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MicroRNA-34a inhibits liver cancer cell growth
by reprogramming glucose metabolism
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Abstract. MicroRNAs (miRs) have been proposed as mini-
mally invasive prognostic markers for various types of cancer,
including liver cancer, which is one of the most common
cancers worldwide. In the present study, the expression of
miR-34a in human liver cancer tissues and cell lines was evalu-
ated and the effects of miR-34a on cell proliferation, invasion
and glycolysis in hepatocellular carcinoma (HCC) cells were
determined. The results indicated that miR-34a was down-
regulated in human liver cancer tissues. Overexpression of
miR-34a significantly inhibited liver cancer cell proliferation
and clone formation. In terms of the underlying mechanism,
miR-34a was indicated to negatively regulate the expression
of lactate dehydrogenase A (LDHA), which consequently
inhibited LDHA-dependent glucose uptake in the cancer cells,
as well as cell proliferation and invasion. Collectively, these
data suggest that miR-34a functions as a negative regulator of
glucose metabolism and may serve as a novel marker for liver
cancer prognosis.

Introduction

Liver cancer is one of the most common malignancies world-
wide, with an increasing incidence, especially in China (1-3).
Hepatocellular carcinoma (HCC) is the most common type of
primary liver cancer; it is estimated to be the second leading
cause of cancer-related death in developing countries and
the sixth leading cause in developed countries (4-6). Despite
recent advances in HCC management, including surgical
resection, radiofrequency ablation, liver transplantation,
and transcatheter arterial chemoembolization (TACE), the
prognosis of most HCC patients remains poor. In addition,
the molecular pathogenesis of HCC is not well understood.
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Therefore, it is crucial to clarify the effector molecules and
signaling pathways underlying HCC tumor progression and
metastasis to develop novel therapeutic strategies and more
effective treatments.

MicroRNAs (miRNAs/miRs) are endogenous small
(19-25 nucleotide) non-coding RNAs. By binding to the
3'-untranslated regions (3'-UTRs) of targeted messenger RNAs
(mRNAs) (7-9), miRNAs play important roles in post-tran-
scriptional regulation and numerous biological processes
such as proliferation, survival, and apoptosis (10,11). Recently,
several studies have found that miRNAs are also critical for
cancer invasion and metastasis. Dysregulated expression of
miRNAs is correlated with many human cancers, including
HCC. In addition, miRNAs are emerging as promising diag-
nostic and prognostic markers for human cancers (12,13).

miR-34a reportedly acts as a tumor suppressor in many
cancers,including pancreatic cancer, prostate cancer, glioblas-
toma, colon cancer, and breast cancer (14-17). In pancreatic
cancer, miR-34a inhibits stem cell self-renewal by down-
regulating Bcl-2 and Notch (18). In glioblastoma, miR-34a
inhibits cell proliferation due to its regulation of the TGF-f§
signaling network (19). Several recent studies have shown
that the expression of miR-34a is dramatically decreased in
clinical HCC specimens, suggesting that miR-34a represents
a potential target for HCC treatment (20-22). However, the
biological effect and underlying mechanism of miR-34a in
HCC tumorigenesis and metastasis remains to be elucidated.
Thus, further exploration of miR-34a is of utmost signifi-
cance.

Lactate dehydrogenase A (LDHA) plays an important
role in tumor cell metabolism (23-25). It has recently been
reported that LDHA expression is correlated with progression
and survival outcomes in multiple cancers, including renal
cancer, gastric cancer, esophageal squamous cell carcinoma,
and pancreatic cancer. Moreover, several oncogenes and
deacetylases, including HIF-1a, SIRT2, and MYC, contribute
to the regulation of LDHA expression and post-transcriptional
modification (26,27). Together, these studies indicate that
LDHA could be a novel therapeutic target for multiple human
cancers, including HCC.

In this study, we evaluated the expression of miR-34a in
HCC tissues and cell lines. Furthermore, functional studies of
the effects of miR-34a and LDHA on cell proliferation, inva-
sion, and glycolysis in HCC cells were performed to explore
the underlying connection between miR-34a and HCC.
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Materials and methods

Cell lines and culture. The HCC cell lines Huh7, HCCLM3,
Hep3B, Mahlavu, SNU475, and human hepatocyte line LO2
were obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) and cultured in Dulbecco's modi-
fied Eagle's medium (DMEM) (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin (Gibco;
Thermo Fisher Scientific, Inc.) at 37°C in a humidified atmo-
sphere with 5% CO,.

