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Resveratrol inhibits hypoxia-induced glioma cell migration and invasion

by the p-STAT3/miR-34a axis
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Hypoxia promotes aggressiveness, angiogenesis and resistance in glioma. It has been reported that resveratrol has strong
anti-tumor ability and can inhibit migration and invasion of varieties of tumor including glioma. However, whether res-
veratrol inhibits hypoxia-induced migration and invasion of glioma cells is still unknown. In this study, we found glioma
U87 and U251 cells migration and invasion was reduced by resveratrol under hypoxia condition and higher doses led to
stronger block, while proliferation of U87 and U251 cells was hardly effected. Mechanically, hypoxia-induced upregulation
of phosphorylated signal transducer and activator of transcription 3(p-STAT3) was blocked by resveratrol. MicroRNA-34a
(miR-34a) is a tumor suppressor whose promoter region has a conserved STAT3-binding site and can be negatively regulated
by STAT3. Interestingly, miR-34a was downregulated under hypoxia but upregulated by resveratrol which was perhaps rel-
evant to changes in level of p-STAT3. The effect of resveratrol on p-STAT3 and miR-34a was both time-and dose-dependent.
Summarizing, resveratrol inhibits hypoxia-induced migration and invasion possibly via p-STAT3/miR-34a axis and this

effect is both time-and dose-dependent.
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Glioma is a class of the most frequent primary malignant
tumors in central nervous system (CNS), which is hardly
curable so far [1, 2]. Gliomas show high morbidity and
mortality due to their strong aggressiveness. This aggressive
phenotype is possibly relevant to hypoxia, which is one of the
most remarkably characteristics of glioma microenvironment
and might play a crucial role in glioma growth, development,
and angiogenesis [3]. It has been documented that hypoxia
also induces migration and invasion of glioma cells [4-6],
which involves a series of transduction pathways and signal
molecules.

One of these molecules is STAT3 which plays an important
part in hypoxia-induced migration and invasion [7]. STAT3 is

Abbreviations: p-STAT3 - phosphorylated signal transducer and activator
of transcription; miR-34a — microRNA-34a CNS - central nervous system;
EGFR - pidermal growth factor receptor; VEGFR - vascular endothelial
growth factor receptor; PDGFR - plate-let derived growth factor receptor;
siRNA - small interfering RNA; BBB - blood-brain barrier; MMP - matrix
metalloproteinases

activated by phosphorylation of single tyrosine residue located
at position 705 [7]. This phosphorylation can be catalyzed by
varieties of tyrosine kinases including such receptors with
intrinsic tyrosine kinase activity as epidermal growth factor
receptor (EGFR), vascular endothelial growth factor receptor
(VEGFR), plate-let derived growth factor receptor (PDGFR)
[8,9]. p-STAT3 forms into dimers and translocates to nucleus,
where it is involved in the regulation of transcription activity
of target genes [8].

Accumulating evidence including ours has shown that
STAT3 is overexpressed and activated in many tumors includ-
ing breast cancer, prostate cancer and glioma [10-13]. STAT3
is a promising target for therapeutic intervention for it is in-
volved in multiple oncogenic signaling cascade [14] relevant
to cell transformation, cellular apoptosis, proliferation, migra-
tion and invasion [8, 15]. STAT3 also initiates and regulates
mesenchymal transformation in malignant gliomas [14]. It
has been found that STAT3 knockdown by small interfering
RNA (siRNA), microRNA (miR) or small molecule inhibitors
shows anti-tumor effects [16-19].
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MicroRNAs are non-coding RNAs which have an im-
portant effect on regulating gene expression and show
a promising potential in tumor treatment [20]. MiR-34
family plays an important role in tumor suppression [21].
The miR-34 family consists of miR-34a, miR-34b and miR-
34c; miR-34a has its own transcript while miR-34b and
miR-34c share one primary transcript. It has been reported
that miR-34a is downregulated in multiple types of cancer
[21, 22]. As a tumor suppressor, miR-34a regulates its target
genes to inhibit malignant biological properties of cancer
including metasis and invasion. MatjazRokavec et al. found
IL-6-induced EMT and invasion of CRC cells are medi-
ated via direct repression of miR-34a by STAT3 [23], which
indicates p-STAT3/miR-34a might participate in tumor
malignant behaviors.

