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Abstract: MicroRNAs (miRNA) play crucial roles in regulating cell proliferation, differentiation and developmental
timing. Aberrantly expressed miRNAs have recently emerged as key regulators of metabolism. However, little is
known about its role in tumor metabolism of cervical cancer. In this study, we determined the oncogenic effects of
miRNAs on Warburg effect, a metabolic phenotype that allows cancer cells to utilize glucose even under aerobic
conditions. A gain-of-function study was performed in 12 down-regulated miRNAs that frequently reported in cervi-
cal cancer. We found that miR-34a plays a suppressive role in Warburg effect as evidenced by decreased lactate
production and glucose consumption. Knockdown of oncoprotein E6 expression of human papillomavirus in SiHa
and Hela cells by siRNAs lead to an increased protein level of p53, decreased level of miR-34a, as well as reduced
Warburg effect. Subsequently, lactate dehydrogenase A (LDHA), which catalyzes the last key step in glycolysis,
was identified as a direct target of miR-34a. Silencing of LDHA or introduction of miR-34a significantly attenuated
colony formation ability and invasive capacity of SiHa and Hela cells, and these effects were fully compromised by
reintroduction of LDHA. In conclusion, our findings demonstrated that deregulated miR-34a/LDHA axis induced by
HPV E6/p53 signaling facilitates tumor growth and invasion through regulating Warburg effect in cervical cancer,
and provided new insights into the mechanism by which miR-34a contributes to the development and progression
of cervical cancer.
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Introduction sttranscriptional level by fully complementary
or imperfect base-pairing with nucleotide se-

Cervical cancer is one of the most common quences of target mRNAs [3, 4]. Therefore, miR-

gynecological malignancies in women with an
estimated global incidence of 493,243 cases
and nearly 273,505 deaths per year (www.who.
int/hpvcentre). Cervical cancer ranks as the
fourth leading cause of cancer-related death
among women worldwide [1]. Persistent human
papillomaviruses (HPV) infection with is widely
recognized as a cause of both intraepithelial
neoplasia (CIN) and cervical cancer, however,
the molecular mechanisms underlying HPV-
related cervical cancer tumorigenesis and pro-
gression are still poorly unexplored [2].

MicroRNAs (miRNAs) are short non-coding
RNAs that regulate gene expression at the po-

NAs exert profound effects on diverse biologi-
cal through modulating target gene expression.
Indeed, growing evidences suggest that miR-
NAs play crucial functions in multiple proces-
ses of cervical cancer, including cell prolifera-
tion [B], invasion [6], differentiation [7], apopto-
sis [8], and mitophagy [9].

The miR-34 family consists of three members:
miR-34a, miR-34b, and miR-34c. miR-34a is
encoded on chromosome 1p36.22 and dele-
tions in this region are frequently observed in
many human cancers [10]. In mice, miR-34a is
ubiquitously expressed but with the highest
expression in the brain. In human, apart from
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highly expressed in the ovary, prostate and tes-
tis, miR-34a is also found in brain, lung, thymus
and kidney [11]. Notably, miR-34a is frequently
down-regulated in tumors like gastric cancer
[12], liver cancer [13] and prostate cancer [14].
miR-34a is a key modulator of tumor suppres-
sion. It regulates a plethora of target genes
involved in cell cycle, differentiation and apop-
tosis, and antagonizes processes that are es-
sential for cancer cell stemness, metastasis,
and chemoresistance [15, 16].

Reprogrammed energy metabolism is regarded
as an emerging hallmark of cancer [17]. The
aerobic glycolysis, known as Warburg effect,
refers to a common phenomenon in tumors
that cancer cells preferentially utilize glucose
through glycolysis over oxidative phosphoryla-
tion even under aerobic conditions. Accumu-
lating evidence suggests that various miRNAs
are involved in the metabolic phenotypes of
cancer cells [18-21]. However, limited knowl-
edge is known about the relationship between
deregulated miRNAs and Warburg effect in cer-
vical cancer.

Although the tumor-suppressive role of miR-
34a is well known, its implications in cancer
metabolism remain unexplored. In this study,
by a gain-of-function screen, we identified miR-
34a as a regulator in glycolysis. Then we con-
firmed previous report that reduced levels of
miR-34a in cervical cancer as a result from HPV
oncoprotein E6 destabilization of p53. Furth-
ermore, we demonstrated that the miR-34a/
LDHA axis modulates the glycolytic pathway in
cervical cancer, which consequently promotes
tumor cell proliferation and invasion.

