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ttenuates MiR-21 expression via
induction of PIAS3 in breast cancer cells†
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Juan Chenc and Zhong Li *c

We have previously documented that isoliquiritigenin (ISL), a dietary compound extracted from licorice,

could exert anti-breast cancer effects via inhibition of miR-21, however, the intrinsic mechanisms remain

obscure. Herein, we discovered that ISL down-regulated the primary miR-21 (pri-miR-21) and mature

miR-21 expression in a dose-dependent manner, indicating transcriptional silencing of miR-21. The

transcriptional factor signaling transducer and activator of transcription 3 (STAT3) could transcriptionally

activate miR-21 expression. Our luciferase reporter and ChIP assay data demonstrated that ISL reduced

the activity of STAT3 signaling by approximately 70% and the enrichment of activated STAT3 within miR-

21 promoter in breast cancer cells. Next we found that ISL induced protein inhibition of activated STAT3

(PIAS3) a specific inhibitor of activated STAT3. Additionally, abrogation of PIAS3 via transfection of

specific siRNA abolished the inhibitory effect of ISL on the activity of STAT3 signaling pathway and miR-

21 expression. Taken together, our study documented for the first time that induction of PIAS3 mediated

STAT3 signaling inhibition was responsible for the repression of miR-21 by ISL.
1 Introduction

Breast cancer is a serious public health problem worldwide,
resulting in more than 500 000 deaths and accounting for
approximately 14.7 percent mortality of cancer-related deaths
among females annually.1 The less satisfactory outcome from
clinic is mainly due to cancer metastasis and much attention
has been paid to unmasking the underling mechanisms con-
sisting of dys-regulated molecules expression pattern.2,3

As currently known, microRNAs (miRNAs) located in RNA-
induced silencing complex (RISC) are a cluster of naturally
occurring non-coding RNA molecules, leading to repression of
target gene expression via specic binding to the 30-untrans-
lated region (30-UTR) within the target mRNA.4 It has been
proved that dys-regulation of miRNAs expression prole is
involved in breast cancer progression.5 And miRNAs have been
selected as the ideal target for anti-tumor drug development.6

Some miRNAs called onco-miRNAs acted as oncogenes through
targeting tumor suppressors, resulting in cancer initiation and
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progression.7 Among the widely known onco-miRNAs, miR-21
could promote malignant phenotype such as tumor cell inva-
sion and metastasis via targeting several tumor suppressors
including PDCD4, PTEN and RECK et al.8 Our recent research
also conrmed the repressive effect of miR-21 on RECK
expression via triggering mRNA translation repression in breast
cancer cells.9 Besides, over-expression of miR-155, another
oncogenic miRNA, might contribute to tumor progression via
participating in oncogenic NF-kB signaling.10

Signal transducer and activator of transcription (STAT)
family proteins, especially STAT3, play an essential role in
initiating and maintaining pro-carcinogenic inammatory
microenvironment, leading to malignant transformation and
cancer progression.11 STAT3maintains monomer and quiescent
status without stimulation. Upon stimulation such as the
cytokine IL-6 treatment, STAT3 is activated by Janus kinase (Jak)
via tyrosine residue phosphorylation modication. Further-
more, phosphorylation at tyrosine residue (Tyr705) is respon-
sible for STAT3 activation, which contributes to its
translocation to the nuclei as a dimer and subsequent activation
of target genes via DNA binding to specic promoter
sequence.11

Cytokine-induced STAT3 activation is transient in normal
cells due to the existence of negative feedback loops consisted
diverse proteins including protein inhibitor of activated STAT
(PIAS) family, especially PIAS3. PIAS3, the negative STAT3
regulator, belongs to the PIAS protein family also including
PIAS1, PIASg, PIAS-xa and PIAS-xb.12 Mechanistically, PIAS3
blocks the activity of STAT3 signaling via specically interacted
RSC Adv., 2017, 7, 18085–18092 | 18085
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with the DNA binding domain of the activated STAT3 without
affecting its phosphorylation course, leading to deciency in
target gene transcription.13–15 In fact, down-regulation of PIAS3
accompanied by abnormal activation of STAT3 signaling is
a frequent event during cancer progression through analyzing
tumor samples obtained from clinic.16 And the expression of
PIAS3 in tumor positively related with the overall survival in
patients with cancer.17,18