Resveratrol (Res) is a kind of polyphenol present in grapes,
berries, peanuts and wine [24-26]. It has a protective effect on
stress, injury, ultraviolet irradiation and fungal infection [27].
It has been demonstrated that resveratrol also has lots of other
bioactivities [28] including cardiovascular-protection, anti-
inflammation, anti-aging effect [28, 29]. Recent findings indicate
resveratrol has strong anti-tumor potential against various types
of cancer [27]. Resveratrol can inhibit tumor metasis [28, 29]
and invasion [29-31] as well. Castino R et al. found resveratrol
reduces glioma migration and invasion under normoxia [32].
However, there have been no studies showing whether resvera-
trol has such tumor suppression effect under hypoxia.

In this study, we demonstrated resveratrol inhibits hypoxia-
induced glioma cells migration and invasion and this effect
was both time-and dose-dependent, while cell growth was
barely influenced by resveratrol of selected concentration.
Our results also show resveratrol might exert its function via
p-STAT3/miR-34a axis. This study could provide in vitro ex-
perimental evidence for resveratrol used for glioma treatment
and STAT3/miR-34a axis as a potential therapeutic target of
malignant glioma.

Materials and methods

Cell culture and reagents. Human glioblastoma cell lines
(U87 and U251) were obtained from American Type Culture
Collection (Manassas, VA, USA). All cell lines were cultured
in 25mm? culture bottles with high glucose Dulbecco’s
modified Eagle’s medium (DMEM/HG, Gibco, Invitrogen
Life Technologies, Barcelona, Spain) supplemented with 10%
fetal bovine serum (FBS), penicillin (100 U/mL), and strep-
tomycin (100 Ig/mL) in a humidified 5% CO, atmosphere at
37°C. Cobaltchloride (CoCl,) was added to culture medium
to mimic hypoxia condition with a concentration of 100mM.
Resveratrol was purchased from Sigma (StLouis, MO, USA)
and diluted with DMSO.

BrdU Cell Proliferation Assay. A BrdU Cell Proliferation
Assay Kit (6813, Cell signaling technology, MA, USA) was
used to study the effect of selected concentration resveratrol
on cell proliferation. Briefly, U251 and U87 cells at a density

of 1x10*/well were plated into a 96-well plate with medium
contained CoCl, and DMSO (control) or 20uM resveratrol or
40uM resveratrol. Then BrdU was added to plate wells. After
24h incubation, cell proliferation assays were conducted ac-
cording to the manufacturer’s protocol. All experiments were
carried out in five wells and repeated in three times.

Cell wound healing assay. Cells were seeded on 6-well
culture dishes. Cell wound was made by scratching monolayer
of cells with 200uM pipette tips and then wash the cells with
D-Hanks buffer for 3 times to remove floating cells in the
medium. After that, medium with CoCl, and different concen-
trations of Res or DMSO (control) was added. Cells were then
incubated at 37°C for 24h. Photos were taken before and after
incubation and used to calculate mean migration distance by
measuring 10 different migration distances randomly. Assays
were conducted three times.

Transwell assay. Cells were incubated in serum-free
DMEM/HG for 6h prior to seeding in 200ul serum-free me-
dium with 100uM CoCl, and different concentrations of Res
or DMSO (control) in transwells (Corning, NY, USA). In the
meantime, 600ul medium containing 10% FBS was used as
a chemoattractant and added into the bottom chamber. After
24h incubation at 37°C, non-migratory cells on the upper
surface of the chamber were scrubbed gently by a cotton swab.
0.1% crystal violet diluted in PBS was used to stain migratory
cells attached to the bottom surface. Stained migratory cells
was photographed and counted under a microscope in ten
random fields. Assays were conducted three times.

