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Abstract: Emerging studies have demonstrated that EMT phenotype is closely related with tumor progression and
drug resistance in a variety of human cancers. Recently, it has been extensively demonstrated that microRNAs
(miRNAs) play a pivotal role in regulating EMT. In our previously reports, we have reported that inhibition of miR-
223 could reverse EMT phenotype and improve chemotherapeutic drug sensitivity. We also reported that genis-
tein down-regulated miR-223 expression in gemcitabine-resistant (GR) pancreatic cancer cells. Here, we explored
whether there was the synergistic effect between miR-223 inhibitor and genistein on cell growth, migration, invasion
and reversal of EMT in GR pancreatic cancer. We found that the combination of miR-223 inhibitor and genistein
synergistically reduced cell motility and invasion and enhanced gemcitabine sensitivity in GR cells. In addition, we
further observed that miR-223 inhibitor and genistein reversed EMT features in GR cells. This study suggests that
the combination of miR-223 inhibitor and genistein may be a potential therapeutic strategy for the treatment of

pancreatic cancer.
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Introduction

Pancreatic cancer is one of lethal malignant
tumor with high morbidity and mortality with
the estimated 48,960 new cancer cases and
40,560 deaths in 2015 [1]. The incidence rates
and death rates have slowly increasing during
the past ten years in the United States [1]. The
standard chemotherapy was gemcitabine alone
or in combination with paclitaxel for advanced
Pancreatic cancer (PC) patients [2]. However,
chemotherapy treatment only extends the
median survival of pancreatic cancer patients
with a very slight extension [3]. It was well
known that the important reason for this high
mortality was due to highly drug resistance to
chemotherapy [4]. Thus, it is vital to understand
the drug resistance to gemcitabine which can
help to improve more effective therapies for
PC.

Emerging evidence indicates that EMT is essen-
tial for the progression of pancreatic cancer
[5-7]. EMT is a process that allows the epithelial
cells to acquire mesenchymal phenotype, lead-
ing to enhanced migration and invasion capaci-
ty [8, 9]. As the characteristic of EMT, the ex-
pression of epithelial markers such as E-cad-
herin is reduced, whereas some mesenchymal
markers expressions are increased including
vimentin, Snail, Slug, zinc-finger E-box binding
home-box 1 (ZEB1) and ZEB2 [10, 11]. There is
extended evidence that EMT process is related
to drug resistance to gemcitabine in human
tumors including PC [12, 13]. Furthermore,
accumulating evidence has revealed that
microRNAs (miRNAs) play a critically role in reg-
ulation of drug resistance-mediated EMT [14-
16]. Consistently, we have reported that gem-
citabine resistance to PC is associated with
EMT and induction of miR-223 expression [17].
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Genistein is an isoflavonid found in high am-
ounts in soy beans and other soy products. It
has been demonstrated that genistein exerts
anticancer activity in diverse human cancers
with a low toxicity to normal cells [18]. Spe-
cifically, genistein treatment leads to inhibition
of cell proliferation and induction of cell apop-
tosis through regulation of several signaling
pathways [19-21]. Furthermore, it has been
reported that genistein plays a key role in sup-
pression of cell migration and metastasis [22].
For example, Xiao et al. found that genistein
suppresses the human colorectal cancer
metastasis through inhibiting the FLT4 expres-
sion [23]. Furthermore, we previously found
that genistein inhibited pancreatic cancer cell
growth and migration through down-regulation
of miR-223 expression [24]. Moreover, a recent-
ly study showed that genistein suppressed EMT
process and migration capacity of ovarian can-
cer cells via down-regulation of TGF-f3 signaling
[25]. More importantly, genistein has been
extensively studied in cancer therapy, particu-
larly in combination with other anticancer
drugs, suggesting a potential role in combina-
tion therapy for cancers [26-28].