Clinical samples. The study protocols were approved by
the Ethics Committee of Qingdao No. 6 People's Hospital
following the ethical standards outlined in the Declaration
of Helsinki. Written informed consent was obtained from
all patients. Tissue samples from 22 pairs of HCC tissues
(HC) and their corresponding adjacent tissues (normal,
located ~2 cm apart) were collected in the Department of
Hepatology, Qingdao No. 6 People's Hospital. The clinical
profiles of the 22 participants in the study, such as gender,
age, BMI, tumor size, and Child-Pugh class were described
in Table I. Tissue samples were obtained and immediately
stored in liquid nitrogen for further reverse transcrip-
tion-quantitative polymerase chain reaction (RT-qPCR
analysis.

RNA extraction and RT-gPCR. Total RNA was extracted from
the tissues and cell lines using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.). RT was performed using a
Prime-Script RT Reagent kit (Takara Biotechnology Co., Ltd.,
Dalian, China) and RT-qPCR was performed using SYBR
Premix Ex Taq (Takara Biotechnology Co., Ltd.). MicroRNA
extraction was conducted using a MicroRNA Extraction kit
(Tiangen Biotech Co., Ltd., Beijing, China) and RT-qPCR was
performed with SYBR Premix Ex Taq (Takara Biotechnology
Co., Ltd.) according to the manufacturer's protocol. GAPDH
and RNU6B were used as normalizing controls for mRNA
and miRNA quantification, respectively. The primers were
as follows: miR-34a forward, 5-UGGCAGUGUCUUAGC
UGGUUGU-3' and reverse, 5-AACCAGCUAAGACACUGC
CAUU-3"; LDHA, forward, 5" TTGGTCCAGCGTAACGTG
AAC-3' and reverse, 5'-CCAGGATGTGTAGCCTTTGAG-3'.
The 244% method was used to determine relative expression
levels.

Cell proliferation assay. HuH7 and HCCLM3 cells were
seeded in 96-well plates and incubated for 24 h before being
transfected with miR-34a or scrambled mimics. After the cells
were incubated for another 48 h, an MTT assay was performed
according to the manufacturer's instructions (Molecular
Probes; Thermo Fisher Scientific, Inc.). The absorbance at
570 nm was determined using a Spectra Max 250 spectropho-
tometer (Molecular Devices, Sunnyvale, CA, USA).

Foci formation assay. HuH7 and HCCLM3 cells were seeded
in 6-well plates at a density of 2,000 cells per well and trans-
fected with miR-34a or scrambled mimics. When the number
of clones exceeded 50, the cells were stained with 0.06%
crystal violet and the foci numbers were counted.
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Cell invasion assay. A Transwell invasion assay was used to
determine the invasion capacity of the tumor cells. Briefly,
HuH7 and HCCLM3 cells were transfected with miR-34a or
scrambled mimics, cultivated for 24 h, and seeded onto the
Matrigel-coated chambers (24-well; BD Biosciences, San Jose,
CA,USA) in serum-free DMEM. DMEM containing 10% FBS
was added to the lower chamber. The matrix and non-invaded
cells were removed after 48 h of incubation, while the invaded
cells were fixed, stained, and counted.

Wound-healing assay. After transfection, HuH7 cells were
seeded in 6-well plates and grown to 90% confluence. After
24 h, linear scratch wounds were created using pipette tips and
the cells were washed three times with PBS. The cells were
then incubated in DMEM containing 5% FBS. Cell movement
at the wound site was monitored and photographed at O and
24 h. The percentage of wound closure was analyzed and
compared as described previously (24).

Measurement of glucose uptake and lactate production.
To assess glucose uptake and lactate production, HuH7 and
HCCLMS3 cells were transfected with miR-34a or scrambled
mimics, and the cell culture medium was collected 48 h after
transfection. An Amplex® Red Glucose/Glucose Oxidase
Assay kit (Invitrogen; Thermo Fisher Scientific, Inc.) was
then used to measure glucose uptake, and a lactate assay kit
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was
used to determine lactate production.

