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Quercetin up-regulates the expression of tumor-suppressive
microRNAs in human cervical cancer
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Quercetin, a flavonol present in many vegetables and fruits, has been identified as a chemoprevention agent
in several cancer models. However, the molecular mechanism of quercetin’s anticancer activity is not entirely
understood. MicroRNAs (miRNAs), small noncoding RNAs, have been reported to play key roles in various
biological processes by regulating their target genes. We hypothesized that quercetin can exert an anticancer
effect through the regulation of miRNAs. To test this hypothesis, we investigated the effects of quercetin on the
expression of tumor-suppressive miRNAs in cervical cancer. Quercetin up-regulated the in vivo and in vitro
expression of tumor-suppressive miRNAs miR-26b, miR-126, and miR-320a. Quercetin suppressed the level of
p-catenin, encoded by catenin beta 1 (CTNNB1), by up-regulating miR-320a in HeLa cells. Moreover, quercetin
increased the expression of mir-26b, mir-126, and mir-320a precursors in HeLa cells. The results from this study
show that quercetin has the potential to prevent cervical cancer by regulating the expression of tumor-suppressive

miRNAs.
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INTRODUCTION

Quercetin (3,3',4',5,7'-pentahydroxyflavone), one of the plant
flavonols in vegetables and fruits, exhibits antiatherogenic [1],
anti-obesity [2], and neuroprotective [3] effects. Compared to
other flavonols, quercetin has been reported to have anticancer
activity in various cancer cells [4-7]. Recent research has
demonstrated that quercetin exerts cytotoxic effects via different
molecular mechanisms, including the inhibition of cell growth
and induction of cell death [8-10]. These studies have revealed
the molecular mechanism of quercetin’s anticancer activity.

Several studies have shown that dietary polyphenols can
regulate the expression of microRNAs (miRNAs) [11-13], which
are short, noncoding, single-stranded RNAs of approximately
22 nucleotides (nts). MiRNAs are involved in many biological
processes, such as the cell cycle [14], cell death [15], and several
developmental and physiological processes. Some miRNAs
are differentially expressed in cancer cells; their abnormal
expressions lead to cancer development [16—18]. It has been
reported that miR-26b, miR-126, miR-320, and miR-744 suppress
human cervical cancer cell proliferation, migration, and invasion

[19-22]. Therefore, the regulation of miRNA expression could be
an effective strategy for cancer therapy.

The primary miRNA (pri-miRNA) transcripts are cleaved into
approximately 70-nt stem-loop precursor miRNAs (pre-miRNAs)
by the nuclear RNase III Drosha and further processed to mature
miRNAs by cytosolic Dicer, another RNase-III-related enzyme
[23]. Although miRNAs have been discovered to have diverse
roles, their most typical and important function involves the
posttranscriptional regulation of target gene mRNA by binding
to the 3’-untranslated region (3’-UTR) of the mRNA transcript.
The mRNAs bound to miRNAs become either less efficient in
translation or degraded [24]. As an miRNA does not necessarily
bind to its target mRNA completely, a single miRNA can target
multiple mRNAs.

Our previous study reported that epigallocatechin-3-O-gallate
(EGCQG), a major polyphenolic compound in green tea, increased
Let-7b expression by activating 67-kDa laminin receptor
signaling in melanoma cells [25]. Because the health benefits of
quercetin are diverse and functions of miRNAs result in diverse
biological consequences, we hypothesized that anticancer effect
of quercetin may involve the modulation of miRNA expression.
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Cervical cancer is one of the most common malignances among
women globally. Although the antiproliferative and pro-apoptotic
potentials of quercetin in HeLa cells is known [26], the effect
of quercetin on miRNA expression in human cervical cancer
remains unknown. The purpose of this study was to clarify the
relationship between the typical flavonol quercetin and miRNAs
in human cervical cancer cells and to demonstrate new potentials
of the mechanism of action of flavonoids.