Growing evidence revealed the potential application of
bioactive natural compounds isolated from dietary supplement
in cancer prevention and therapy due to their ideal anti-tumor
properties.19,20 Isoliquiritigenin (ISL), a dietary compound
extracted from licorice, could exert anti-inammation effect via
inducing peroxisome proliferator-activated receptor-g expres-
sion through activating extracellular regulated protein kinases
1/2 (ERK 1/2) pathway in intestinal epithelial cells.21 Addition-
ally, ISL was also reported for its anti-tumor properties. ISL
could prevent mammary carcinogenesis by inhibiting breast
cancer stem cells through WIF1 demethylation.22 We recently
demonstrated that induction of the tumor suppressor RECK by
down-regulation of miR-21 was responsible for the inhibitory
effect of ISL on breast cancer cellular invasiveness.9 In the
present study, we aim to uncover the mechanism underling the
attenuation of miR-21 by ISL in breast cancer cells.
Table 1 Primers sequences

Sequences

RECK Forward 50-AGCAACCGAGCCCGTATGT-30

Reverse 50-CCGAGTAGGCAGCACACACA-30

PIAS3 Forward 50-GCCGACATGGACGTGTCCTGTG-30
0 0
2 Materials and methods
2.1 Cell culture and reagents

Human breast cancer cell lines Hs-578T and MDA-MB-231 were
obtained from the American Type Culture Collection (ATCC,
Rockville, MD, USA) and cultured in accordance with the ATCC's
recommendations. Briey, MDA-MB-231 cells were maintained
in L-15 medium; whereas Hs-578T cells were cultured in Dul-
becco's Modied Eagle's Medium (DMEM; Life Technologies/
Gibco, Grand Island, NY, USA). Both of the medium contained
10% fetal bovine serum (FBS; Life Technologies/Gibco), 100 mg
mL�1 streptomycin, and 100 U mL�1 penicillin (Life
Technologies/Gibco). MDA-MB-231 cells were maintained in an
incubator without CO2 at 37 �C; whereas, Hs-578T cells were
grown in the presence of 5% CO2. Human umbilical vein endo-
thelial cell line (HUVECs) was obtained from Institute of
Biochemistry and Cell Biology, Shanghai Institutes for Biological
Sciences. HUVECs were cultured in ECM medium (Invitrogen,
Carlsbad, USA). Themediums were supplemented with 10% fetal
bovine serum (FBS, Gibco), 100 U mL�1 penicillin, 100 mg mL�1

streptomycin (Gibco), and 30 mg mL�1 endothelial cell growth
supplement (for HUVECs, Sigma-Aldrich, MO, USA). ISL, dis-
solved in dimethyl sulfoxide (DMSO), was obtained from Sigma-
Aldrich (St. Louis, MO, USA), with >98% purity and placed at
�20 �C. All the other reagents used in our present study were of
analytical grade or the highest grade available.
Reverse 5 -TTCCCTCCTGGACTGCGCTGTAC-3
pri-miR-21 Forward 50-CATTGTGGGTTTTGAAAAGGTTA-30

Reverse 50-CCACGACTAGAGGCTGACTTAGA-30

SOCS1 Forward 50-CCCTGGTTGTTGTAGCAGCTT-30

Reverse 50-GGTTTGTGCAAAGATACTGGGTATATG-30

GAPDH Forward 50-GTCAGTGGTGGACCTGACCT-30

Reverse 50-AGGGGAGATTCAGTGTGGTG-30
2.2 Quantitative real-time polymerase chain reaction (qRT-
PCR)

