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Autophagy promotes metastasis and
glycolysis by upregulating MCT1 expression
and Wnt/β-catenin signaling pathway
activation in hepatocellular carcinoma cells
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Abstract

Background: Autophagy is a dynamic physiological process that can generate energy and nutrients for cell survival
during stress. Autophagy can regulate the migration and invasive ability in cancer cells. However, the connection
between autophagy and metabolism is unclear. Monocarboxylate transporter 1 (MCT1) plays an important role in
lactic acid transport and H+ clearance in cancer cells, and Wnt/β-catenin signaling can increase cancer cell
glycolysis. We investigated whether autophagy promotes glycolysis in hepatocellular carcinoma (HCC) cells by
activating the Wnt/β-catenin signaling pathway, accompanied by MCT1 upregulation.

Methods: Autophagic activity was evaluated using western blotting, immunoblotting, and transmission electron
microscopy. The underlying mechanisms of autophagy activation on HCC cell glycolysis were studied via western
blotting, and Transwell, lactate, and glucose assays. MCT1 expression was detected using quantitative reverse
transcription–PCR (real-time PCR), western blotting, and immunostaining of HCC tissues and the paired adjacent tissues.

Results: Autophagy promoted HCC cell glycolysis accompanied by MCT1 upregulation. Wnt/β-catenin signaling
pathway activation mediated the effect of autophagy on HCC cell glycolysis. β-Catenin downregulation inhibited the
autophagy-induced glycolysis in HCC cells, and reduced MCT1 expression in the HCC cells. MCT1 was highly expressed
in HCC tissues, and high MCT1 expression correlated positively with the expression of microtubule-associated protein
light chain 3 (LC3).

Conclusion: Activation of autophagy can promote metastasis and glycolysis in HCC cells, and autophagy induces
MCT1 expression by activating Wnt/β-catenin signaling. Our study describes the connection between autophagy and
glucose metabolism in HCC cells and may provide a potential therapeutic target for HCC treatment.
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Background
Hepatocellular carcinoma (HCC) is one of the most ma-
lignant tumors worldwide [1]. Diagnosing HCC is not dif-
ficult; however, HCC treatment does not yield the
expected effects. Hence, studying the key molecular mech-
anism of HCC development is a high priority for discover-
ing an effective treatment.

HCC development is accompanied by cell energy me-
tabolism that changes from oxidative phosphorylation to
aerobic glycolysis, and which is termed the Warburg effect
[2]. This metabolic pathway transformation not only en-
sures adequate energy supply to tumor cells, but also pro-
vides sufficient materials for rapid proliferation. A gas
chromatography–mass spectrometry study of the metabo-
nomics of 31 HCC tissues and paracancerous tissues
showed that HCC tissues had twice the metabolism rate
for glucose, glycerol 3-phosphoric acid, malic acid, alanine,
inositol, and linoleic acid compared to the paracancerous
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tissue, and that the glycolysis capacity was four times that
of oxidative phosphorylation [3]. Therefore, the rapid
growth and cell activity of HCC are closely related to its
glycolytic state. The characteristics of rapid growth and
proliferation imply that HCC cells require much energy
and sufficient material for synthesizing biological macro-
molecules. However, the formation of new blood vessels
cannot provide the energy required for HCC cell growth,
which leads to HCC cells often growing in a hypoxic and
low-nutrient environment [4]. It appears that HCC cell
proliferation would be reduced in a low trophic state; on
the contrary, HCC cells tolerate low-nutrient environ-
ments well and maintain their ability to proliferate rapidly.
In some cases, a tumor larger than 10 cm in diameter is
formed [5]. Currently, the question of how HCC cells ob-
tain sufficient energy to maintain rapid proliferation under
low nutritional status has not been answered.
Another interesting phenomenon is that autophagy is