In the current study, we explored whether genis-
tein could regulate drug resistance-mediated
EMT in GR PC cells. We further explored wheth-
er the combinations of genistein and miR-223
inhibition could have the synergistic effects in
GR PC cells. Our findings suggest that the com-
bination of miR-223 inhibitor and genistein
might be a potential therapeutic strategy for
pancreatic cancer.

Materials and methods
Cell culture, reagents and antibodies

The AsPC-1 GR and BxPC-3 GR cells were cul-
tured in DMEM (Gibco, Gaithersburg, MD, USA)
and RPMI 1600 (Invitrogen, Carlsbad, CA, USA),
respectively, supplemented with 10% fetal
bovine serum (FBS) in humidified airs with 5%
CO, at 37°C. Genistein (Toronto Research
Chemicals, North York, ON, Canada) was dis-
solved in 0.1 M Na,CO, to make a 10 mM stock
solution and was added directly to the media at
different concentrations. MTT [3-(4,5-dimethy-
thiazol- 2-yl)-2,5-diphenyl tetrazolium bromide]
was obtained from Sigma (St. Louis, Mo, USA).
Antibodies against Vimentin, E-cadherin, Snail,
Slug, ZEB1, ZEB2, Fbw7, Notch-1, B-actin and
the secondary antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA,

1385

USA). Transwell inserts and Matrigel were pur-
chased from BD Biosciences.

MiR-223 inhibitor transfection

The cells were seeded in six-well plates and
transfected with miR-223 inhibitor (GenePh-
arma, Shanghai, China) or the non-specific con-
trol (GenePharma) using Lipofectamine 2000
reagent (Invitrogen, Carlsbad, CA, USA) follow-
ing the manufacturer’s instructions. The se-
quence of miR-223 inhibitor: 5’-UGG GGU AUU
UGA CAA ACU GAC A-3'. The cells were subject-
ed to further analysis as presented under the
results section. The miR-223 expression was
analyzed using the TagMan miRNA assays
(Applied Biosystems, CA, USA) according to the
manufacturer’s instructions [17].

Cell viability assay

Cells were seeded in 96-well plates (5 x 103
cells/well) for 24 h incubation and treated with
different final concentrations for 72 h. Speci-
fically, AsPC-1 GR was treated with genistein at
10 uM, 60 uM, 120 uM and 180 uM for 72 h,
respectively. BxPC-3 GR was treated with 10
UM, 20 uM, 40 pM or 60 uM genistein for 72 h.
AsPC-1 GR cells were treated with 60 uM genis-
tein or a final concentration of 20 nmol/L miR-
223 inhibitor or the combination for 72 h. BxPC-
3 GR cells were treated with 20 yM genistein or
20 nmol/L miR-223 inhibitor or the combina-
tion for 72 h. MTT assay were applied for cell
viability analysis as described earlier [29].

Transwell migration and invasion assay

The cells migration and invasion capacities
were determined by Transwell assay according
to the manufacturer protocol as described pre-
viously [30]. The GR cells were seeded into an
upper-chamber of inserts in a 24-well plate. In
addition, the Transwell inserts need precoat
with Matrigel (BD Biosciences) in the invasion
assay before the cells were seeded. After the
cells were treated with genistein or miR-223
inhibitor for 12 h, the upper cells of the cham-
bers were wiped by the cotton buds and the
bottom surface cells of the chambers were
fixed and dyed with Giemsa solution.

Wound healing assay

The BxPC-3 GR cells were seeded into a six-well
plate and incubated until the cells reach to
about 95% confluence. Then, the scratch
wound was produced by scraping the surface
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cells of the plates with a pipette tip. After the
detached cells were rinsed with PBS, the BxPC-
3 GR cells were treated with 20 uyM genistein or
20 nmol/L miR-223 inhibitor or the combina-
tion for 16 h. The wound healing images were
photographed at O h and 16 h, respectively.