Western blot. Protein isolation was carried out by using
radioimmunoprecipitation assay (RIPA) buffer containing
PMSF and phosphatase inhibitor. All samples were loaded
onto 10% SDS-polyacrylamide gel electrophoresis (PAGE)
and then transferred to PVDF membrane (Millipore Corp.,
Bedford, MA, USA) in transfer buffer. 5% nonfat milk diluted
in TBST was used for block. After that, the membrane was
incubated in primary antibodies: STAT3 antibody (sc-482;
Santa Cruz Biotechnology, Santa Cruz, CA,USA), p-STAT3
(9145S;Cell signaling technology, MA, USA) and -actin
(3700S; Cell signaling technology, MA, USA). After three
washes for 15min with TBST, membranes were incubated in
secondary antibodies: anti-mouse IgG, HRP-linked antibody
(7076S; Cell signaling technology, MA, USA) and anti-rabbit
IgG, HRP-linked antibody (7074S; Cell signaling technology,
MA, USA). Chemiluminescence assay was conducted to reveal
the antigens.

RNA isolation and real-time PCR. Total RNA was ex-
tracted from cells by using TRIzol (Invitrogen, CA, USA).
Reverse transcription was carried out by ReverseAid First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, MA,
USA) according to protocol. Real-time PCR was conducted
in the icycler iQ multicolor real-time PCR detection system
(Bio-Rad, Richmond, California) using HotStart SYBR Green
qPCR Master Mix (Excell Bio, Shanghai, China). Specific
premier was synthesized by Ribobio CO., LTD. (Guangzhou,
China) to measure the level of miR-34a. U6 was chosen to be
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Figure 1. Effect of selected concentration resveratrol on U251 and U87
cell proliferation. Certain numbers of U87 and U251 cells were plated into
a 96-well plate in medium supplied with CoCl, and DMSO or resveratrol
of indicated concentration.

the internal control and its premier was also synthesized by
Ribobio CO., LTD.(Guangzhou, China). All samples were run
for three times. Results were normalized by corresponding
U6 content.

Statistical analysis. All data were expressed as the means
+ SE (standard error). Significances between groups were
determined by using Student’s t-test. Representative results
of experiments were repeated at least 3 times. The level of
significance was p<0.05.

Results

Resveratrol of selected concentration hardly influences
U251 and U87 cells proliferation. The aim of this study is to
explore the effect of resveratrol on hypoxia-induced glioma
migration and invasion. However, if cell proliferation is re-
markably influenced by resveratrol, changed cell numbers
could cause false positive results in migration and invasion
assays. So we determined the effect of selected concentration
resveratrol on U251 and U87 cells proliferation under hypoxia
by using a BrdU cell proliferation assay. According to our static
analysis, proliferation activities of U251 cells and U87 cells
were reduced to 95.01% and 97.91% respectively in response
to 20uM resveratrol and 94.03% and 96.95% respectively in
response to 40uM resveratrol (Fig. 1). The results showed
selected concentration resveratrol has very limited effect on
glioma cells proliferation.

Resveratrol inhibits hypoxia-induced migration of
U251 and U87 cells. Hypoxia is a remarkable feature of
glioma microenvironment and has activity of migration
induction. To investigate the effect of resveratrol on hypoxia-
induced migration, cell wound healing assay was performed.
Representative photos are showed in Fig. 2a and column

diagram is showed in Fig. 2b. As results showed, under
hypoxia condition cell wound healing of U87 and U251 was
markedly accelerated but this promotion was inhibited by
resveratrol. After static analysis, we found migration activ-
ity was increased by 129.87% (U87) and 94.34% (U251)
when compared with normoxia. But this promotion was
inhibited by 63.07% (U87) and 53.60% (U251) when cells
were supplied with 20uM resveratrol at the same time and
by 74.85% (U87) and 62.07% (U251) when 40uM resvera-
trol was supplied. The results suggest resveratrol inhibits
hypoxia-induced migration of U87 and U251 cells and its
effect might be dose-dependent. Higher concentration could
lead to stronger inhibition.

Resveratrol inhibits hypoxia-induced invasion of U251
and U87 cells. To evaluate the relationship between resvera-
trol and hypoxia-induced invasion of glioma cells, transwell
assay was conducted. Images in Fig. 3a show there were more
cells which pass through the matrigel under hypoxia than
normoxia after 24-hour incubation. However, when culture
medium was mixed with 20uM and 40puM resveratrol, number
of cells that penetrated the matrigel showed a reduction and
cells with 40uM resveratrol were less than 20uM. To quantize
this effect of resveratrol on hypoxia-induced invasion, we
counted cell numbers of ten fields which were chosen ran-
domly under microscopy. Bar chart was present in Fig. 3b.
Invasiveness was promoted by 2.19-fold (U87) and1.95-fold
(U251) in response to hypoxia stimuli. But this increase was
blocked by 20uM and 40uM resveratrol which was found in
both U87 and U251. The results showed resveratrol inhibited
hypoxia-induced invasion and this inhibition might also be
dose-dependent.