increased when solid tumors are formed in the above-
mentioned severe environment. The increased autoph-
agy in solid tumors is an adaptive behavior in response
to the harsh microenvironment. Autophagy is a process
wherein the double membrane is shed from the rough-
surface endoplasmic reticulum of the ribosomal area and
forms an autophagosome, which can envelop part of the
cytoplasm and cell organelle protein composition and
merge with a lysosome to form an autolysosome, which
eventually degrades the autophagosome contents [6].
The process yields the energy or material a cancer cell
needs to survive. Many studies have shown that autoph-
agy plays an important role in normal cell maintenance
and in tumorigenesis, drug resistance, and other patho-
physiological processes [7–9]. In conditions of hypoxia
and low nutrition in particular, autophagy is a protective
mechanism for HCC cells. Recent studies have shown
that autophagy can promote HCC cell survival and
maintain proliferation by influencing lipid metabolism in
hypoxic environments [10]. A study on autophagy found
that in the process of carcinogenesis in Ras-mediated
transformation, autophagy can promote glucose uptake
and utilization, and that inhibiting autophagy caused an
obvious decrease in glucose uptake [11]. As autophagy is
a protective process in cancer cell survival that requires
much energy and material, then is glucose metabolism,
the major energy delivery pathway, regulated by autoph-
agy? How does autophagy regulate glucose metabolism?
The metabolic associated enzymes such as pyruvate

kinase, hexokinase, lactic dehydrogenase (LDH), and
transport proteins such as glucose transport protein and
monocarboxylate transporter (MCT) are key metabolic
regulators. MCTs play an important role in lactic acid
transport and clear H+ in cancer cells [12]. In addition,
recent studies have shown that MCT overexpression
may play an important role in tumorigenesis. At present,

the Wnt pathway can induce HCC by activating the
downstream target genes such as c-MYC, c-JUN, cyclin
D1 (CCND1), and vascular endothelial growth factor
(VEGF) [13]. However, whether the Wnt pathway is in-
volved in HCC metabolism is unclear.
In the present study, we explored the mechanism of

autophagy in influencing glycolysis, invasion, and metas-
tasis in HCC cells. Autophagy enhances glucose uptake
and lactic acid production by upregulating MCT1 ex-
pression and the activation of Wnt/β-catenin signaling.
Therefore, we investigated the mechanism of autophagy-
regulated glycolysis in HCC cells. Our findings provide
an experimental and theoretical basis for the further
study of autophagy in HCC development and treatment.

Methods
Clinical samples
Eighty-five pairs of HCC tissues and the adjacent tissues
were acquired from the Liaoning Cancer Hospital and
Institute. The tissues were frozen in liquid nitrogen and
then immediately stored at −80 °C. The hospital ethics
committee approved the protocol, and all patients pro-
vided gave consent for the utilization of their tissue sam-
ples in this study.

Cell culture and transfection
Two HCC cell lines (SMMC-7721, HepG2) were pur-
chased from Shanghai Institute of Cell Bank (Shanghai,
China) and grown in RPMI 1640 medium (BioWhittaker,
Walkersville, MD, USA) supplemented with 10% fetal bo-
vine serum (HyClone, Logan, UT, USA) at 37 °C in 5%
CO2 and saturated moisture. For investigating the role of
β-catenin in autophagy, the cells were transfected with
small interfering RNAs (siRNAs) targeting three β-catenin
loci (si-β-catenin-1, si-β-catenin-2, si-β-catenin-3) or
scrambled negative control (si-NC) designed and synthe-
tized by GeneChem (Shanghai, China). The β-catenin
siRNA sequences were: si-β-catenin-1, 5′-GAUGGUGU-
CUGCUAUUGUACG-3′ (sense) and 5′-GGACAAG-
GAAGCUGCAGAAGC-3′ (anti-sense); si-β-catenin-2,
5′-UUCUGCAGCUUCCUUGUCCUG-3′ (sense) and 5′-
UUGUGAUCCAUUCUUGUGCAU-3′ (anti-sense); si-β-
catenin-3, 5′-GAUGGUGUCUGCUAUUGUACG-3′ (sense)
and 5′-UACAAUAGCAGACACCAUCUG-3′ (anti-sense).
For investigating the relationship between starvation-
induced autophagy and glycolysis, the cells were treated
with Earle’s balanced salts solution (EBSS) for 6 h or with
10 μM 3-methyladenine (3-MA, Sigma, Shanghai, China)
for 6 h.

