associated local inflammation, 
ischemia, hypoxia, metabolic disorders, and other 
stresses, several HSPs are induced to play diverse roles in 
carcinogenesis (Hellman et al. 2004; Jolly and Morimoto 
2000; Soderstrom et al. 2019; Tang et al. 2005; Toraih et al. 
2019). For instance, HSP27, HSP70, and HSP90 promote 
the invasion and metastasis of liver cancer by activating Akt 
signaling pathway, NF-κB signaling pathway, or PKM2-
mediated glucose metabolism (Gong et al. 2013; Xu et al. 
2017; Zhang et al. 2016). As a distant member of HSP70 
family, HSPA12A has been shown by our recent studies 
as a novel player for the development of nonalcoholic 
steatohepatitis as well as for the hepatic protection from LPS 
challenge (Kong et al. 2019; Liu et al. 2020). Of particular 
interest, we have demonstrated that HSPA12A mRNA level 
was higher by 3.14-fold in human HCC tissues than normal 
liver tissues. Also, we have shown that HSPA12A protein 
expression is significantly upregulated in HCC cell lines 
compared to normal hepatocytes and HSPA12A expression 
is positively correlated with tumor node metastasis (TNM) 

stage in HCC patients (Cheng et  al. 2020), indicating 
a possible role of HSPA12A in HCC progression. This 
hypothesis is supported by the observation that HSPA12A 
promotes HCC cell proliferation through promoting PCNA 
trimerization (Cheng et al. 2020). However, the role of 
HSPA12A in HCC metastasis remains unclear. Here in 
this study, we demonstrated that HSPA12A promoted HCC 
cell migratory ability, suggesting that HSPA12A promotes 
HCC cell proliferation and migration to stimulate HCC 
progression.

We have previously demonstrated that HSPA12A inhibits 
migration of renal cancer cells through destabilizing CD147 
(Min et al. 2020). CD147 is a glycoprotein that promotes 
MCT4 expression and localizing to cell membrane for lactate 
export (Eichner et al. 2016; Kirk et al. 2000; Updegraff et al. 
2018). By striking contrast to that in renal cancer cells, we 
found that HSPA12A promoted migration as well as upreg-
ulated CD147 expression in HCC cells. Our findings are 
supported by previous studies which demonstrated that the 
same gene may play opposite roles in cancer pathogenesis. 

Fig. 6   HSPA12A increased MCT4 expression and cell membrane 
localization of HCC cells. HepG2 cells were infected with Hspa12a-
adenovirus to overexpress HSPA12A (Ad-HSPA12A) and HepG2 
cells infected with empty virus served as negative controls (Ad-
NC). Seventy-two hours after infection, the following measurements 
were performed. a MCT4 mRNA expression. The mRNA levels of 
MCT4 in HepG2 cells were determined by quantitative PCR. The 
PCR results of GAPDH served as internal controls. All data were pre-
sented as mean ± SD. *P < 0.05, n = 5/group. b MCT4 protein expres-
sion. The protein levels of MCT4 in HepG2 cells were evaluated by 

immunoblotting. The blots against α-tubulin served as loading con-
trols. All data were presented as mean ± SD. **P < 0.01, n = 4/group. 
c Immunofluorescence. The HepG2 cells were immunofluorescence 
stained with MCT4 (red). Hoechst 33,342 was used to counterstain 
nuclei (blue). Cells with MCT4 membrane localization were quanti-
fied. Scale bar = 50  μm (magnification × 40), or 20  μm (magnifica-
tion × 100). All data were presented as mean ± SD. *P < 0.05, n = 3/
group. Ad-NC, empty adenovirus-infected controls; Ad-HSPA12A, 
HSPA12A overexpression by infection with HSPA12A adenovirus; 
MCT4, monocarboxylate transporter 4
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As examples, DNAJB6 promotes colorectal cancer cell 
invasion whereas decreases the malignancy, growth, and 
migration of breast cancer cells (Mitra et al. 2008; Zhang 
et al. 2015). Similarly, miR-939 acts as tumor suppressor in 
pediatric anaplastic large cell lymphoma whereas it acts as 
an activator in proliferation of human ovarian cancer cells 
(Garbin et al. 2020; Ying et al. 2015). The opposite roles of 
HSPA12A in the migration process of HCC and that of renal 
cancer cells may be related to the differential regulation of 
CD147 and MCT4 and the subsequent glucose metabolism 

alterations; however, the exact underlying controlling mech-
anisms is not clear and is needed to be further investigated 
in future studies.