Cell attachment and detachment assays

Cell attachment and detachment assays were
implemented according to previously published
protocols [31]. Briefly, the GR cells were seeded
in a 24-well plate and pretreated described as
above. For the attachment assay, the cells were
incubated for 1 h, subsequently removed the
unattached cells and counted the attached
cells after trypsinization. For the detachment
assay, the seeded cells were incubated for 24
h, subsequently counted the detached cells
with 0.05% trypsin for 3 minutes. Data were
calculated as a percentage of the attached or
detached cells to total cells.

Real-time RT-PCR (RT-PCR)

The total RNA was extracted using Trizol reagent
from the cells and transcribed into cDNA
according to the manufacturer’s protocol. The
miR-223 expression was detected using Tag-
Man miRNA assay kit (Applied Biosystems, CA,
USA) and U6 level was used for normalization.
The mRNA level of EMT associated markers,
including Snail, E-cadherin, Vimentin, Slug,
ZEB1 and ZEB2, was performed using SYBR
green assay kit (Takara, Dalian, China) and
GAPDH level was applied for normalization. The
primers used in PCR reaction were described
as before [17].

Western blotting analysis

The cells were lysed in RIPA buffer with prote-
ase inhibitors. Then, the BCA protein assay was
performed to detect the protein concentra-
tions. In addition, the proteins were separated
from SDS-PAGE electrophoresis and subse-
quently transferred to PVDF membranes. Fur-
thermore, the membranes were immunoblot-
ted with proper antibodies as described earlier
[32].

In vivo experiments

Five-week-old male nude mice were subcutane-
ously inoculated 1 x 107 BxPC-3 GR cells. We
allowed 2 weeks for palpable subcutaneous
tumors to form before administering genistein
and miR-223 inhibitor. When tumors were >100
mm? in size, mice were separated into four gro-

1386

ups (each group, n=5), namely control anta-
gomir (100 ul control antagomir, diluted in PBS),
genistein alone, miR-223 inhibitor alone, and
genistein plus miR-223 inhibitor. The genistein
was dissolved in 0.1 M Na,CO, and mixed with
sesame seed oil at a 2:1 ratio just prior to treat-
ment to facilitate gavage and avoid irritation of
the esophagus by Na,CO,. Mice were treated by
gavage with genistein at 15 mg/kg body
weight/day for 20 days. Control and miR-223
inhibitor-only treated groups received Na,CO,
and sesame seed oil. The control antagomir or
100 ul miR-223 inhibitor (diluted in PBS at 2
mg/ml), was injected twice a week for 3 weeks
by way of multiple-center intratumor injection,
separately. The tumor size was measured with
a caliper every 5 days. Tumor volume was cal-
culated as length x width x height/2. Mice of
each group were killed after three weeks injec-
tions, and the xenografted tumors were excised
and examined Western blotting. All animal
studies and procedures were approved by the
Institutional Animal Care and Use Committee.

Statistical analysis

The data were statistical analyzed by Student’s
t-test using GraphPad Prism 4.0 (Graph pad
Software, La Jolla, CA). p<0.05 was considered
statistically significant.

Results

Genistein treatment caused the inhibition of
GR cell growth

The establishment of AsPC-1 GR and BxPC-3
GR cell lines was described as previously [17].
We first explore whether genistein induced inhi-
bition of cell proliferation in GR cells. MTT assay
was implemented to detect the cells prolifera-
tion after genistein treatment for 72 h. We
found that genistein inhibited cell growth in a
dose-dependent manner in both AsPC-1 GR
cells and BxPC-3 GR cells (Figure 1A).
Specifically, 60 uM genistein significantly sup-
pressed cell growth in AsPC-1 GR cells.
Interestingly, 20 uM genistein remarkably inhib-
ited cell growth in BxPC-3 GR cells, indicating
that BxPC-3 GR cells are sensitive to genistein
treatment. We used 60 uM genistein for AsPC-1
GR and 20 uM genistein for BxPC-3 GR cells in
the following study.