Quantitative real-time PCR
Total cell RNA was extracted using TRIzol (Invitrogen,
Life Technologies, Carlsbad, CA, USA). First-strand
complementary DNA (cDNA) was synthesized using
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random primers using a RevertAid First Strand cDNA Syn-
thesis Kit (Thermo Scientific, Waltham, MA, USA). SYBR
Premix Ex Taq II (Takara, Dalian, China) was used to per-
form the quantitative real-time PCR on a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
USA), and the results were normalized with U6 or β-actin
as the internal control. The primer sequences used for the
real-time PCR are in Additional file 1.

Western blotting
Radioimmunoprecipitation assay buffer containing prote-
ase inhibitor (Roche, Nutley, NJ, USA) was used to lyse
the cells. The protein samples were separated using so-
dium dodecyl sulfate–polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA). The membranes were in-
cubated with primary antibodies against MCT1, β-catenin,
matrix metalloproteinase 2 (MMP2), MMP9, and β-actin
(Proteintech, Wuhan, China) overnight at 4 °C. Enhanced
chemiluminescence reagents (Wanlei, Shenyang, China)
were used to assess protein expression; protein band in-
tensity was quantified by densitometry and normalized to
the corresponding bands for β-actin.

Migration and invasion assays
The invasion assay was performed using a 24-well Milli-
cell chamber containing a Matrigel-coated membrane.
The migration assay was performed similarly to the inva-
sion assay except the Millicell chamber did not contain a
Matrigel-coated membrane. For both assays, the HCC
cells (3*104/well) were seeded in the top chamber. The
bottom wells were filled with complete RPMI 1640
medium for 24 h. Cells remaining on the top side of the
membrane were wiped away with cotton swabs, and cells
that were on the bottom side of the membrane were
fixed with methanol, stained with 0.1% crystal violet, and
the cells in five random fields were counted and the
average value was calculated. Each experiment was con-
ducted in triplicate.

Immunostaining
Paraffin sections were used for investigating MCT1 ex-
pression in human HCC tissues. Antigen retrieval was
performed using citric acid; dehydration and clearing
were performed using gradient alcohol. The sections
were then stained using an immunohistochemical kit
(ZSGB-BIO, Beijing, China) according to the manufac-
turer’s instructions. The sections were incubated with
primary antibody against MCT1 (1:100, Proteintech,
Wuhan, China), counterstained with hematoxylin, and
mounted. The nuclei were stained using diaminobenzi-
dine (Beyotime, Shanghai, China), and the slides were
observed under microscopy.

Lactate level measurement
Lactate levels were detected using a Lactate Assay Kit II
(Sigma). Cell samples were combined with 4× volume
lactate assay buffer to dissolve, and centrifuged at
13,000 rpm for 10 min. The pellet was discarded, and a
10-KDa overspeed centrifugal tube was used to remove
the effect of LDH. The supernatant was dispensed in a
96-well plate. Lactate assay buffer (50 μL) was added to
each well; empty wells were filled with 50–96 μL lactate
assay buffer (total volume, 100 μL), pipette-mixed, and
incubated for 30 min at room temperature away from
light before the absorbance was measured at 450 nm.

Glucose measurement
Glucose levels were detected using a High Sensitivity
Glucose Assay Kit (Sigma). Cells (1 × 106) were com-
bined with 106 μL glucose and assay buffer and centri-
fuged at 12,000 rpm for 5 min; the supernatant was
collected while the pellet was discarded. Protein was re-
moved from the samples using a 10-KDa molecular
weight cut-off spin filter. Each well in a 96-well plate
was filled with 25 μL sample, and glucose assay buffer
was added to make up a final volume of 50 μL. Empty
wells were filled with 50–96 μL glucose assay buffer
(total volume, 100 μL), pipette-mixed, and incubated at
37 °C for 30 min away from light before the luminosity
was measured (λex = 535/λem = 587 nm).