At the end of individual treatment, total cellular RNA was iso-
lated using Trizol® (Invitrogen, Carlsbad, CA, USA) according to
18086 | RSC Adv., 2017, 7, 18085–18092
the manufacturer's recommendations. For miR-21 detection,
total RNA (1 mg) was reverse transcribed into cDNA using the
TaqMan miRNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA) with miRNA-specic looped reverse
primers. Forward and reverse primers were purchased from
RiboBio (Guangzhou, China). The reverse transcription reaction
conditions were as follows: 42 �C for 15 min and 85 �C for 5 s.
The U6 snRNA was applied as the internal control to rule out the
loading difference. The qRT-PCR assays were conducted with
the Applied Biosystems 7300 Sequence Detection System
(Applied Biosystems) for 40 cycles of 95 �C for 10 s, 60 �C for
20 s, and 70 �C for 30 s. For RECK, PIAS3, SOCS1 andmiR-21 pri-
cursor (pri-miR-21) detection, total RNA (2 mg) was reverse
transcribed into cDNA with AMV Reverse Transcriptase (Prom-
ega, Madison, WI, USA). Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used as the internal control. The sequence
of primers used in our study was listed in Table 1. The qRT-PCR
assay was performed using the Applied Biosystems 7300
Sequence Detection System (Applied Biosystems) with cycling
conditions as follows: 95 �C for 15 s and 60 �C for 1 min for 40
cycles. The two types of qRT-PCRs mentioned above were
carried out with Power SYBR® Green master mix (Applied Bio-
systems). Fold changes in gene expression was calculated by
a comparative threshold cycle (Ct) method with the formula 2-
(DDCt).
2.3 Reverse-transcriptase polymerase chain reaction (RT-
PCR)

Total cellular RNA was isolated with Trizol® (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's protocols.
RNA (2 mg) was transcribed into cDNA using AMV Reverse
Transcriptase (Promega, Madison, WI, USA). Primers used are
listed in Table 1. The reactions were determined by analyzing
the PCR products on 2% (w/v) agarose gels. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) product was applied as the
loading control.
2.4 Western blotting

Cell lysis solution was obtained with RIPA lysis buffer (Beyotime
Biotechnology, Shanghai, China). The cell lysates were sepa-
rated by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) followed by transferring to polyvinylidene
This journal is © The Royal Society of Chemistry 2017
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uoride membranes (PVDF; Millipore, Billerica, MA, USA). The
antigen–antibody complexes were detected with enhanced
chemiluminescence. Highly specic antibodies used in our
current study were anti-RECK, anti-PIAS3, anti-STAT3, anti-
phosphorylated STAT3 (Cell Signaling Technology, Beverly,
MA, USA) and anti-b-actin (Sigma-Aldrich, St. Louis, MO, USA).
And b-actin served as the internal control to eliminate the
differences of protein loading.

2.5 Invasion assay

Invasion assay was performed with growth factor-reduced
Matrigel®-coated lters (8 mm pore size; BD Biosciences,
Franklin Lakes, NJ, USA) in 24-well plates. The wells were pre-
coated with matrigel at 4 �C for 12 h and placed in an incu-
bator at 37 �C for another 1.5 h for solidication of matrigel.
Aer individual treatments, breast cancer cells (2 � 104) were
re-suspended in FBS-free medium and seeded onto the upper
chamber of well plates. The lower chambers were lled with
medium containing 100 ng mL�1 of epidermal growth factor
(R&D Systems, Minneapolis, MN, USA). The chambers were
incubated at 37 �C for 24 h in the absence or presence of CO2 for
MDA-MB-231 and Hs-578T cells, respectively. At the end of the
incubations, cells on the upper surface of the lter were
removed gently with a cotton swab. Cells penetrated through
the lter to the lower surface were xed with 4% para-
formaldehyde for 15min and stained with 0.1% crystal violet for
10 min. Penetrated cells were photographed with a phase
contrast microscope (Olympus, Tokyo, Japan) and counted in
ve randomly chosen elds.

2.6 Chromatin immunoprecipitation (ChIP) assay

Aer individual treatment, cells were xed by 1% formaldehyde
for 10 min at 37 �C. Cells were washed twice with ice-cold
phosphate buffer saline (PBS) containing 1 mM PMSF, the
inhibitor of protease and then scraped. Aer centrifugation for
2 min at 4 �C, the cells population was resuspended in SDS lysis
buffer containing 1 mM PMSF for 15 min and sonicated. The
cell lysis sample was then centrifuged at 4 �C for 10 min at
12 000 rpm. The supernatant was diluted in ChIP dilution
buffer containing 1 mM PMSF. Phosphorylated STAT3 antibody
and IgG was added and incubated at 4 �C overnight with gentle
shaking. The immunocomplex was pulled down with protein A/
G agarose and washed by low salt immune complex wash buffer,
high salt immune complex wash buffer, LiCl immune complex
wash buffer and TE buffer in order. The complex was eluted
with elution buffer containing 1% SDS and 0.1 M NaHCO3 and
the cross-links was reversed by heating at 65 �C for 4 h. The DNA
was then puried by phenol/chloroform and applied to the
subsequent PCR amplication. The sequence of promoter-
specic primers for human miR-21 upstream region including
activated STAT3 binding sites used in our study was as follows:
forward: 50-CCTCTGAGAAGAGGGGACAA-30 and reverse: 50-
ACCGCTTCCAGCAA AAGAGT-30. This pair of primers had been
previously testied.23 Final product was approximately 235 bp.
The amplied PCR products were resolved by on 2% (w/v)
agarose gels and photographed by BioImage.
This journal is © The Royal Society of Chemistry 2017
2.7 Cell transfection