The effects of tumor cell metabolism on metastasis have 
been outlined recently. In order to meet the needs of energy 
and biosynthesis, the expression and function of metabolic 
enzymes and transporters in tumor cells are altered, lead-
ing to increased glucose uptake, accelerated glycolysis pro-
cess, and promoted lactate efflux (Shang et al. 2016). The 
increased lactate efflux to extracellular environment will 

Fig. 7   Knockdown of MCT4 mitigated the HSPA12A-induced lac-
tate output and migration of HCC cells. HepG2 cells were infected 
with Hspa12a-adenovirus to overexpress HSPA12A (Ad-HSPA12A). 
Subsequently, the Ad-HSPA12A HepG2 cells were transfected with 
MCT4-targeted siRNA (Si-MCT4) to knockdown MCT4 expression 
or transfected with scramble control siRNA (Si-NC). Forty-eight 
hours after Si-RNA transfection, the following measurements were 
performed. a MCT4 expression. Expression of MCT4 was examined 
by immunoblotting. The blots against α-tubulin served as loading 
controls. All data were presented as mean ± SD. **P < 0.01, n = 3/
group. b Extracelluar lactate contents. Measurement of extracelluar 
lactate levels was performed. All data were presented as mean ± SD. 
*P < 0.05, n = 3/group. c Wound-healing assay. Representative images 
showed wound healing of Ad-NC HepG2 cells, Si-NC and Si-MCT4 

HepG2 cells with Ad-HSPA12A overexpression at the indicated 
times after wounding. Red lines indicate the wound areas. Clo-
sure (healing) area was calculated as (wound area at 0 h) − (remain-
ing wound area). All data were presented as mean ± SD. **P < 0.01, 
n = 3/group. d Immunoblotting. Expressions of Integrin-β1, MMP2, 
and MMP9 were examined by immunoblotting. The blots against 
α-tubulin served as loading controls. All data were presented as 
mean ± SD. *P < 0.05, n = 4/group. Ad-NC, empty adenovirus-
infected controls; Ad-HSPA12A, HSPA12A overexpression by infec-
tion with HSPA12A adenovirus; MCT4, monocarboxylate transporter 
4; Si-NC, cells transfected with scrambled siRNA; Si-MCT4, cells 
transfected with MCT4-targeted siRNA; MMP, Matrix metallopepti-
dase
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stimulate tumor metastasis. As examples, lactate enhances 
motility of tumor cells in a concentration-dependent man-
ner (Goetze et al. 2011). The lactate-induced extracellular 
acidification weakens the adhesion ability of tumor cells by 
regulating the interaction between integrin and collagen, 
leading to a predisposition for metastasis (Payen et al. 2016). 
Moreover, a 9-year follow-up survey indicated that lactate 
accumulation in primary cervical cancer was negatively cor-
related with survival of patients (Walenta et al. 2000). In this 
study, we found that HSPA12A increased the expression of 
genes linking to glucose uptake (GLUT1 and GLUT4) and 
glycolytic catalysis (HK2, PFKFB3, PKM2, and LDHA) 
in HCC cells. Importantly, HSPA12A increased extracel-
lular lactate content and acidification, suggesting that the 
increased extracellular lactate and glycolysis is involved in 
the HSPA12A-induced HCC cell migration.

Following efflux from cells, intracellular lactate contents 
are decreased for ensuring the energy metabolism by glyco-
lysis as well as for preventing intracellular acidification of 
cancer cells. Thus, lactate efflux is critical for both metas-
tasis and survival of cancer cells. As a hydrophilic and a 
weak acid, lactate efflux across membranes is mediated by 
transporters that belong to the monocarboxylate transporter 
(MCT) family (Payen et al. 2019). Among the 14 members 
of this family, MCT4 presents in HCC cells at high level 
and has been shown promoting the migration of HCC cells. 
Moreover, MCT4 expression level is negatively correlated 
with the prognosis of HCC patients (Gao et al. 2015; Ohno 
et al. 2014). However, the regulation of MCT4 expression 
and its function in HCC has not been fully understood. Here, 
we demonstrated the following findings in HCC cells: (1) 
HSPA12A upregulated MCT4 expression at both mRNA 
and protein levels; (2) HSPA12A interacted with MCT4; (3) 
HSPA12A increased membrane localization of MCT4; (4) 
knockdown of MCT4 attenuated the HSPA12A-induced lac-
tate efflux of HCC cells; (5) knockdown of MCT4 attenuated 
the HSPA12A-induced migration of HCC cells. Altogether, 
the data suggest that the HSPA12A-induced promotion of 
HCC migration is in an MCT4-dependent manner.

In conclusion, the present study identified HSPA12A as a 
novel stimulator of HCC cell migration in an MCT4-medi-
ated mechanism. Also, our findings revealed that HSPA12A 
plays opposite roles in the migration process of HCC and 
that of renal cancer cells. The data support the potential 
utility of targeting HSPA12A as a therapeutic strategy for 
management of HCC metastasis. However, although rare, 
synchronous renal cell carcinoma and hepatocellular carci-
noma is reported, so HSPA12A inhibition might promote 
renal cancer progression in those cases, although it inhibits 
spread of hepatocellular carcinoma cells. Further research 
may be deserved to solve this problem.
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Fig. 8   Mechanistic scheme. 
HSPA12A upregulates MCT4 
expression, interacts with 
MCT4, as well as increases 
MCT4 localization on cell 
membrane, thereby facilitates 
the efflux of lactate that gener-
ated from glycolysis, and ulti-
mately promotes the migration 
of HCC cells
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