Western blotting. HuH7 and HCCLM3 cells were transfected
with either miR-34a or scrambled mimics. After 48 h, protein
was extracted using RIPA lysis buffer. Protein concentra-
tions were quantified using a Protein BCA Assay kit (Pierce;
Thermo Fisher Scientific, Inc.). The protein samples were
separated by 10% SDS-PAGE then transferred to polyvi-
nylidene difluoride membranes (EMD Millipore, Billerica,
MA, USA). After blocking in 5% skim milk for 1 h at room
temperature, the membranes were incubated with antibodies
against LDHA and fB-actin (Affinity Biosciences, Columbus,
OH, USA) at 4°C overnight. A peroxidase-conjugated
secondary antibody (dilution 1:1,500) was applied for 1 h at
room temperature to visualize the target proteins. The target
proteins were visualized using Western blotting detection
reagents (Thermo Fisher Scientific, Inc.) and then exposed to
X-ray film (Kodak, Inc., Rochester, NY, USA). The optical
density (OD) (target proteins)/OD (f-actin) was used to quan-
tify protein expression.

LDHA-expressing vector. Full-length LDHA cDNA
was purchased from GeneCopeia (Rockville, MD, USA)
and sub-cloned into the expression vector pcDNA3.1(+)
(GeneCopeia). The vector pcDNA3.1(+) was used as a negative
control.

Statistical analysis. All in vitro experiments were performed
in triplicate. The results are presented as means + standard
deviation. Statistical comparisons between two groups were
analyzed using t-tests and y? tests. Statistical comparisons
between multiple groups were analyzed using one-way
ANOVA followed by Newman-Keuls post-hoc comparison
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Table I. The clinical profiles of the 22 patients with hepatocel-
lular carcinoma.

Clinical variable No. of patients (n=22)

Gender

Female 8

Male 14
Age

Median 58.7

Range 40-79
HBV

Positive 22

Negative 0
Tumor size

<5cm 13

>5cm 9
Child-Pugh class

A 22

B 0
BMI

Median 21.2

Range 16-26.8

HBYV, hepatitis B virus; BMI, body mass index.

test. P<0.05 was considered to indicate a statistically signifi-
cant difference (SPSS 16.0; SPPS, Inc., Chicago, IL, USA).

Results

miR-34a was significantly downregulated in HCC cell lines
and clinical specimens. A RT-qPCR analysis was employed
to detect the expression of miR-34a. The results show that the
expression of miR-34a was markedly downregulated in six
different HCC cell lines (Huh7, HCCLM3, Hep3B, Mahlavu,
and SNU475) compared to the human hepatocyte cell line L02
(Fig. 1A). To determine the expression of miR-34a in clinical
specimens, HCC tissues (HC) and their matched adjacent
normal tissues (Normal) were examined through RT-qPCR
analysis. Compared with adjacent normal tissues, we found
that 77.3% (17 of 22 patients, P<0.01) of tumor tissues showed
decreased miR-34a levels (Fig. 1B). Taken together, these
results indicate that miR-34a is downregulated at a high
frequency in HCC, and may be related to HCC carcinogenesis.

miR-34a inhibits cell proliferation and invasion. The expres-
sion of miR-34a was examined in HuH7 and HCCLM3 cells
following transfection with miR-34a or scramble mimics. The
RT-gPCR results show a significant increase in miR-34a (~94
fold) in transfected cells compared to scramble or untreated
cells (P<0.001) (Fig. 2A). To explore the biological effects of
miR-34a in HCC, HuH7 and HCCLM3 cells were transfected
with miR-34a or scramble mimics, and the number of cells was
counted. The results show that ectopic expression of miR-34a
significantly suppressed the proliferation of HuH7 and HCCLM3
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Figure 1. miR-34a is downregulated in liver cancer cell lines and clinical
HCC specimens. (A) RT-qPCR analysis revealed the expression level of
miR-34a in six HCC cell lines (Huh7, HCCLM3, HepG2, Hep3B, Mahlavu,
and SNU475) and human hepatocyte line L02. (B) RT-qPCR was performed
to determine the expression of miR-34a in 22 HCC tissues (HC) and their
matched adjacent normal tissues (Normal). These results indicated that the
expression of miR-34a was downregulated in HCC cell lines and clinical
specimens. "P<0.05 and “P<0.01 vs. LO2.

cells in a time-dependent manner (P<0.05) (Fig. 2B); this was
further confirmed by an MTT assay (Fig. 2C). In addition, the
results of the foci formation assay show that the overexpres-
sion of miR-34a led to decreased foci formation of HuH7
and HCCLM3 cells (P<0.01) (Fig. 2D). To further explore the
function of miR-34a in HCC, a Transwell invasion assay was
performed. The results show that overexpression of miR-34a
significantly inhibited invasion in HuH7 and HCCLM3 cells
compared with the scramble group (Fig. 2E).