Hypoxia-induced activation of STAT3 is inhibited by
resveratrol in U251 and U87. It has been documented that
activated STAT3 might play a role in malignant tumor proper-
ties. To study if activated STAT?3 is involved in inhibition of
hypoxia-induced migration and invasion by resveratrol, we
determined the expression of p-STAT3 and STAT3 in both
U251 and U87 cells by Western Blot. Level of p-STAT3 in
U251 increased when cells were under hypoxia for 24h (Fig.
4a) and 48h (Fig. 4c), while total STAT3 remained no change
in response to hypoxia (Fig. 4a, 3c). When U251 cells were
incubated with resveratrol of different concentrations under
hypoxia for 24h, levels of p-STAT3 showed reduction to veri-
tying degrees (Fig. 4a). The higher resveratrol concentration
was, the lower level of p-STAT3 got. When U251 cells were
incubated with 20uM resveratrol under hypoxia for different
time, levels of p-STAT3 also showed reduction to verifying
degrees (Fig. 4c). The longer resveratrol was present in culture
medium, the lower level of p-STAT3 was. We found similar
pattern of changes in levels of p-STAT3 in U87 cells (Fig. 4b,
4d). The results indicate resveratrol inhibits hypoxia-induced
overexpression of p-STAT3 and its effect might be both time-
and dose-dependent.

miR-34a is induced by resveratrol in U87 and U251. To
study whether miR-34a is involved in regulation of resveratrol
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in hypoxia-induced migration and invasion, we determined
the level of miR-34a of U87 cells by real-time PCR. Level of
miR-34a was downregulated when cells were under hypoxia
(Fig. 5a, 5a). But after incubation in resveratrol with different
concentrations for 24h (Fig. 5a) or 20uM resveratrol for dif-
ferent time (Fig. 5b), level of miR-34a increased to verifying
degrees. The higher concentration of resveratrol is or the
longer incubation in resveratrol is, the higher miR-34a level
is. The results suggest miR-34a might involve in the regula-
tion of resveratrol in hypoxia-induced migration and invasion
(Fig. 5¢).

Discussion

As mentioned previously, glioma is a common brain tumor
which is hard to cure at present due to high rate of relapse [1,
2]. Hypoxia is an important feature of glioma microenviron-
ment leading to intratumoral necrosis and angiogenesis [3].
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Hypoxia is implicated in promoting glioma aggressiveness,
chemoresistance and antiangiogenic therapy [3]. Glioblastoma
has strong activity of migration and invasion [2], which is as-
sociated to low oxygen condition of tumor microenvironment
[4-6]. Thus it’s essential to find a way to block hypoxia-induced
migration and invasion.

Resveratrol, a kind of polyphenol, is a potential and
promising anti-tumor drug which is able to pass through the
blood-brain barrier (BBB) [33]. There are lots of evidence
suggesting that resveratrol can inhibit cell migration and
invasion under normoxia and but its mechanisms are poorly
understood [34, 35]. In this study, we found resveratrol also
showed similar effect under hypoxia. The cell wound healing
assay and transwell asssay results showed resveratrol inhibited
hypoxia-induced migration and invasion. We also observed
inhibitory effect of 40uM resveratrol is stronger than 20uM,
which indicates its inhibitory effect might be dose-dependent.
Then BrdU assay was performed to explore whether prolifera-
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Figure 2. Effect of resveratrol on hypoxia-induced migration of glioma cells U87 and U251. A Monolayer of U87 or U251 cells were scratched by 20ul
pipette tips with or without indicated presence of resveratrol and then exposed to normoxia or CoCl,-mimic hypoxia. B Quantitative results of cell
wound healing assay are showed. All data are calculated from three independent experiments. * means P<0.05, ** means P<0.01.
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tion inhibition accounted for aggressiveness suppression. The
proliferation assay results demonstrated resveratrol of selected
concentration hardly influence cell growth, which provides
a further proof that resveratrol inhibits cell motion rather
than cell proliferation.