Negative control (nc), and PIAS3 small interfering RNA (siRNA)
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). These reagents were transiently transfected into breast
cancer cells with Lipofectamine® 2000 (Invitrogen, Carlsbad,
CA, USA) following the manufacturer's instructions.

2.8 Luciferase reporter assay

The STAT3 signaling pathway reporter plasmid was purchased
from Shuntian Biology (Shanghai, China). And the construct
containing only renilla luciferase was obtained from Promega
and acted as the internal control to eliminate the difference in
terms of the transfection efficiency and cytotoxicity of test
chemicals. Briey, the Hs-578T cells were seeded in a 24-well
cell culture dish. The cells proliferated to approximately 80%
conuence aer 24 h of culture. The constructs were rstly
transiently introduced into Hs-578T cells with application of
Lipofectamine® 2000 (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer's instructions. Aer an incubation period
of 12 h, the transfection medium was replaced. Then, the Hs-
578T cells were exposed to ISL at 0.0 or 10.0 mM for 24 h with
normal medium. Following 24 h incubation, the cells were lysed
with passive lysis buffer (Promega, Madison, WI, USA). Using
a 96-well plate luminometer (Berthold Detection System,
Pforzheim, Germany), the amounts of luciferase and renilla
luciferase were measured with the Dual-Luciferase Reporter
Assay System Kit (Promega, Madison, WI, USA) following the
manufacturer's recommendations. The values of luciferase
activity for each lysate were measured randomly in triplicate
and normalized to the respective renilla luciferase activity. The
relative activity was converted into fold induction compared
with control group and presented as mean � SD (n ¼ 3).

2.9 Statistical analysis

Values were presented as the means� SD. The one-way analysis
of variance (ANOVA) followed by Dunnett's t-test were applied to
determined statistical differences between groups. P-values
<0.05 were considered statistically signicant.

3 Results
3.1 ISL transcriptionally down-regulates miR-21 expression

Previously, we found that ISL did not exert cytotoxicity to breast
cancer cells at the concentration of 10.0 and 20.0 mM for 24 h.9

Thus, we used the concentration of 10.0 and 20.0 mM ISL for
further investigating the roles of ISL on invasion in breast
cancer cells. Furthermore, no detectable cytotoxicity of ISL on
non-cancer cells HUVECs was observed at these two concen-
trations indicating its safety of application (Fig. S1†).

Next we examined the miR-21 expression pattern in breast
cancer cells treated with ISL. As shown in Fig. 1A, the expression
of mature miR-21 was attenuated in a dose-dependent manner.
Moreover, the miR-21 pri-cursor (pri-miR-21) was also reduced
in a dose-dependent manner (Fig. 1B). These results indicated
the transcriptional repression of miR-21 expression by ISL at
appropriate concentration.
RSC Adv., 2017, 7, 18085–18092 | 18087
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Fig. 1 ISL transcriptionally down-regulates miR-21 expression. (A) Breast cancer MDA-MB-231 and Hs-578T cells were treated with ISL for 24 h
at 0.0, 5.0, 10.0 and 20.0 mM. The expression of mature miR-21 was examined by qRT-PCR assay (mean� SD, n¼ 3). (B) Breast cancer MDA-MB-
231 and Hs-578T cells were treated with ISL for 24 h at 0.0, 5.0, 10.0 and 20.0 mM. The expression of miR-21 pri-cursor (pri-miR-21) was
examined with qRT-PCR assay (mean � SD, n ¼ 3). *P < 0.05 and **P < 0.01 compared with the non-treated group.
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3.2 ISL reduces the DNA binding activity of activated STAT3