MATERIALS AND METHODS

Cell lines and reagents

HeLa cells (American Type Culture Collection; ATCC) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum (FBS; Gibco) in a state of logarithmic
growth at 37°C in a humidified chamber with 5% CO,. The effects
of quercetin were examined by harvesting cells culture plates and
treating them with quercetin at the indicated concentrations in
DMEM supplemented with 2% FBS for the period. Quercetin
(Nacalai Tesque) was dissolved in dimethyl sulfoxide (DMSO)
and stored at —30°C until use. The target synthetic microRNA
inhibitor of hsa-miR-320a-5p (catalog no. 4464084) and negative
control inhibitor (catalog no. 4464076) were purchased from
Ambion. Monoclonal anti-B-catenin antibody (catalog no.
610154) was purchased from BD Biosciences, and monoclonal
anti-p-actin antibody (catalog no. A5441) was purchased from
Sigma-Aldrich.

Animals and tumor model of cervical cancer

In Experiment 1, 6-week-old female BALB/c nude mice
(Kyudo Company, Saga, Japan) were inoculated subcutaneously
in the intrascapular area with 1.2 x 107 HeLa cells. After tumor
formation, the mice were divided randomly into three groups
with an even distribution of tumor sizes. Mice were orally
administered 200 pL of vehicle (dH,O containing 1.5% DMSO)
or quercetin (10 mg/kg body weight [b.w.] or 50 mg/kg b.w.) at
48 hr intervals. Eleven days after administration, the RNA of the
cervical tumors was extracted.

In Experiment 2, 6-week-old female C57BL6/J mice (Kyudo
Company, Saga, Japan) were randomly assigned to a control group
to receive oral administration of the vehicle alone or a quercetin
group to receive quercetin at 50 mg/kg b.w. in a 200 pL volume.
The RNA of the plasma was extracted 48 hr after administration.

Experiments 1 (approval number A30-041-5) and 2 (approval
number A30-042-4) were carried out according to the guidelines
for animal experiments at the Faculty of Agriculture, Kyushu
University. All animals were given free access to the American
Institute of Nutrition 93 growth (AIN-93G) diet (Oriental Yeast
Co., Ltd). All animal experiments were approved by the Animal
Care and Use Committee of Kyushu University, Fukuoka, Japan.

Real-time quantitative reverse-transcription polymerase chain
reaction (qRT-PCR)

Total RNA was extracted from tissues or cell samples using
TRIzol (Invitrogen). Complementary DNA (cDNA) was
synthesized from the total RNA using miRCURY LNA™ RT
kit (Qiagen). qRT-PCR was performed using the miRCURY
LNA™ SYBR Green PCR kit (Qiagen) and a CFX96 real-time
PCR analysis system (Bio-Rad). LNA™ PCR primer mix,
hsa-miR-26b-5p (GeneGlobe ID: YP00204172), hsa-miR-

126-3p (GeneGlobe ID: YP00204227), and hsa-miR-320a
(GeneGlobe ID: YP00206042), and hsa-mir-744 (GeneGlobe
ID: YP00204663) were purchased from Qiagen. The miRNA
expression was normalized to that of the U6 small nuclear
RNA (Qiagen, #YP00203907). Plasma miRNA expression was
normalized to the spike-in control (Qiagen).

For precursor miRNA analysis, cDNA was synthesized from
total RNA with a miScript II RT Kit (Qiagen). The expression
levels of precursor miRNA were determined using a miScript
SYBR Green PCR Kit (Qiagen). cDNA was used as a template
for quantitative real-time PCR with an Hs-mir-26b-1-PR miScript
Precursor Assay (#MP00001694), Hs-mir-126-1-PR miScript
Precursor Assay (#MP00000476), and Hs-mir-320a-1-PR-
miScript Precursor Assay (#MP00001869; Qiagen). Pre-miRNA
expression was normalized to the control RNA (SNORD68,
Qiagen; GeneGlobe ID: MS00033712).

Western blot analysis

Cells were lysed in 1% Triton X-100 lysis buffer consisting of
50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM ethylenediamine
tetraacetic acid (EDTA), 50 mM NaF, 30 mM Na,P,0,, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 2 pg/mL aprotinin,
and 1% Triton X-100. Approximately 50 pg of protein was
suspended in Laemmli sample buffer consisting of 0.1 M Tris-
HCI buffer (pH 6.8), 1% sodium dodecyl sulfate (SDS), 0.05%
2-mercaptoethanol, 10% glycerol, and 0.001% bromophenol
blue, boiled, and electrophoresed on 8% SDS-polyacrylamide
gels. The gels were then transferred onto Trans-Blot
nitrocellulose membranes (Bio-Rad). After blocking the blots in
Tween 20/Tris Buffered Saline (TTBS) containing 2.5% bovine
serum albumin, the proteins were identified using the indicated
antibodies in the same solution. Membranes were washed with
TTBS and incubated with anti-rabbit or anti-mouse horseradish
peroxidase (HRP) conjugates. The specific bands were detected
using an enhanced chemiluminescence system according to the
manufacturer’s instructions (Amersham Biosciences).