Materials and methods
Cell culture

The human cervical cancer cell line, HeLa and
SiHa, were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM), supplemented with 10%
fetal bovine serum and 100 IU/mL penicillin,
and 100 pg/mL streptomycin (Invitrogen, USA)
at 37°C and 5% CO, in a humidified incubator.

Transfection
miRNA mimics and inhibitors were synthesized

by Ambion (Austin, USA). A total of 100 nM of
miR-34a mimics or inhibitors and correspond-
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ing negative controls were diluted separately in
200 L of Opti-MEM medium. After incubation
for 15 min at room temperature, the oligonucle-
otides were added and the cells were incubat-
edat37°Cin 5% CO, for 48 hr. Small interfering
RNAs (siRNAs) targeting LDHA were synthe-
sized by GenePharma (Shanghai, China). The
sequences of siRNAs targeting LDHA were
as follows: 5-TTGTTGATGCATCGAGG-3’ (sense)
and 5-GGGTCCTTGGGGAACATG-3’ (sense). A
synthetic double-stranded siRNA targets the
HPV16 E6 coding region was generated as
described by Tang et al. [22]. Cells were trans-
fected with Lipofectamine® RNAIMAX reagent
(Invitrogen, USA) following the manufacturer’s
instructions.

Measurement of lactate production and glu-
cose consumption

Cancer cells were incubated in DMEM without
phenol red for 24 hr, and the culture medium
was then harvested for measurement of lac-
tate or glucose concentrations. Lactate levels
were determined using the Lactate Assay kit
(BioVision, USA) and glucose levels were mea-
sured using a glucose assay kit (Sigma-Aldrich,
USA). The lactate or glucose concentration was
calculated using a standard calibration curve
prepared under the same condition and report-
ed in a microplate reader. All values were nor-
malized to total protein levels (BCA Protein
Assay Kit, Thermo Scientific, USA).

Western blotting

Cells lysate was was prepared using RIPA lysis
buffer in the presence of protease inhibitors.
The protein concentrations were determined by
BCA Protein Assay Kit (Thermo Scientific, USA).
Antibody for p53 and Tubulin was purchased
from Abcam. Proteins were separated on a
10% sodium dodecyl sulfate-polyacrylamide
gel (SDS-PAGE) and transferred into a nitrocel-
lulose membrane (Bio-Rad, USA). Then, the
membrane was blocked with 5% non-fat milk
and incubated with primary antibodies. The
proteins were detected using enhanced chemi-
luminescence reagents (Thermo Scientific). Af-
ter rinsing with TBS, the membrane was incubat-
ed overnight at 4°C with a primary antibody.
The immunoreactivity was detected with an
enhanced chemiluminescence substrate (Th-
ermo Scientific, USA).
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Figure 1. miR-34a inhibits Warburg effect in cervical cancer. Lactate production was measured in HelLa (A) and
SiHa (B) cells after transfection of indicated miRNAs mimics; NC versus Mimics, “P < 0.05, **P < 0.01. Glucose
consumption was measured in HelLa (C) and SiHa (D) cells with miR-34a introduction or inhibition; *P < 0.05, P <

0.01, "*P < 0.001.

Northern blot analysis

The Northern blot analysis was performed as
described by Wang et al. [22]. The antisense
oligodeoxynucleotide probes were designed
based on individual miRNA sequences derived
from miRBase (http://www.mirbase.org/). An
antisense oligodeoxynucleotide (0ST197, 59-
AAAATATGGA ACGCTTCACGA-39) targeting U6
snRNA was used as a control.

Total RNA extraction and real-time PCR

Total RNA was extracted from SiHa or Hela
cells using TRIzol® reagent (TaKaRa, Biotech
Co., Ltd, Dalian, China). Complementary DNA
(cDNA) was synthesized using Complementary
DNA was synthesized using the PrimeScript™
RT reagent Kit (TakaRa, Tokyo, Japan). Quan-
titative real-time PCR was performed with were
performed using SYBR Premix Ex Taq Il (TaKaRa,
Biotech Co., Ltd, Dalian, China) according to the
manufacturer’s instruction. The relative mRNA
expression was calculated and normalized to
B-actin using the comparative CT method. Pri-
mers used in this study were deposited in prim-
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erBank (http://pga.mgh.harvard.edu/primerba-
nk/). The miRNAs were detected with specific
primers and probes using TagMan® MicroRNA
Assays (Applied Biosystems, USA). The relative
mMiRNA expression was calculated and normal-
ized to UGB snRNA.