Cell proliferation
Cell Counting Kit-8 (CCK-8, Beyotime) was used to de-
tect cell proliferation. Cells (5 × 103/ml) were seeded in
96-well plates, incubated in 5% CO2 overnight at 37 °C,
and then incubated for 1 h with 10 μL CCK-8 reagent.
We measured the CCK-8 absorbance at 450 nm using a
microplate reader to determine the rate of cell growth.

Immunofluorescence
The cells were cultured and seeded in 6-well plates,
washed with phosphate-buffered saline, and fixed with 4%
polyformaldehyde. Then, primary antibody against
microtubule-associated protein light chain 3 (LC3, 1:100,
Cell Signaling Technology, Massachusetts, US) or β-
catenin (1:100, Cell Signaling Technology, Massachusetts,
US) was added, and the plates were incubated at 4 °C
overnight. After washing with PBS, fluorescein isothio-
cyanate–labeled secondary antibody (Bioss, Beijing, China)
was added and incubated for 2 h. The cells were counter-
stained with diamidinophenylindole (Bioss) and visualized
under a confocal microscope.

Luciferase reporter assays
The β-catenin-mediated transcriptional activation was
detected by TOPflash luciferase reporter plasmid, re-
porter activity was normalized to the control Renilla.
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The reporter assays were conducted following previously
described [14].

Transmission electron microscopy
The cells were fixed in 3% glutaraldehyde and fixed in
0.1 M sodium cacodylate buffer. Then, the cells were
dehydrated in 50–100% ethanol gradient and embedded
in araldite; ultrathin sections were obtained (50–60 nm)
and stained with uranyl acetate and lead citrate. Images
were viewed using a JEM-1400 transmission electron
microscope at 80 kV.

Statistical analysis
Data analyses were performed using SPSS 17.0 software
(SPSS Inc., Chicago, IL, USA). The results are presented
as the mean ± SD; statistical analyses were performed
using the Student t-test or analysis of variance. The rela-
tionship between the expression of two genes was ana-
lyzed using Pearson correlation analysis. P-values <0.05
were considered significant.

Results
Starvation upregulated autophagy in HCC cells
Starvation or nutrient deficiency can upregulate autoph-
agy. Accordingly, we cultured HepG2 and SMMC-7721
cells with EBSS, which contains neither nutrients nor
serum, for 6 h to induce autophagy. After the 6 h starva-
tion, there was significant autophagy in the control cells
compared with the cells treated with the autophagy in-
hibitor 3-MA. Western blotting showed that both LC3-

II expression and the LC3-II/LC3-I ratio were increased
after starvation (Fig. 1a). Immunofluorescence showed
significantly increased LC3 protein accumulation after
starvation (Fig. 1b, c). Transmission electron microscopy
revealed more characteristic autophagosomes in the
starved cells (Fig. 1d). These data confirm that 6 h star-
vation can induce autophagy in HCC cells.

Autophagy promoted HCC cell migration and invasion
We detected the impact of autophagy on HCC cell inva-
sion and migration via Transwell assays. Cells that had
been starved for 6 h had significantly increased invasive
and migration ability compared with the control and the
cells treated with 3-MA (p < 0.05; Fig. 2a, b). MMP2 and
MMP9 were also increased in the autophagy-induced
cells (Fig. 2c, d). MMP2 and MMP9 are the members of
matrix metalloproteinases. Their function is involved in
ECM degradation, which is the one of the key prcocess
in tumor metastasis. The secretion of MMP2 and other
specific factors about invasion were found to depend on
autophagy [15]. These results indicate that starvation-
induced autophagy can promote HCC cell invasion and
migration.