miRNA inhibitor transfection

The miR-320a inhibitor and negative control inhibitor
were transfected into cells with Lipofectamine™ RNAIMAX
(Invitrogen) according to the manufacturer’s instructions. DMEM,
RNA reagents, and RNAIMAX were mixed with a pipette, and the
mixture was allowed to sit for 10 min at room temperature before
finally being added to the cells. After transfection for 48 hr, the
cells were treated with 5 uM quercetin in DMEM supplemented
with 2% fetal bovine serum (FBS) for 72 hr.

Statistical analyses

The data are presented as means + standard error of the mean
(SEM). The data were analyzed with GraphPad Prism (version
4). Student’s t-test was used for comparing two conditions, and
Dunnett’s test was used for comparing with the control. A p value
of less than 0.05 was considered statistically significant.

RESULTS

Dietary quercetin up-regulates tumor-suppressive miRNA
expression in the uterine cervical tumor

Quercetin has been known as an effective compound for
treating cervical cancer [4]. MiR-26b, miR-126, miR-320, and
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QUERCETIN UP-REGULATES TUMOR-SUPPRESSIVE MIRNA EXPRESSION

miR-744 have been reported to suppress the growth, metastasis,
and infiltration of human cervical cancer cells [ ]. The effect
of quercetin on the expression of miR-26b, miR-126, miR-320a,
and miR-744 in human cervical cancer tumors was examined in
6-week-old BALB/c nude mice subcutaneously transplanted with
HeLa cells ( ). After the tumors became palpable, the mice
were orally administered quercetin at 10 mg/kg or 50 mg/kg b.w.
once every two days. After 11 days of treatment, all the mice were
sacrificed. At the time of tumor sample collection, tumor growth
was slower than expected, and regression was observed in a few
controls; therefore, the antitumor effect of quercetin could not
be determined. However, the expression of miR-26b, miR-126,
and miR-320a (human miR-320) in the early stage of cervical
cancer was up-regulated in the 50 mg/kg b.w. quercetin treatment
groups ( ). Measurement of miR-744 expression in the
tumors revealed that quercetin administration did not affect the
expression of miR-744 ( ).

MiRNAs can be released into the extracellular space, work
locally, or enter the circulation to act at distal sites. Thus, we
hypothesized that quercetin induced miRNA secretion from
tissues other than tumors and that secreted miRNA could be taken
up into tumors. We examined whether quercetin induced miRNA
secretion by testing quercetin’s effect on the plasma expression
of the miRNAs in normal mice. A single-dose administration of
quercetin did not affect miR-26b, miR-126a (also called mouse
miR-126), or miR-320 expression in the plasma ( ). These
results suggest that quercetin increases the expression of tumor-
suppressive miRNA molecules in cervical cancer tumors.

89

Quercetin up-regulates tumor-suppressive miRNAs expression
in cervical cancer cells

The effect of quercetin on miRNA expression in vitro was
determined by treating HeLa cells with quercetin. qRT-PCR
analysis confirmed that quercetin increased miR-26b, miR-
126, and miR-320a expression in cervical cancer cells without
influencing miR-744 expression, just like in cervical tumors
( ). These results indicate that quercetin directly interacts
with the cells and promotes miRNA up-regulation.

Quercetin suppresses the f-catenin level by modulating miR-
320a activities

MiR-320a has several target genes related to tumor progression,
including the gene encoding B-catenin. B-catenin, encoded by
CTNNBI, functions as an oncoprotein when it is translocated to
the nucleus. B-catenin and the activation of the Wnt pathway have
been reported to play an important role in cancer progression.
Online prediction of the target gene by microRNA.org showed
that the targeted binding site was between miR-320 and the
3'-UTR of B-catenin, and transfection of a miR-320 mimic
significantly lowered B-catenin expression in chondrocytes [27].
Hence, quercetin was found to decrease the level of B-catenin in
HeLa cells here ( ). We used an anti-miR-320a nucleotide
to inhibit endogenous miR-320a activities to assess whether the
up-regulation of miR-320a by quercetin was involved in this
effect. Quercetin was observed to decrease the B-catenin protein
level in the control cells, whereas miR-320a inhibition attenuated
the effect of quercetin ( ). These results demonstrate that
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Fig. 1.