Genistein down-regulated miR-223 expression
in GR cells

Our previous study has shown that genistein
could inhibit miR-223 expression in PC parental
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Figure 1. Effect of genistein on miR-223 expression and cell growth. A. MTT assay was conducted to detect cell
proliferation in AsPC-1 GR and BxPC-3 GR cells after different concentrations of genistein treatment for 72 hours.
B. Left panel: The expression of miR-223 was measured by real-time RT-PCR in AsPC-1 GR cells after 120 yM genis-
tein treatment for 72 hours. Right panel: miR-223 expression was detected by real-time RT-PCR in BxPC-3 GR cells

treated with 40 uM genistein for 72 hours.

cells [24]. Then, we investigated whether genis-
tein treatment causes down-regulation of miR-
223 expression in GR cells. To achieve this
goal, we performed RT-PCR analysis to mea-
sure the expression of miR-223 in GR cells after
genistein treatment for 72 h. As shown in Figure
1B, miR-223 level was remarkably down-regu-
lated in AsPC-1 GR cells and BxPC-3 GR cells
treated with 120 uM genistein and 40 uM
genistein, respectively (Figure 1B).

Genistein and miR-223 inhibitor reversed EMT
in GR cells

To investigate whether genistein could sensi-
tize miR-223 inhibitor to reverse EMT in GR
cells, we observed the cell morphology change
in GR cells after genistein or miR-223 inhibitor
or combination treatment. We found both
genistein treatment and miR-223 inhibitor
caused round cell morphology change from
elongated, fibroblastoid morphology in GR cells
(data not shown). Furthermore, combination of
genistein with miR-223 inhibitor led to the
remarkable morphology change in GR cells

1387

compared with genistein or miR-223 inhibitor
alone. We further detected the expression of
EMT molecular markers at mRNA and protein
levels by real-time RT-PCR and Western blotting
assays in GR cells after genistein or miR-223
inhibitor or combination treatment. We ob-
served that both mRNA and protein expres-
sions of E-cadherin were obviously up-regulat-
ed by genistein and miR-223 inhibitor treat-
ments compared with the single treatment
(Figures 2, 3). However, the expressions of
mesenchymal markers, such as Slug, Vimentin,
Snail, ZEB1 and ZEB2, were down-regulated to
a greater degree in the combination treatment
(Figures 2, 3).

Genistein and miR-223 inhibitor increased
Fbw7 expression

Fbw7 (F-box and WD repeat domain-containing
7) has been proved as a miR-223 target [33,
34]. It has been known that Fbw7 suppressed
EMT and subsequently increased chemo-sensi-
tivity in hepatocellular carcinoma cells [35].
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Figure 2. Effect of genistein and miR-223 inhibitor on EMT markers mRNA levels. A. The expression of EMT markers
was measured by real-time RT-PCR in AsPC-1 GR treated with 60 uM genistein or 20 nmol/L miR-223 inhibitor or
the combination for 72 hours. B. The expression of EMT markers was determined by real-time RT-PCR in BxPC-3 GR
cells treated with 20 pM genistein or 20 nmol/L miR-223 inhibitor or the combination for 72 hours.

Notch-1 has been validated as one of FBW7 or miR-223 inhibitor. We observed that genis-
targets [36], and induces EMT in human can- tein plus miR-223 treatment caused up-regula-
cers [37, 38]. Thus, we further investigated the tion of Fbw7 and down-regulation of Notch-1 in
mRNA and protein expression of FBW7 and a deeper degree compared with the single
Notch-1 in GR cells treated with genistein and/ treatment (Figure 3).
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Figure 3. Effect of genistein and miR-223 inhibitor on EMT markers protein
levels. A. The expression of EMT markers was measured by Western blotting
analysis in AsPC-1 GR treated with 60 pM genistein or 20 nmol/L miR-223
inhibitor or the combination for 72 hours. B. The expression of EMT markers
was detected by Western blotting analysis in BxPC-3 GR cells treated with 20
UM genistein or 20 nmol/L miR-223 inhibitor or the combination for 72 hours.
C. Quantitative results are illustrated for expression of FBW7 and Notch-1 in

panel A and panel B. *P<0.05; **P<0.01.