Autophagy promoted HCC cell glycolysis by upregulating
MCT1
We examined whether autophagy can promote HCC cell
glycolysis. The glucose and lactate assays showed that
autophagy significantly increased HCC cell glucose con-
sumption and lactate production rates, while inhibition

Fig. 1 Starvation upregulates autophagy in HCC cells. (a) The expression levels of LC3 I and LC3 II in HepG2 cells and SMMC-7721 cells cultured with
control, EBSS or EBSS + 3MA for 6 h. (b, c) Immunofluorescence showed significantly increased of LC3 protein accumulation in starved HepG2 cells and
SMMC-7721 cells cultured with control, EBSS or EBSS + 3MA for 6 h. (d) transmission electron microscopy showed autophagosomes in the starved
HepG2 and SMMC-7721 cells cultured with control, EBSS or EBSS + 3MA for 6 h. Data are shown as the mean ± SEM of three independent experiments
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of autophagy by 3-MA significantly decreased them
(Fig. 3a, b). Next, we probed the expression of several
key enzymes of glycolysis, and found that autophagy
promoted glycolysis by upregulating MCT1 in the HCC
cells. Real-time PCR used to detect the expression of
glycolysis key enzymes in the HCC cells revealed

significantly increased MCT1 in the starved cells; cells
that had been treated with 3-MA had decreased en-
zyme expression (Fig. 3c), and western blotting yielded
similar results (Fig. 3d). To further investigate the role
of MCT1 in autophagy-induced HCC glycolysis, we de-
tected the effect of glycolysis when MCT1 knockout in

Fig. 2 Autophagy promoted HCC cell migration and invasion. (a, b) Migration and Matrigel invasion assays were used to detect the migration and
invasion of HepG2 cells and SMMC-7721 cells cultured with control, EBSS or EBSS + 3MA for 6 h. Representative images are shown (magnification:
×100). (c, d) Western blot showed the expression of MMP2 and MMP9 in the starved HepG2 and SMMC-7721 cells cultured with control, EBSS or EBSS
+ 3MA for 6 h. Data are shown as the mean ± SEM of three independent experiments. *p < 0.05
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autophagy induction. The konckdown effect of three
MCT1 siRNAs was performed by wetern blot. The re-
sults showed that siRNA3 could knock down the
MCT1 expression effectively (Fig. 3e, f ). Then we found
that MCT1 knockdown decreased consumption and
lactate production rates when induction of autophagy
by EBSS (Fig. 3g, h), which revealed MCT1 could par-
ticipate in autophagy-induced glycolysis in HCC cells.

Autophagy activated Wnt/β-catenin signaling in HCC cells
Wnt/β-catenin signaling plays an oncogenic role in
many cancers; recent research has reported that Wnt/β-
catenin is also involved in autophagy in human non–
small cell lung cancer cells [16]. We therefore detected
whether autophagy can upregulate MCT1 via Wnt/β-ca-
tenin signaling in HCC cells. Western blotting showed
increased β-catenin expression following 6 h starvation

Fig. 3 Autophagy promoted HCC cell glycolysis by upregulating MCT1. (a, b) Analysis of the consumption of glucose and production of lactate
in HepG2 cells and SMMC-7721 cells cultured with control, EBSS or EBSS + 3MA for 6 h. (c) The expression levels of glycolysis key enzymes in the
starved HepG2 and SMMC-7721 cells cultured with control, EBSS or EBSS + 3MA for 6 h were detected by real-time PCR. (d) Western blot showed
the expression of MCT1 protein in the starved HepG2 and SMMC-7721 cells cultured with control, EBSS or EBSS + 3MA for 6 h. Data are shown as
the mean ± SEM of three independent experiments. (e, f) Real-time PCR and western blot were used to examine the expression of MCT1 in
HepG2 and SMMC-7721 cells transfected with MCT1 siRNA. (g, h) Analysis of the consumption of glucose and production of lactate in HepG2 cells
and SMMC-7721 cells cultured with EBSS for 6 h after transfected with MCT1 siRNA . Data are shown as the mean ± SEM of three independent
experiments. *p < 0.05, **p < 0.01
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with EBSS as compared with the control, while β-catenin
expression was decreased in the 3-MA–treated cells
(Fig. 4a, b). Furthermore, β-catenin activity is determined
by its phosphorylation status and cellular localization. We
therefore examined β-catenin phosphorylation at Ser33 in
HCC cells cultured with EBSS or 3-MA for 6 h. The
starved cells had decreased β-catenin phosphorylation,
while the autophagy-inhibited cells had increased β-
catenin phosphorylation (Fig. 4a, b). Immunofluorescence
examination of the cellular localization of β-catenin
showed that autophagy increased β-catenin nuclear accu-
mulation after 6 h starvation (Fig. 4c, d). These results in-
dicate that starvation-induced autophagy can activate β-
catenin.