STATs family plays an important role in normal cytokines
signaling and development [10], of which STAT?3 is particularly
essential in crucial cell function including maintance of cell
transformation, cell cycle and apoptosis, migration and invasion
[8, 10]. STAT3 signaling accelerates cell cycle by upregulation of
Cyclin D1 and cMyc [36], helps cells survive apoptosis [37] and
contributes to tumorigenesis. STAT3 is required for cells motility
and STAT3 inhibition could reduce cell migration [38], which
might be relevant to its effect on microtubule dynamics [39].
STAT3 is also involved in regulation of matrix metalloprotein-
ases (MMPs) [40-42], which is a crucial enzyme for cancerous
cells invasion disrupting extracellular matrix. Thus STAT3 is
now regarded as a significant potential therapeutic target for
varieties of tumors including glioma [43] and it's important to
know how STAT?3 regulates its targets and be regulated.

hypoxia
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miRNAs are small non-coding RNAs which might be key
players in tumorigenesis and promising in cancer treatments
[44]. Recent researches also show miRNAs act as crucial
regulators in response to hypoxia [45]. In the last few years,
it is reported that STAT3 can be regulated by some specific
miRNAs such as miR-21 [46], miR-125a [47], miR-23a [48]
et al. However, further research is needed to illustrate how
STATS3 is regulated by miRNAs and regulates miRNAs.
miR-34a is a tumor suppressor microRNA and was found to
inhibit proliferation, migration and invasion of breast cancer,
prostate cancer and hepatocellular carcinoma [49-51]. There
is a phylogenetically conserved STAT3-binding site located
in the first intron of miR-34a genomic region [23]. When
activated by phosphorylation, STAT3 is dimerized and trans-
located into nucleus and binds to that site to regulate the level
of miR-34a [23].

As many research showed including ours, when cells are
under hypoxia stimuli, levels of p-STAT3 and miR-34a will be
upregulated and downregulated respectively [52, 53]. In our
study, Western blot and RT-PCR results showed resveratrol
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Figure 3. Effect of resveratrol on hypoxia-induced invasion. A Transwell assay was conducted to determine invasion activity of cells. Invaded cells were
stained by 0.1% crystal violet. B Quantitative results are represent. Mean number of invaded cells was calculated from at least 10 random fields under
microscope. All experiments were repeated independently for 3 times. ** means P<0.01.
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Figure 4. Effect of resveratrol on activation of STAT3 in glioma cells U87 and U251. A,B U251or U87 cells were treated in CoCl,-mimic hypoxia or
normoxia with or without presence of indicated resveratrol of different concentrations for 24h. C,D U251 and U87 cells were incubated in CoCl,-mimic
hypoxia or normoxia for indicated different time with or without presence of 20uM resveratrol.

inhibited hypoxia-induced activation of STAT3 and down-
regulation of miR-34a, which indicates p-STAT3 and miR-34a
might involve in regulation of resveratrol in hypoxia-induced
migration and invasion and its effect is both time-and dose-
dependent. That is to say, resveratrol functions as a suppressor
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of hypoxia-induced migration and invasion possibly via
p-STAT3/miR-34a axis. Nevertheless, more evidence will be
needed to confirm this axis in glioma.

To conclude, this study demonstrates that resveratrol inhib-
its hypoxia-induced migration and invasion of glioblastoma
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Figure 5. Effect of resveratrol on hypoxia-induced downregulation of miR-34a in glioma U87 cells. A U87 cells were incubated under indicated CoCl, -
mimiced hypoxia or normoxia for 24h with or without resveratrol of different concentrations. B U87 cells were incubated under indicated CoCl,-mimiced
hypoxia or normoxia for different time with or without 20uM resveratrol. C Resveratrol’s inhibitory effect on hypoxia-induced migration and invasion

might via p-STAT3/miR-34a pathway.
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cells U251 and U87 and its effect is possibly via p-STAT3/miR-
34a axis. These data give a new insight into our understanding
about mechanisms of how resveratrol functions as a tumor
suppressor and support the use of resveratrol as a therapeutic
antitumor agent.
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