Genistein and miR-223 inhibitor reduces cell
migration and invasion in GR cells

It is well known that during the process of EMT,
cells acquire increased invasion and metasta-
sis capacity [39]. Therefore, we perform-
ed the cells migration and invasion analysis
after genistein and (or) miR-223 inhibitor treat-
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cells to gemcitabine sensi-
tivity. Our MTT results sh-
owed that both genistein
and miR-223 inhibitor ca-
used the more significant
growth inhibition than genis-
tein alone and miR-223
inhibitor alone in GR cells
(Figure 5C). These findings
suggested combination of
miR-223 inhibitor and genis-
tein could significantly increase sensitivity of
the GR cells to gemcitabine.

Genistein enhances the antitumor effects of
miR-223 inhibitor in vivo

To assess the effects of genistein in combina-
tion of miR-223 inhibitor in vivo, nude mice

Am J Cancer Res 2016;6(6):1384-1395
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Figure 4. Effect of genistein and miR-223 inhibitor on cell migration and invasion. A. Cell migration and invasion
were measured using Transwell in AsPC-1 GR cells after 60 pM genistein or 20 nmol/L miR-223 inhibitor or the com-
bination treatments for 24 hours. B. Cell migration and invasion assays were performed using Transwell in BxPC-3
GR cells after 20 uM genistein or 20 nmol/L miR-223 inhibitor or the combination treatments for 24 hours. C. Cell
migration was detected using Wound-healing assay in BxPC-3 GR cells after 20 uM genistein or 20 nmol/L miR-223
inhibitor or the combination for 16 hours.

were injected subcutaneously with BxPC-3 GR pressed subcutaneous tumor growth com-
cells. We observed that administration of both pared with genistein or miR-223 inhibitor alone
genistein and miR-223 inhibitor clearly sup- (Figure 6A). These results indicate that genis-
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Figure 5. Effect of genistein and miR-223 inhibitor on cell attachment. A. The cell attachment and detachment were
measured in AsPC-1 GR cells treated with 60 pM genistein or 20 nmol/L miR-223 inhibitor or the combination for
72 hours. B. The cell attachment and detachment were detected in BXPC-3 GR cells treated with 20 uM genistein or
20 nmol/L miR-223 inhibitor or the combination for 72 hours. C. MTT assay was conducted to detect cell sensitivity
to gemcitabine in AsPC-1 GR cells after 60 uM genistein or 20 nmol/L miR-223 inhibitor or the combination treat-
ments for 72 hours. D. MTT assay was performed to detect cell sensitivity to gemcitabine in BxPC-3 GR cells after
20 uM genistein or 20 nmol/L miR-223 inhibitor or the combination treatments for 72 hours.

tein could sensitize the anti-tumor activity of
miR-223 inhibitor in vivo. We also investigated
the expression of key EMT markers and Notch-
1 pathway. We found that the expression of
E-cadherin and Fbw7 was increased, but the
expression of Notch-1 and other mesenchymal
markers was decreased in BxPC-3 GR cells
treated with genistein and miR-223 inhibitor in
mice tumors (Figure 6B). The results validated
that genistein could promote the antitumor
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function of miR-223 inhibitor through regula-
tion of EMT and Notch-1 pathway.