β-catenin downregulation inhibited autophagy-induced
glycolysis in HCC cells
To further determine the role β-catenin plays in
autophagy-promoted glycolysis in HCC cells, we trans-
fected HCC cells with β-catenin siRNAs for 48 h to de-
crease β-catenin expression. The β-catenin levels were
measured using real-time PCR and western blotting to
evaluate transfection efficiency (Fig. 5a, b). We then ex-
amined the effect of β-catenin on autophagy-induced
glycolysis in the HCC cells. Western blotting showed that
the β-catenin knockdown decreased MCT1 expression

significantly (Fig. 5c), and decreased glucose consumption
and lactate production rates (Fig. 5d–g). These findings indi-
cate that autophagy upregulates MCT1 and induces HCC
cell glycolysis by activating Wnt/β-catenin signaling. More-
over, more researches indicated β-catenin was involved in
the regulation of target gene expression by promoting gene
transcription. To further investigate the mechanism, the
Top-Luc Flash reporter and pRL-TK (negative control) were
performed a special luciferase experiment. Our results indi-
cated that induction of autophagy by EBSS increased lucifer-
ase activity significantly in both HepG2 and SMMC-7721
cells (Fig.5h, 5i). Thus indiacted that β-catenin can promote
MCT1 expression by promoting transcription.

High MCT1 expression correlated positively with LC3B in
HCC tissues
We examined MCT1 expression in 85 HCC tissues via
western blotting and real-time PCR, which showed that
both MCT1 protein and mRNA were highly expressed in
HCC tissues compared with the adjacent tissues (Fig. 6a, b).
Immunohistochemical analysis indicated that MCT1 was
mainly expressed in the cell membrane in the HCC tissues,
and that its expression was increased in the HCC tissues
(Fig. 6c). LC3 is a marker protein in autophagy; some stud-
ies have shown that it is highly expressed in HCC tissues
[17, 18]; Accordingly, we used the Pearson correlation to

Fig. 4 Autophagy activated Wnt/β-catenin signaling in HCC cells. (a, b) Western blot showed the expression of β-catenin and p-β-catenin in the
starved HepG2 and SMMC-7721 cells cultured with control, EBSS or EBSS + 3MA for 6 h. (c, d) Immunofluorescence showed the location of β-
catenin in starved HepG2 cells and SMMC-7721 cells cultured with control, EBSS or EBSS + 3MA for 6 h. Data are shown as the mean ± SEM of
three independent experiments. *p < 0.05
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analyze the relationship between the expression of MCT1
mRNA and LC3B mRNA in the 85 HCC tissues, which de-
termined that MCT1 mRNA expression correlated posi-
tively with that of LC3B mRNA (r = 0.676, p < 0.001) (Fig.
6d). Moreover, we divided the 85 tissues into 2 groups by
lymph node metastases. And we we analysed the relative
MCT1 expression in metastatic cases (n = 11) versus non-
metastatic cases (n = 74). The results showed that MCT1
expression significantly higher in patients with lymph node
metastases (Fig. 6e). Additionally, we then analysed the cor-
relation between autophagy marker LC3B and metastasis.
The results showed that LC3B expression was significantly
higher in patients with lymph node metastases than with-
out lymph node metastases (Fig. 6f). Thus revealed that au-
tophagy is associated with metastasis in HCC.