Luciferase reporter assays

SiHa or Hela cells (1 x 104 cells per well) were
planted in 96-well plates and transfected with
indicated miR-34a mimics or inhibitors by using
Lipofectamine 2000 (Thermo Fisher Scientific,
USA) according to the manufacturer’s instruc-
tions. After incubation for 24 hr, the cells were
cotransfected with the testing firefly luciferase
reporter plasmid together with a Renilla lucifer-
ase plasmid for another 24 hr. Then the cells
were harvested and supernatant of the cell
lysate was analyzed for dualluciferase activiti-
es using Dual-Glo® Luciferase Assay System
(Promega, Cat. E2920). Relative luciferase ac-
tivity was calculated by dividing the light unit
readings obtained from a firefly luciferase re-
porter construct by the light unit readings ob-
tained from the Renilla luciferase reporter.

Am J Cancer Res 2016;6(2):312-320
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Figure 2. HPV oncoprotein E6 reduces miR-34a expression by regulating p53. (A) Protein level of p53 in E6 siRNA-
treated HelLa and SiHa cells was measured by Western blotting. Tubulin was loaded as a control. (B) The expression
of miR-34a in E6 siRNA-treated HeLa and SiHa cells was measured by miRNA ligation analysis. (C) Bar graph show-
ing relative miR-34a levels after being normalized to U6 snRNA. Lactate production (D) and glucose consumption
(E) were measured in E6 siRNA-treated HeLa and SiHa cells; "P < 0.05, P < 0.01.

Colony formation assays

Single SiHa or Hela cells (500 cells per well)
were planted in 35 mm well plates overnight for
cells attachment. Cells with indicated treat-
ment were allowed to growth for another two
weeks. Then SiHa or Hela cells were fixed with
4% paraformaldehyde for 1 hr, and stained with
0.5% crystal violet. After gently washing with
PBS for three times, the number of colonies
was evaluated under microscope. And cell clus-
ter with more than 30 cells was considered as
a colony. The experiments were performed in-
dependently in three replicates.

Transwell invasion assay

Transwell (Corning Costar, USA) were coated
with 100 yL Matrigel (BD Biosciences, USA)
diluted 1:6 in serum-free DMEM. The lower
chamber of Transwell was supplemented with
5% FBS as chemoattractant. After Matrigel so-
lidification, 1 x 10* SiHa or HelLa cells in 200 pL
serum-free DMEM were added into Transwell
inserts and incubated for 48 hr. The cells on
the top chamber of the Transwell filter were
removed and cells on the bottom side of the
filter were stained by 0.5% crystal violet. The
number of invaded cells was counted in at least
six randomized fields.
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Statistical analysis

Each experiment was repeated for at least
three times independently. All the values were
reported as means + SDs. Differences between
experimental and control groups were analyzed
by Student’s t-test or one-way ANOVA. P < 0.05
was considered as statistically significant.

Results

miR-34a inhibits Warburg effect in cervical
cancer

To extensively assess the effects of miRNAs on
the aberrant glycolytic activity of cervical can-
cer cells, a screening of 12 well known deregu-
lated miRNAs in cervical cancer was initially
performed. As an indicator of glycolysis, lactate
level was used to measure the effect induced
by miRNAs in HelLa (Figure 1A) and SiHa (Figure
1B) cells. Several miRNAs (miR-23b, miR-34a,
miR-101, miR-143, miR-572) involved in glycol-
ysis were deregulated in cervical cancer. Two
mMiRNAs (miR-34a and miR-143) significantly
reduced lactate production in both HeLa and
SiHa cells. In this study, we focused on the
roles of miR-34a. To further confirm the correla-
tion between miR-34a and Warburg effect, we
detected the glucose consumption in the pres-
ence of miR-34a mimics (Figure 1C and 1D).