Discussion

MicroRNAs including miR-223 are well known
to be involved in the development and progres-
sion of human cancers. Increasing evidence
has shown that miR-223 could be an oncogene
in various human cancers. To support the role

Am J Cancer Res 2016;6(6):1384-1395
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Figure 6. Genistein enhances the antitumor effects of miR-223 inhibitor in vivo. A. BXPC-3 GR cells were subcutane-
ously injected into the right flank of five-week-old male nude mice. After 2 weeks for palpable subcutaneous tumors
to form, themice were separated into four groups (each group, n=5), namely vehicle (100 ul control antagomir,
diluted in PBS) by injection to intratumor), genistein alone, miR-223 inhibitor alone, and genistein plus miR-223
inhibitor. Genistein was given by gavage (15 mg/kg daily for 20 days). The control antagomir or 100 yL miR-223
inhibitor (diluted in PBS at 2 mg/ml) was injected twice a week for 3 weeks by way of multiple-center intratumor
injection, separately. The tumor size was measured with a caliper every 5 days. Tumor volume was calculated as
length x width x height/2. B. Mice of each group were killed after three weeks injections, and the xenografted tu-
mors were excised and examined Western blotting. The expression of Notch-1 and EMT markers was measured by
Western blotting in mice tumors.

of miR-223, one study has demonstrated that cancer cells [46]. Another study has shown that
miR-223 was overexpressed in human gastric IL6-dependent STAT3 activation has obviously
cancer tissues and enhanced the cisplatin decreased miR-34 expression [9]. Interestingly,
resistance through down-regulation of Fbw7 miR-34 subsequently targeted to decrease the
[40]. Moreover, it has been found that miR-223 expression of IL-6 receptor (IL-6R), which medi-
could increase the proliferation and invasion ates IL6/STAT3 activation in human colorectal
capacity of glioblastoma cells by suppressing

cancer cells. Thus, EMT was mediated by IL-6R/

tumor suppressor PAX6 [41]. Similarly, miR-223 STAT3/miR-34a feedback loop [9]. One group
was up-regulated during PC progression using also reported that increased miR-409 expres-

the KrasG12D; Pdx1-Cre mouse model [42]. L . .
. . . sion is correlated with EMT progression and
Importantly, increased expression of miR-223 . -
. . ) prostate cancer metastasis [47, 48]. Additi-
was observed in PC tissues and PC patients I direct lation bet th
plasma [43], suggesting that miR-223 could be opa y, a .|rec correta 'Oh ? .w.een € expres
sion of miR-101 and the inhibition of ZEB1 and

an oncogene in PC. ) ) . ]
ZEB2 has been validated in ovarian carcinoma

Recently, multiple studies have indicated that [49]. In line with these findings, our previous
miRNAs regulate EMT transcription factors or study showed that down-regulation of miR-223
EMT-related pathway [44, 45]. For example, significantly inhibited cell growth and induced
miR-34 has been reported to inhibit EMT pro- apoptosis in PC cells [24]. We reported that
cession through suppressing Snail in colorectal down-regulation of miR-223 reversed drug
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resistance-mediated EMT and enhanced gem-
citabine sensitivity in PC GR cells [17]. It is indi-
cated that miR-223 may be a potential target
for pancreatic cancer therapy.

Genistein has been studied to explore the
mechanism of anticancer activity in PC [50,
51]. However, genistein as well as other phyto-
chemicals showed two deficiencies: high pleiot-
ropy and low bioavailability, suggesting a syner-
gistic effect with other anti-cancer drugs that
may enhance the chemotherapeutic efficacy
[51]. But very little work has been done on the
combination of genistein and miRNA for the
pancreatic cancer therapy. In this study, we
focus on the synergistic effect of genistein and
miR-223 inhibitor in the PC GR cells. We
observed genistein plus miR-223 inhibitor led
to a more extensively reversal effect from EMT
to MET compared to genistein alone and miR-
223 inhibitor alone. Furthermore, genistein and
miR-223 inhibitor treatment inhibited the cell
motility and invasion capacity and enhanced
gemcitabine sensitivity to a greater degree
compared to single treatment alone. In sum-
mary, these findings suggest that the combina-
tion of miR-223 inhibitor and genistein could be
a potential therapeutic strategy for pancreatic
cancer.
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