Discussion
Autophagy is a dynamic physiological process that can gen-
erate energy and nutrients for cell survival during stressors.
From this aspect, the role of autophagy changes during the
course of tumorigenesis and tumor development [19]. Due

to the heterogeneity of cancer, the process is highly com-
plex between tumor types. In HCC, autophagy can sup-
press tumor initiation in normal liver by maintaining
intracellular homeostasis. On the contrary, autophagy can
support liver cancer cell growth and proliferation when a
tumor is established [20]. However, the detailed mecha-
nisms on how autophagy influences cancer cell progression
are not fully understood. In this study, we determined the
role of autophagy in the energy metabolism of HCC cells.
Recent research has revealed that autophagy is of value

for exploring the potential prognostic biomarkers and
therapy targets in patients with HCC [21]. The Clinical-
Trials.gov website lists over 50 ongoing randomized con-
trolled trials on the role of autophagy in cancer therapy.
One trial is evaluating whether sorafenib/hydroxychloro-
quine will have improved efficacy when compared to so-
rafenib alone and in patients progressing to sorafenib,
and if the addition of hydroxychloroquine would lead to
disease stability in patients with advanced HCC (Trial
registration ID: NCT03037437). In a previous study, we
focused on the autophagy regulators and found that the

Fig. 5 β-Catenin downregulation inhibited autophagy-induced glycolysis in HCC cells. (a, b) Real-time PCR and western blot were used to examine
the expression of β-catenin in HepG2 and SMMC-7721 cells transfected with β-catenin siRNA. (c) The expression of MCT1 in HepG2 cells and SMMC-
7721 cells cultured with EBSS for 6 h after transfected with β-catenin siRNA. (d-g) Analysis of the consumption of glucose and production of lactate in
HepG2 cells and SMMC-7721 cells cultured with EBSS for 6 h after transfected with β-catenin siRNA . Data are shown as the mean ± SEM of three
independent experiments. (h, i) The effect of activation of autophagy with EBSS on Wnt/β-catenin signaling pathway was detected by dual-luciferase
reporter assays in HepG2 cells and SMMC-7721 cells. *p < 0.05
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long noncoding RNA HOTAIR participates in autophagy
promotion in HCC cells [22]. However, the downstream
effect of autophagy in cancer cells is unclear, and its elu-
cidation is important for exploiting autophagy as a
therapeutic strategy.
The role of autophagy in tumor progression has been

explored recently. An increasing number of studies has
indicated that autophagy can help tumor cells adapt to
the tumor environment and survive stressors. Several
studies have found that autophagy can regulate the mi-
gration and invasive ability of cancer cells. Galavotti et
al. demonstrated that autophagy can promote glioblast-
oma stem cell migration and invasion via the autophagy-
associated factors DRAM1 and p62 [23]. Indelicato et al.
showed that, in MDA-MB-231 cells, autophagy can
regulate cell invasion by altering the cytoskeleton [24].
To explore the role of autophagy in HCC cell invasion,
we established a HCC cell model in which autophagy
was induced or inhibited. Then, we detected the effect of
autophagy on cell migration and invasion. The results in

the two HCC cell lines (HepG2 and SMMC-7721)
showed that autophagy can promote HCC cell invasion.
We also assessed the expression of MMP2 and MMP9,
enzymes that can catalyze collagen hydrolysis. MMP2
and MMP9 were upregulated when autophagy was acti-
vated in the HCC cells. Our work indicates that defect-
ive autophagy may be a therapeutic intervention target
for preventing HCC cell invasion.
The metabolism model of cancer cells differs from that

of normal cells. Cancer cells mainly depend on aerobic
glycolysis to provide energy and maintain cellular homeo-
stasis, which is critical for cancer cell proliferation and
progression; this is termed the Warburg effect. Generally,
autophagy is considered a process that can provide energy
and components for surviving stress. However, the con-
nection between autophagy and metabolism is unclear.
Here, we investigated the relationship between autophagy
and glycolysis in HCC cells. We found that activating
autophagy in HCC cells increased glucose consumption
and lactate production; on the contrary, inhibiting