miR-34a inhibits glycolysis in HCC. To explore the role
miR-34a in glycolysis in HCC, differences in metabolic
parameters were detected after HuH7 and HCCLM3 cells
were transfected with miR-34a or scramble mimics. The
results show that overexpression of miR-34a significantly
decreased glucose uptake (P<0.01) (Fig. 3A). In addition, the
results indicate that miR-34a mimics induced a decrease in the
production of extracellular lactate (P<0.05) (Fig. 3B). Taken
together, these results suggest that the inhibition of glycolysis
by miR-34a may be responsible for the suppression of migra-
tion and invasion in HCC cells.

miR-34a inhibits LDHA expression in HCC. LDHA is report-
edly a direct target of miR-34a (28). To confirm this, RT-qPCR
and Western blot analyses were performed. HuH7 and
HCCLM3 cells were transfected with miR-34a or scramble
mimics before examining LDHA expression. Our results show
that cells transfected with miR-34a mimics showed a signifi-
cant reduction in both the mRNA and protein levels of LDHA
(Fig. 4A and B).

miR-34a inhibits LDHA-induced glycolysis, cell prolif-
eration, and invasion. To confirm that miR-34a inhibited
glycolysis, cell proliferation, and invasion of HCC cells by
targeting LDHA, we transfected HuH7 and HCCLM3 cells
with an LDHA-expressing vector, control vector, control
vector + miR-34a mimics, control vector + a scrambled
oligonucleotide, LDHA expressing vector + miR-34a mimics,
or LDHA expressing vector + a scrambled oligonucleotide.
The results show that overexpression of LDHA could increase
HCC cell glucose uptake and lactate production, and that this
effect was abolished by transfection with miR-34a mimics
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Figure 2. miR-34a inhibits cell proliferation and invasion. (A) The expression level of miR-34a was greatly increased by miR-34a mimics. “P<0.01. (B) The
ectopic expression of miR-34a significantly suppressed the cell proliferation of HuH7 and HCCLM3 cells in a time dependent manner. “P<0.01 vs. Scramble.
(C) The results of MTT assay showed miR-34a significantly suppressed cell proliferation in 48 h after transfection. "P<0.05 vs. Scramble. (D) The results
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(E) Representative images of three independent experiments are presented (magnification, x100). The results of transwell invasion assay showed that overex-
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Figure 3. miR-34a inhibits glycolysis in hepatocellular carcinoma. (A) HuH7 and HCCLM3 cells were transfected with miR-34a or scramble mimics. The
glucose uptake levels were measured after transfection. (B) HuH7 and HCCLM3 cells were transfected as described before and the lactate production levels
were measured. The results showed that overexpression of miR-34a largely decreased glucose uptake and extracellular lactate production. "P<0.05 and “P<0.01

vs. Scramble.

(Fig. 5A and B). We also found that the overexpression of
LDHA could promote cell proliferation, while miR-34a inhib-
ited cell proliferation. The increased cell proliferation induced
by LDHA was significantly repressed by miR-34a (Fig. 5C).
Transwell invasion and wound-healing assays showed that
miR-34a mimics decreased invasion capacity, which was
increased by the overexpression of LDHA (Fig. 5D and E).
Together, these findings demonstrate that miR-34a inhibits
HCC glycolysis, and cell proliferation and invasion in vitro by
targeting LDHA.

Discussion

Although outstanding advances in surgical techniques and
radio-chemotherapy regimens have been achieved in recent
decades, the prognosis for most patients with HCC remains
poor. Therefore, novel therapeutic strategies are needed to
treat HCC more effectively (3,4.,6).

Increasing evidence has demonstrated that miRNAs
play a vital role in the pathogenesis, clinical metastasis, and
progression of multiple cancers, including HCC (29-31).
Fang et al (32) reported that miR-383 was downregulated in
HCC tissues compared with their adjacent normal tissues. In
addition, overexpression of miR-383 significantly suppressed
cell proliferation and invasion, indicating that miR-383 may
act as a tumor suppressor in HCC. Kota et al (33) demonstrated
that systemic administration of miR-26a resulted in significant
inhibition of HCC cell proliferation, and induced protection
against disease progression without toxicity. Thus, under-
standing the crucial role of miRNAs in HCC may provide
novel diagnostic, prognostic, and therapeutic potential.

miR-34a is a member of the highly conserved miR-34
family. It is located at the chromosome 1p36 locus, which is
particularly susceptible to molecular events that may disturb
the balance of proliferation and apoptosis (34,35). miR-34a
is also one of multiple recently discovered miRNAs that are
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regulated by p53 (17,36). Studies have shown that miR-34a
is an important molecule that inhibits the growth of many
cancers. Decreased expression of miR-34a has been found in
pancreatic cancer, cervical cancer, prostate cancer, glioblas-
toma, colon cancer, esophageal squamous cell carcinoma,
breast cancer, and lung cancer (37-39). In cancers like pancre-
atic cancer and glioblastoma, miR-34a was reported to inhibit
cell proliferation and induce apoptosis by downregulating
Bcl-2 and Notch or the TGF-f3 signaling network (18,19,40).
However, the role of miR-34a in the pathogenesis of HCC is
unclear.