Am J Cancer Res 2016;6(2):312-320
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Figure 3. LDHA is a direct target of miR-34a. (A) In silico algorithms predicted LDHA contains one 7-mer putative
miR-34a-binding site on its 3’-untranslated regions. (B) The mRNA level of LDHA in miR-34a mimics-treated Hela
and SiHa cells was measured by quantitative real-time PCR; NC versus Mimics, P < 0.05, **P < 0.01. (C) The pro-
tein level of LDHA in miR-34a mimics-treated HelLa and SiHa cells was measured by Western blotting. Tubulin was
loaded as a control. The direct physical interaction between miR-34a and LDHA 3’-untranslated regions in HelLa
(D) and SiHa (E) cells was demonstrated by luciferase reporter assay; mutation of putative miR-34a binding site on
LDHA 3’-untranslated region blocked the inhibitory effect of miR-34a on luciferase activity; “P < 0.05, *"P < 0.01.

Compared to negative control cells, cervical
cancer cells with exogenous miR-34a consu-
med less glucose. And expectedly, suppression
of miR-34a significantly promoted glucose con-
sumption in HelLa and SiHa cells. Taken togeth-
er, these data above suggest that deregulated
miR-34a is critically associated with Warburg
effect in cervical cancer.

HPV oncoprotein E6 reduces miR-34a expres-
sion by regulating p53

High-risk HPV infection contributes to aberrant
expression of cellular oncogenic miRNAs. It has
been widely demonstrated that E6 and E7 on-
coproteins can respectively inactivate p53 and
pRB, two major cellular tumor suppressors,
thereby contributing to progression of cervical
cancer [23, 24]. As miR-34a was a direct target
of pb53, we determined whether the E6/p53
axis contributed to aberrant expression of miR-
34a. Indeed, protein level of p53 was remark-
ably reduced by knockdown of E6 oncoprotein
(Figure 2A). Meanwhile, silencing of p53 by
specific siRNAs significantly upregulated miR-
34a expression (Figure 2B and 2C). Further-
more, knockdown of E6 also decreased the lac-
tate production (Figure 2D) and glucose con-
sumption (Figure 2E) in SiHa and Hela cells,

316

indicating an oncogenic role of E6 oncoprotein
in Warburg effect through targeting miR-34a.

LDHA is a direct target of miR-34a

The lactate dehydrogenase A (LDHA), which is
responsible for the inter-conversion of pyruvate
and L-lactate, plays a critical branch point in
metabolism of tumor cells. By a miRNA target
prediction programs, miRBase, we found LDHA
was a potential target of miR-34a (Figure 3A).
Treated HelLa and SiHa cells with miR-34a sig-
nificantly downregulated LDHA expression at
both mRNA level (Figure 3B) and protein level
(Figure 3C). Then the wild type and mutant type
of 3’-untranslated regions (UTRs) of LDHA were
introduced into luciferase reporter plasmids.
The result showed that miR-34a significantly
decreased the luciferase activity of the plasmid
with wild type LDHA 3-UTR in HelLa (Figure 3D)
and SiHa (Figure 3E) cells, whereas the activity
of the mutant plasmid remained unaltered,
indicating that LDHA is a direct target for miR-
34a in cervical cancer.

miR-34a/LDHA axis promotes tumor progres-
sion of cervical cancer

Upregulated expression of LDHA has been
reported in many human malignancies [25-28].

Am J Cancer Res 2016;6(2):312-320
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Figure 4. miR-34a/LDHA axis promotes tumor progression of cervical cancer. (A) The protein_level of LDHA in LDHA
siRNA-treated HelLa and SiHa cells was detected by quantitative real-time PCR. (B) Colony formation ability of HeLa
and SiHa cells was also significantly reduced upon LDHA knockdown; si-Ctrl versus si-1 or si-2, “P < 0.05, *"P < 0.01.
(C) Knockdown of LDHA inhibited cell invasive capacity as revealed by Matrigel invasion chamber; si-Ctrl versus
si-1 or si-2, "P < 0.05, P < 0.01. (D) Representative immunoblots of LDHA protein upon introduction of miR-34a
or overexpression of LDHA. Ectopic expression of miR-34a inhibited colony formation ability (E) and cell invasive
capacity (F) in HeLa and SiHa cells, and restoration of LDHA completely abolished miR-34a-mediated effects; P <

0.05, P < 0.01.