Fig. 6 High MCT1 expression correlated positively with LC3B in HCC tissues. (a) The expression levels of MCT1 in 85 pairs of tumor tissues and
adjacent tissues were detected by real-time PCR. (b) The representative expression of MCT1 levels in adjacent tissues (N) and tumor tissues (T) by
Western blot. (c) Representative immunostaining of MCT1 in HCC tissues and adjacent tissues (magnification: ×100, ×200). (d) Pearson correlation
to analyse the expression relationship between MCT1 mRNA and LC3B mRNA in 85 HCC tissues (r = 0.676, P < 0.001). (e) Relative MCT1 expression
in metastatic(n = 11) cases versus non-metastatic cases(n = 74). (f) Correlation between autophagy marker LC3B and metastasis. (g) A Schematic
model of autophagy promoting MCT1 expression by β-catenin to influence glycolysis in HCC. *p < 0.05, **p < 0.01
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autophagy led to decreased glucose consumption and
lactate production. This indicates that autophagy can
promote glycolysis in HCC cells. Accumulating evi-
dence indicates that cellular metabolism and autoph-
agy are related, but the molecular link is unclear. To
probe the expression of the metabolism-associated
genes, we detected several metabolism enzymes in
HCC cells using real-time PCR. We detected an obvi-
ous increase in MCT1, which was reversed by the au-
tophagy inhibitor 3-MA. Then, we detected MCT1
protein expression under the same treatment condi-
tions to confirm the role of MCT1 in autophagy-
induced glycolysis, and found that autophagy can lead
to increased MCT1 protein expression as well. These
results indicate that MCT1 may be involved in
autophagy-induced glycolysis. MCT1 mainly trans-
ports pyruvate, while MCT4 primarily transports lac-
tate [25–28].
Next, we explored the mechanism by which autoph-

agy promotes MCT1 expression by activating Wnt/β-
catenin signaling. β-Catenin is an important second
messenger of classic Wnt signaling. Under normal
physiological conditions, β-catenin binds with glycogen
synthase kinase 3 (GSK3), axin, adenomatous polyposis
coli, and Dishevelled (DSH). β-Catenin can be phos-
phorylated by GSK3β and is eventually degraded. Once
Wnt signaling is activated, it is difficult to phosphoryl-
ate and degrade β-catenin; therefore, free β-catenin ac-
cumulates. Eventually, the increased β-catenin is
transported to the nucleus and leads to the increase or
decrease in the expression of specific genes. Much re-
search has shown that altered Wnt signaling is involved
in HCC occurrence and development [29–31]. Re-
cently, it was reported that Wnt signaling activation
can increase colon cancer cell glycolysis and promote
colon cancer cell proliferation [32]. Further research
shows that it relies on Wnt activation of the down-
stream target pyruvate dehydrogenase kinase 1 (PDK1)
[33]. Another study showed that β-catenin can regulate
metabolic reprogramming via significant modulation of
lipogenic enzyme expression and activity [34]. These
findings indicate that Wnt/β-catenin signaling plays a
key role in cancer cell metabolism. In this study, we de-
termined that Wnt/β-catenin is involved in autophagy-
induced glycolysis.

Conclusions
Overall, autophagy activation promotes metastasis and
glycolysis in HCC cells. Autophagy induces MCT1 ex-
pression by activating Wnt/β-catenin signaling. This
study makes the connection between autophagy and glu-
cose metabolism in HCC cells and may provide a poten-
tial therapeutic target for HCC.
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(DOCX 67 kb)
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