Dietary quercetin up-regulates tumor-suppressive microRNA (miRNA) expression in uterine cervical tumors.

(A, B) Nude mice implanted with HeLa cells. After the formation of tumors, mice were administered quercetin orally (10 or 50 mg/kg b.w./2 days). Eleven
days after administration, miRNA expression was measured in the uterine cervix tumors. Results represent means + SEM (n=6-10). Asterisks indicate
statistical significance to 0 mg/kg b.w. quercetin treatment calculated. *p<0.05. (C) C57BL/6J mice were administered quercetin orally (50 mg/kg b.w.).
At 48 hr after administration, the expression of miR-26b, miR-126, and miR-320 was measured in plasma. Results represent means + SEM (n=6).
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Fig. 2. Quercetin up-regulates tumor-suppressive microRNA (miRNA) expression in cervical cancer cells.

HeLa cells were treated with the indicated concentrations of quercetin for 24 hr, and then miRNA expression was measured by qRT-PCR. Results
represent means £ SEM from three independent experiments (n=3). Asterisks indicate statistical significance to 0 uM quercetin treatment calculated.
*p<0.05; **p<0.01.
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Fig. 3. Quercetin suppresses the B-catenin level by modulating miR-320a activities.

(A) B-catenin level in HeLa cells treated with quercetin for 72 hr. (B) The B-catenin level was measured when HeLa cells were transfected with 10nM
miR-320a inhibitor for 48 hr and then treated with 5 uM quercetin for 72 hr. Results represent means = SEM from three independent experiments (n=3).
Asterisks indicate statistical significance to 0 uM quercetin treatment calculated. *p<0.05; **p<0.01.

quercetin decreases the B-catenin level by modulating miR-320a  controlling miRNA expression. In this study, we hypothesized that

expression. quercetin has direct effects on cancer cells that increase miRNA

expression and examined the time course effects of quercetin on
Quercetin promotes tumor-suppressive miRNA precursor pre-mir-26b, pre-mir-126, and pre-mir-320a expression in HeLa
expression cells ( ). Pre-mir-26b was significantly up-regulated after 24

More than half of miRNA genes have their own promoters hr of the treatment with quercetin. Pre-mir-126 was significantly
to facilitate the independent expression of miRNA genes. After  increased after 6 hr of treatment with quercetin. Pre-mir-320a was
transcription, cleavage, and processing, the mature miRNA is significantly up-regulated at 12 hr of treatment with quercetin and
transported from the nucleus to the cytoplasm. The transcriptional decreased at 24 hr. These results suggest that quercetin has an
regulation of precursor miRNA molecules is important for  inductive effect on the transcription of these miRNA genes.
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Quercetin promotes tumor-suppressive microRNA (miRNA) precursor expression.

HeLa cells were treated with 5 uM quercetin for 0—24 hr, and then precursor miRNA (pre-mir-26b, pre-mir-126, and pre-mir-320a) expression was
measured by qRT-PCR. Results represent means £ SEM from four independent experiments (n=4). Asterisks indicate statistical significance to quercetin

0 hr treatment calculated. *p<0.05; **p<0.01.

DISCUSSION

This study aimed to investigate the effect of quercetin on the
expression of tumor-suppressive miRNAs in cervical cancer cells.
We found that quercetin up-regulated tumor-suppressive miRNAs
miR-26b, miR-126, and miR-320a in uterine cervical tumors as
well as cells. Quercetin suppressed the B-catenin level through
miR-320a. Moreover, quercetin increased the expression of
tumor-suppressive miRNA precursors pre-mir-26b, pre-mir-126,
and pre-mir-320a. Therefore, we showed that the up-regulation
of tumor-suppressive miRNAs by quercetin may be partially
relevant to quercetin’s anticancer effect.