To uncover the oncogenic roles of LDHA in cer-
vical cancer, loss-of-function study was per-
formed. Two specific siRNAs targeting LDHA
resulted in evidently decrease in the protein
level of LDHA (Figure 4A). Given the important
role of LDHA in cancer cell metabolism, we fur-
ther investigated the cellular function of LDHA.
As expected, silencing of LDHA significantly
decreased the colony formation ability (Figu-
re 4B) and invasive capacity (Figure 4C) in He-
La and SiHa cells, whereas overexpression of
LDHA promoted tumor progression by facilitat-
ing cell proliferation and invasion (Figure 4E
and 4F). Introduction of miR-34a fully recapitu-
lated the suppressive effects induced by inhibi-
tion of LDHA. Moreover, restoration of LDHA
rescued the miR-34a-induced decrease in colo-
ny formation ability (Figure 4E) and invasive
capacity (Figure 4F). Representative immunob-
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lots of LDHA protein upon introduction of miR-
34a or overexpression of LDHA were shown in
Figure 4D. Taken together, these results sug-
gest that miR-34a might regulate glycolysis by
modulating LDHA expression in cervical cancer
cells.

Discussion

The Warburg effect, an emerging hallmark of
cancer cells, draws great attentions in recent
years due to its crucial role in the maintenance
and development of tumor cells. Although a
spectrum of aberrant miRNAs has been re-
vealed in cervical cancer, little is known about
their role in Warburg effect. In this study, we
demonstrated that HPV E6-mediated down-
regulation of miR-34a inhibited Warburg effect
through targeting LDHA.

Am J Cancer Res 2016;6(2):312-320
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Given lactate is a representative product in gly-
colysis and has been widely detected by com-
mercial kit, we therefore used the extracellular
lactate level as the indicator of Warburg effect.
Based on gain-of-function study, we found that
miR-34a inhibited the lactate production in
both HelLa and SiHa cells. Inhibition of miR-34a
increased glucose consumption, indicating that
miR-34a was critically involved in Warburg
effect. Notably, miR-143 was also found statis-
tically significant in suppression of lactate pro-
duction. Previously, it has been reported that
miR-143 inhibits prostate cancer progression
through targeting hexokinase 2, which is a key
enzyme in glucose metabolism [29]. However,
whether this observation is exist in cervical
cancer remains further investigation.

HPV16 and HPV18 are two most common geno-
types that contribute to more than 70% of all
cervical cancer. Two early viral oncoproteins,
E6 and E7, of HPV16 and HPV18 are responsi-
ble for HPV-associated cervical cancer [30]. It
has been widely demonstrated that E6 and E7
oncoproteins respectively inactivate the tumor
suppressor gene p53 and pRb [23, 24]. And
many cellular transcriptional factors, especially
p53, have been demonstrated to regulate
miRNA transcription [31]. Given E6 oncoprotein
could induce degradation of p53, it is reason-
able that viral E6 causes deregulated expres-
sion of cellular miRNAs. As a direct target of
p53, miR-34a has emerged as a tumor sup-
pressor in various malignancies through inhibi-
tion of multiple targets [15]. Consistent with
these notions, knockdown of E6 oncoprotein
resulted in reduced level of p53 and miR-34a.
And in line with miR-34a-mediated suppression
of Warburg effect, knockdown of E6 oncopro-
tein also caused a drastic decrease in lactate
production and glucose consumption.

Furthermore, we demonstrated that miR-34a
reprogrammed the glycolysis of cervical cancer
by directly targeting LDHA, which is frequently
up-regulated in human cancers [32-34]. Ectopic
expression of miR-34a or knockdown of LDHA
attenuated tumor growth and invasion. As
Warburg effect not only provides cancer cells
with building blocks through pentose phos-
phate pathways (PPP), but also alters extracel-
lular acidification through increased production
of lactate, it is convincible that miR-34a/LDHA
axis exhibits a tumor-suppressive role in cervi-
cal cancer [35, 36].
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In conclusion, our results showed for the first
time that miR-34a inhibits tumor progression
of cervical cancer by influencing Warburg ef-
fect. Surprisingly, the miR-34a mimic has be-
come the first miRNA to reach Phasel clinical
trial in 2013 (http://clinicaltrials.gov/ct2/show/
NCT01829971). Thus our study provide a proof
of principle that miR-34a is a potential target in
cervical cancer.
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