Research data from for other group suggested that the tran-
scriptional factor STAT3 could translocate into nuclei and bind
to specic sequence within the promoter of miR-21 gene,
resulting in enhanced miR-21 expression at transcriptional
level.24 Then, we examined the effect of ISL on STAT3 pathway.
Surprisingly, we did not observe signicant changes in the
Fig. 2 ISL reduces the DNA binding activity of activated STAT3. (A) MDA
24 h. Western blotting was carried out with specific antibodies. (B) Hs-578
12 h followed by exposure to ISL at 0.0 or 10.0 mM for another 24 h. The
system kit. The relative activity was converted into fold induction compa
compared with the non-treated group. (C) MDA-MB-231 cells were expos
antibodies against p-STAT3.

18088 | RSC Adv., 2017, 7, 18085–18092
phosphorylation level of STAT3, conrmed with western blot-
ting analysis (Fig. 2A). Similarly, immunouorescence staining
also demonstrated no obvious inuence on expression or
nuclear accumulation of phosphorylated STAT3 in cells treated
with ISL (data not shown). As presented in Fig. 2B, however, we
found the reduced signaling activity of STAT3 in Hs-578T cells
exposed to ISL with STAT3 reporter plasmid. Furthermore, ISL
signicantly down-regulated the enrichment of phosphorylated
-MB-231 and Hs-578T cells were exposed to ISL at 0.0 or 10.0 mM for
T cells were transiently transfected with the STAT3 reporter plasmid for
n the luciferase activity was tested with dual-luciferase reporter assay
red with control group and presented as mean � SD (n ¼ 3). **P < 0.01
ed to ISL at 0.0 or 10.0 mM for 24 h. The ChIP assay was performedwith

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Induction of PIAS3 mediates the inhibition of the DNA binding activity of activated STAT3 by ISL. (A) Breast cancer MDA-MB-231 and Hs-
578T cells were treated with ISL for 24 h at 0.0, 5.0, 10.0 and 20.0 mM. The expression of PIAS3 mRNA was measured with qRT-PCR assay (mean
� SD, n¼ 3). **P < 0.01 compared with the control group. (B) MDA-MB-231 andHs-578T cells were exposed to ISL at 0.0 or 10.0 mM for 24 h. The
expression of PIAS3 protein was examined with western blotting analysis. (C) MDA-MB-231 and Hs-578T cells were transiently transfected with
specific siRNA for PIAS3. RT-PCR andwestern blotting analysis were performed simultaneously. MDA-MB-231 and Hs-578T cells were transiently
transfected with si-nc or si-PIAS3, then exposed to ISL at 0.0 or 10.0 mM for 24 h. (D) The western blotting analysis and (E) the ChIP assay were
then performed.
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STAT3 within miR-21 promoter in dose-dependent manner
(Fig. 2C). These data indicated that ISL reduced the DNA
binding activity of activated STAT3.
3.3 Induction of PIAS3 mediates the inhibition of the DNA
binding activity of activated STAT3 by ISL

PIAS3 acts as a specic inhibitor of activated STAT3.13–15 Next,
we attempted to elucidate the potential effect of ISL on the
Fig. 4 Induction of PIAS3 is crucial for the repression of miR-21 by ISL. MD
si-PIAS3, then exposed to ISL at 0.0 or 10.0 mM for 24 h. (A) qRT-PCR a
expression of mature miR-21 and RECK, respectively. **P < 0.01 compar
nc-treated group with ISL (10.0 mM) exposure.

This journal is © The Royal Society of Chemistry 2017
negative regulator of STAT3 signaling pathway namely PIAS3. As
presented in Fig. 3A, PIAS3 mRNA was induced in dose-
dependent manner in breast cancer cells treated with ISL.
And the protein level of PIAS3 also increased due to ISL expo-
sure (Fig. 3B). These results implied the involvement of PIAS3 in
the repressive effect of ISL on STAT3 signaling.