Quercetin inhibits tumor progression in various cancer cells
[28]. However, we did not observe the preventive effect of
quercetin in cervical tumors. Such discrepancy may be due to
a difference in the dose, duration, or administration method of
quercetin. On the other hand, quercetin suppressed the f-catenin
level via miR-320a in HeLa cells. The transcription factor clusters
of B-catenin/Snaill/Twist have been implicated in the process of
epithelial-mesenchymal transition [29]. Wnt/B-catenin signaling
plays a critical role in the initiation and maintenance of cancer
stem cells [30]. Here, the in vitro results suggest that quercetin
may inhibit epithelial-mesenchymal transition in cervical cancer
progression and cervical cancer stem cell differentiation through
a decrease of B-catenin by up-regulating miR-320a.

After absorption, aglycone quercetin is metabolized to the
methylated, glucuronidated, or sulfated forms by enterocyte
enzymes [31, 32]. As a result, it is difficult to detect the aglycone

form of quercetin in the blood. However, considerable amounts
still exist within tissues, likely because polyphenol conjugations
can be hydrolyzed at the vascular level, producing the aglycone
forms in tissues [33]. It is necessary to assess whether quercetin
reaches tumor tissue. Hence, it is necessary to confirm whether
quercetin reaches tumor tissue in future studies. Feeding
quercetin-enriched diets to mice significantly increased plasma
quercetin (2.31 uM) [34]. Moreover, pathological conditions, such
as cancer and inflammation, may increase the bioavailability of
flavonoids [35, 36]. Therefore, quercetin was assumed to increase
miRNA expression after intestinal absorption and transport into
the target tumor tissue.

The biogenesis of miRNA is tightly regulated, resulting
in characteristic miRNA expression patterns for different
developmental stages, tissues, and cell types. The expression of
miRNAs has been demonstrated to be altered in cancer [16-18].
Nevertheless, the signaling pathways that regulate the expression
of miRNAs are largely unknown. The transcription of miRNA
is known to be regulated by transcriptional factors [37, 38] or
epigenetic factors [39-41]. Here, quercetin was found to increase
pre-mir-126 expression at earlier time points than pre-mir-26b
and pre-mir-320a in cervical cancer cells. It is considered that the
up-regulation of miRNAs miR-26b, miR-126, and miR-320a by
quercetin is under the control of different regulatory mechanisms.
Mature miRNA expression can also be regulated by miRNA
processing. The flavonoid apigenin has been reported to inhibit
the phosphorylation of TAR RNA-binding protein (TRBP) and
its subsequent miRNA maturation [42]. It is still unclear whether
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quercetin regulates miRNA expression at the posttranscriptional
level. Further studies are required to clarify the relation between
quercetin and miRNA processing.

Recent studies proposed that miRNA may take part in the
posttranscriptional regulation of approximately 60% of all human
genes and play a fundamental role in modulating gene expression
[43]. Here, quercetin was found to decrease the $-catenin level by
regulating miR-320a expression. In addition to the B-catenin gene,
miR-320a has multiple target genes related to cancer progression,
such as neuropilin 1 [44] and Racl [45]. Therefore, the quercetin-
promoted elevation of miRNA levels may affect many target
genes, thus suppressing uterine cervical tumor progression. In this
study, we focused on B-catenin, which is the target of miR-320a.
It was clarified that the anticancer effect of quercetin is partially
involved in the suppression of B-catenin expression via miR-
320a. MiR-26b and miR-126 have also been reported to be tumor
suppressors that target multiple oncogenes. MiR-26b reduces
the migration and invasion abilities of cervical cancer cells by
inhibiting Jaggedl (JAG1) expression [20] and suppresses tumor
cell growth by targeting prostaglandin-endoperoxide synthase-2
(PTGS2) in breast cancer [46]. MiR-126 inhibits both migration
and invasion of cervical cancer cells by regulating zinc finger
E-box binding homeobox 1 (ZEB1) [47] and exerts antitumor
effects in breast cancer cells by directly targeting AKT2 [48]. It is
necessary to clarify how quercetin affects these target molecules
downstream by increasing the expression of miR-26b and miR-
126.

We have demonstrated up-regulation of the expression of
tumor-suppressive miRNAs by quercetin; inhibition of the
target genes of the miRNAs may be involved in the protective
mechanism of quercetin in cervical cancer. Future studies must
determine how quercetin up-regulates the expression of precursor
miRNAs in cancer cells.
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