Several studies have shown that miR-34a may act as an
oncogene (41). Pineau et al (42) found that miR-34a was
highly expressed in liver cancer, and was positively related
to HCC progression. In a tamoxifen-induced mouse liver
cancer model, Pogribny et al (43) found that miR-34 expres-
sion was increased. However, more and more studies have
recently shown that the expression of miR-34a is dramati-
cally decreased in clinical HCC specimens, suggesting that
miR-34a is a potential target for HCC treatment (20-22).
Dang et al (44) detected miR-34a expression in 60
HCC tissues and adjacent normal tissues and found that
miRNA-34a expression in HCC tissues was significantly
lower than in normal tissues. Moreover, a miR-34a mimic
was reported to inhibit HCC cell growth and induce apop-
tosis. However, the mechanism remains unknown. In this
study, we found that miR-34a was downregulated in human
liver cancer tissues, and that the upregulation of miR-34a
inhibits liver cancer cell proliferation, migration, and inva-
sion, consistent with previous studies (20-22,44). Moreover,
we found that miR-34a negatively regulates the expression
of LDHA in HCC cell lines, which consequently inhibits
LDHA-dependent glucose uptake in cancer cells, leading to
reduced cell proliferation and invasion.

Aberrant metabolism has been shown to play an impor-
tant role in the progression and metastasis of multiple
cancers (45-47). Among a series of enzymes involved in
cancer metabolism, LDHA is reported to be of vital impor-
tance and is involved in proliferation and glycolysis in gastric
cancer, breast cancer, and pancreatic cancer (23,25,27,48).
Indeed, some references have already proved that miR-34a
negatively regulates the expression level of LDHA in various
cancers (23,25,28,49). By performing luciferase reporter
assays, or cloning of 3'-UTRs, miR-34a was reported to
have direct role on LDHA mRNA stability in various cell
lines (23,28), including HCC cells (50). In a previous study
based on HCC cells, Wang et al reported that miR-34a specifi-
cally bind to the 3'-UTR region of LDHA, acting as a negative
regulator (50). In this study, we confirmed that LDHA is also
involved in HCC metabolism, and an LDHA-expressing
vector significantly improved HCC cell glycolysis, prolif-
eration, migration, and invasion. Furthermore, we also
confirmed that LDHA may be a target gene for miR-34a.
The function of miR-34a in HCC may be partly due to its
regulation of LDHA and the subsequent reprogramming of
glucose metabolism. The increased cell glycolysis, prolif-
eration, and invasion triggered by LDHA was effectively
inhibited by miR-34a in HCC cell lines, which indicates that
the miR-34a-LDHA axis could be a promising therapeutic
target for more effective HCC treatment.
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To the best of our knowledge, this is the first study of the
effect of miR-34a on HCC glucose metabolism. However,
some limitations of our study should be noted. First, this was
an in vitro study that used clinical samples, but it lacked an
in vivo evaluation of the potential impact of miR-34a. Second,
the carcinogenesis of HCC is complicated, which means
miR-34a may also target other genes. In addition, although the
results of this study showed that LDHA was downregulated
in miR-34a transfected HuH7 and HCCLM3 cells, further
analysis about the direct role of miR-34a on LDHA mRNA
stability was not conducted, which may decrease the robust-
ness of the conclusion of our study. Nevertheless, our study
provides useful insight into the effect of miR-34a on cell
proliferation, invasion, and glycolysis in HCC cell lines. Future
studies are needed.

In summary, the results of this study suggest that miR-34a
inhibits HCC glycolysis, cell proliferation, and invasion
in vitro by targeting LDHA. miR-34a functions as a negative
regulator of glucose metabolism, which may serve as a novel
marker for liver cancer prognosis.

The results of this study suggest that miR-34a inhibits
HCC glycolysis, cell proliferation, and invasion in vitro by
targeting LDHA.
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