Subsequently, the PIAS3 siRNA was transiently introduced
into the breast cancer cells and data presented in Fig. 3C
A-MB-231 andHs-578T cells were transiently transfected with si-nc or
nd (B) western blotting analysis were then performed to examine the
ed with the si-nc-treated group and ##P < 0.01 compared with the si-

RSC Adv., 2017, 7, 18085–18092 | 18089
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Fig. 5 Induction of PIAS3 mediates the repressive effect of ISL on cellular invasiveness. MDA-MB-231 and Hs-578T cells were transiently
transfected with si-nc or si-PIAS3, then exposed to ISL at 0.0 or 10.0 mM for 24 h. (A) Invasion assay was carried out. (B) Invaded cell number was
determined (mean � SD, n ¼ 5). **P < 0.01 compared with non-treated cells and ##P < 0.01 compared with the si-nc-transfected cells treated
with ISL at 10.0 mM.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 2
/2

5/
20

26
 1

0:
36

:5
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
conrmed the high efficiency of the siRNA. As followed, these
cells were transfected with si-nc or si-PIAS3 for 12 h, then
treated with ISL at 0.0 or 10.0 mM for another 24 h. Herein,
abrogation of PIAS3 expression by specic siRNA reversed the
inhibitory effect of ISL on the enrichment of activated STAT3 in
miR-21 promoter region (Fig. 3E). However, the phosphoryla-
tion level and nuclear location of activated STAT3 remained
unchanged upon PIAS3 modulation (Fig. 3D). The results
mentioned above certied that induction of PIAS3 mediated the
inhibition of the DNA binding activity of activated STAT3 by ISL.

3.4 Induction of PIAS3 is crucial for the repression of miR-21
by ISL

As demonstrated in Fig. 4A, ISL attenuated the miR-21 expres-
sion, as determined by qRT-PCR assay; however, the repression
of miR-21by ISL was abrogated by PIAS3 perturbance with
siRNA. We previously conrmed the tumor suppressor RECK as
a direct target of miR-21.9 Herein, the induction of RECK by ISL
was also abolished with PIAS3 siRNA transfection (Fig. 4B).
These results suggested that induction of PIAS3 was crucial for
the repression of miR-21 by ISL in breast cancer cells.

3.5 Induction of PIAS3 mediates the repressive effect of ISL
on cellular invasiveness

Our recent study showed that repression of miR-21 mediated
the inhibitory effect of ISL cellular invasiveness.9 In the present
study, as demonstrated in Fig. 5, ISL attenuated the invasive
capacity of breast cancer cells, as determined by invasion assay;
however, perturbance of PIAS3 abrogated such effects. These
results suggested that induction of PIAS3 mediated the repres-
sive effect of ISL on cellular invasiveness.

4 Discussion

Based on the evidence presented in our research, we supplied
continued information on the anti-tumor mechanisms of ISL.
Indeed, we rstly found that miR-21 was transcriptionally down-
18090 | RSC Adv., 2017, 7, 18085–18092
regulated by ISL treatment in breast cancer cells. Secondly, the
inhibition of STAT3 signaling pathway was involved in the
attenuation of miR-21 by ISL. Moreover, not the phosphoryla-
tion course but the DNA binding activity of STAT3 was respon-
sible for the deciency of STAT3 signaling caused by ISL. Lastly,
further evidence showed that induction of PIAS3, an endoge-
nous inhibitor of STAT3 pathway, was participated in the
repressive effect of ISL on STAT3 DNA binding capacity. These
results contributed to clear elucidation of the completed
signaling caused by ISL in breast cancer cells.

Quiescent STAT3 is activated via phosphorylation induced by
appropriate stimulation and the STAT3 signaling could be
modulated in many steps including phosphorylation by Jak and
subsequent nuclear translocation even DNA binding. A number
of endogenous inhibitors of STAT3 pathway has been discov-
ered. In vitro studies, suppressor of cytokine signaling 1–3
(SOCS1–3) also known as STAT-induced STAT inhibitor (SSI1–3)
could negatively regulate Jak-STAT3 pathway through direct
interaction with activated Jak by binding to the activation loop
in a phosphorylation-dependent manner, leading to deciency
in STAT3 phosphorylation.25–27 In addition, phosphatases
responsible tyrosine dephosphorylation also play a critical role
in suppression of IL-6 cytokine signaling via removal of phos-
phorylation group at specic site of STAT3.28 In our study, the
data of luciferase reporter assay demonstrated that the activity
of signaling drived by STAT3 in breast cancer cells was
decreased due to ISL exposure. However, neither the phos-
phorylation status nor cellular location of STAT3 was affected by
ISL treatment, demonstrated by western blotting and immu-
nouorescence staining, ruling out the involvement of SOCSs
and tyrosine phosphatases. Moreover, our data presented in ESI
Fig. 2† showed no obvious alteration on SOCS1 mRNA expres-
sion upon ISL treatment in breast cancer cells. Actually, neither
phosphorylation nor translocation of STAT3 could represent the
activation of STAT3 signaling because DNA binding was the last
and vital step of STAT3 pathway. Thus, using plasmid reporter
of STAT3 or examining the transcription of STAT3 target genes
might be more intuitionistic and reasonable for monitoring the
This journal is © The Royal Society of Chemistry 2017
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activity of STAT3 signaling pathway. In our study, we did not
observe any alteration on phosphorylation or nuclear trans-
location of STAT3, however, our ChIP data showed that ISL
down-regulated the enrichment of phosphorylated STAT3 at
miR-21 promoter, indicating impaired DNA binding activity at
post-phosphorylational level. PIAS3 acted as a negative regu-
lator of STAT3 via inhibiting its DNA binding activity.13–15 Our
subsequent results showed obvious restoration of PIAS3 in ISL-
treated breast cancer cells. Additionally, PIAS3, the specic
inhibitor of activated STAT3, served as the vital mediator during
inhibition of the DNA binding activity of activated STAT3 and
consequent miR-21 expression by ISL. Articial restoration of
PIAS3 in tumor-derived cell lines reversed STAT3-driven malig-
nant phenotypes such as the highly invasive capacity and
uncontrolled cell proliferation.29 Our data of invasion assay
clearly showed that inhibition of cellular invasiveness by ISL
was reversed upon PIAS3 perturbance with siRNA, which further
veried the results of previous investigation focused on the
function of PIAS3 on invasive nature of tumor cells.

In addition to STAT3, NF-kB, another critical transcriptional
factor in tumor biology, could also bind to the promoter of miR-
21, leading to transcriptional activation of miR-21.30 Moreover,
previous evidence demonstrated that ISL could inactivate the
DNA binding activity of NF-kB.31 Although initially identied as
an inhibitor of STAT3 signaling, latter research established that
PIAS3 could also block the signaling mediated by NF-kB via
physical interaction with the P65/RelA subunit.32 It is rational to
speculate that inhibition of NF-kB pathway by PIAS3may also be
involved in miR-21 repression by ISL, which needs further
investigation.

In the present study, PIAS3 was certied as the upstream of
miR-21. Recently, however, PIAS3 was identied as a direct
target of miR-21 in multiple myeloma cells.33 Based on our and
others' data, a negative regulation loop may exist between PIAS3
and miR-21.

In our study, we did not provide any evidence on the
mechanisms underlying the up-regulation of PIAS3 by ISL.
Former research suggested that exposure of lung cancer cells to
5-azacytidine, a highly effective inhibitor of DNA methylation,
resulted in a signicant increase in PIAS3 mRNA and protein
expression, indicating the involvement of DNA methylation in
PIAS3 deregulation in cancer cells.34 Reactive oxygen species
(ROS)-induced oxidative stress could silence certain tumor
suppressors via epigenetic mechanisms such as DNA methyla-
tion and histonemodication, resulting in tumor progression.35

Besides, recruitment of DNA methyltransferases (DNMTs) to
gene promoter plays a vital role in ROS-mediated DNA methyl-
ation.36 As previously conrmed, ISL could function as a natu-
rally occurring anti-oxidant through eliminating intracellular
ROS production.37 And demethylation was previously conrmed
as the underling mechanism whereby ISL induced WIF1, an
endogenous inhibitor of Wnt signaling.22 Based on these
observations, promoter demethylation might be involved in the
induction of PIAS3 by ISL through decreasing ROS level.

Taken together, our study showed transcriptional inhibition
of miR-21 expression was found in MDA-MB-231 and Hs-578T
breast cancer cells exposed to ISL. And PIAS3 was rstly
This journal is © The Royal Society of Chemistry 2017
identied as an important mediator in miR-21 intervention by
ISL, leading to failure in tumor progression. By unmasking
a novel mechanism by which ISL, a phytochemical with low
cytotoxicity to normal cells, negatively regulates miR-21 via
induction of PIAS3, our study not only expands understanding
of the anti-tumor mechanisms of ISL, but also provides an
alternative for the treatment of breast cancer.
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