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Abstract: Pancreatic cancer is the fourth leading cause of cancer related death in the US and exhibits aggres-
sive features with short survival rate and high mortality. Therefore, it is important to understand the molecular 
mechanism(s) involved in the aggressive growth of pancreatic cancers, and further design novel targeted therapies 
for its treatment with better treatment outcome. In the present study, we found that the expression of miR-221 was 
significantly up-regulated in pancreatic cancer cell lines and tumor tissues compared to normal pancreatic duct 
epithelial cells and normal pancreas tissues. Moreover, we found that the pancreatic cancer patients with high miR-
221 expression had a relatively shorter survival compared to those with lower expression, suggesting that miR-221 
could be an oncogenic miRNA and a prognostic factor for poor survival of patients. Interestingly, transfection of 
miR-221 inhibitor suppressed the proliferative capacity of pancreatic cancer cells with concomitant up-regulation 
of PTEN, p27kip1, p57kip2, and PUMA, which are the tumor suppressors and the predicted targets of miR-221. Most 
importantly, we found that the treatment of pancreatic cancer cells with isoflavone mixture (G2535), formulated 
3,3’-diindolylmethane (BR-DIM), or synthetic curcumin analogue (CDF) could down-regulate the expression of miR-
221 and consequently up-regulate the expression of PTEN, p27kip1, p57kip2, and PUMA, leading to the inhibition of 
cell proliferation and migration of MiaPaCa-2 and Panc-1 cells. These results provide experimental evidence in 
support of the oncogenic role of miR-221 and also demonstrate the role of isoflavone, BR-DIM, and CDF as po-
tential non-toxic agents that are capable of down-regulation of miR-221. Therefore, these agents combined with 
conventional chemotherapeutics could be useful in designing novel targeted therapeutic strategy for the treatment 
of pancreatic cancer for which there is no curative therapy.
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Introduction

Although the incidence and mortality of pancre-
atic cancers have declined slowly in recent 
years, pancreatic cancer is still the fourth lead-
ing cause of cancer related death in the US with 
estimated 30,700 new cases and 30,000 
deaths expected in 2013 [1]. Pancreatic cancer 
exhibits aggressive features with shorter 5-year 
relative survival rate of ~4%. For all stages 
combined, the 1-year relative survival rate is 
only 21% [1]. Such high mortality of pancreatic 
cancer could in part be due to the capacity of 
pancreatic cancer cells to acquire rapid cell 
proliferative, invasive, and metastatic charac-

teristics during the development and progres-
sion of pancreatic cancer. Only early pancreatic 
cancers can be removed by surgery. 
Unfortunately, early pancreatic cancer only 
accounts for a very small numbers of patients 
(about 20% of all pancreatic cancer diagnosed). 
Moreover, chemotherapies for unresectable 
pancreatic cancer are not effective for most 
patients. Therefore, it is important to under-
stand the molecular mechanism(s) involved in 
the aggressive growth characteristics of pan-
creatic cancer. By knowing the altered molecu-
lar signaling in pancreatic cancer, novel target-
ed and combination therapies could be 
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designed to inhibit the aggressiveness of pan-
creatic cancer so that the patients with pancre-
atic cancers could be treated with better 
outcome.

In recent years, growing evidence demon-
strates the importance of microRNAs (miRNAs) 
in the development and progression of cancers 
including pancreatic cancer [2-5]. The aberrant-
ly increased or decreased level of specific miR-
NAs in pancreatic cancer is associated with the 
aggressiveness of pancreatic cancer [3, 4, 6]. 
Experimental studies have also identified some 
of their molecular targets which are known to 
regulate the biological behaviors of cancer cells 
[3-6]. The miR-221 is one of the oncogenic miR-
NAs which is known to promote the develop-
ment and progression of various cancers [7-10]. 
The up-regulation of miR-221 expression has 
been found in various types of cancers. The 
miR-221 could inhibit the expression of its tar-
gets, HECTD2 and RAB1A, leading to the devel-
opment of castration resistant prostate cancer 
[7, 10] whereas miR-221 could also promote 
tumorigenesis in triple negative breast cancer 
cells through the inhibition of p27kip1 and 
E-cadherin [8]. In addition, miR-221 has been 
found to induce cell survival and cisplatin resis-
tance, and reduce apoptosis of osteosarcoma 
cells through the inhibition of PTEN signaling 
[9]. In pancreatic cancer, the concentration of 
plasma miR-221 has been found to be signifi-
cantly higher compared with benign pancreatic 
tumors and normal controls while plasma miR-
221 concentration was significantly reduced in 
postoperative samples [11]. A recent study 
showed that miR-221 could regulate PDGF-
mediated EMT phenotype and growth of pan-
creatic cancer cells [12]. These observations 
suggest that miR-221 could play important 
roles in the aggressiveness of pancreatic can-
cer. Therefore, this miRNA could be a putative 
oncogenic promoter, and thus strategies to 
down-regulate its expression may prove to be 
beneficial in reverting the aggressive pheno-
type of pancreatic cancer. By investigating the 
targets and related signaling of miR-221, the 
targeted therapeutic strategies could be 
designed for the treatment of pancreatic can-
cers with better treatment outcome. 

We have previously found that the dietary com-
pounds including isoflavone genistein and 
3,3’-diindolylmethane (DIM) could enhance the 
anti-tumor activity of chemotherapeutic agents 
in various cancers including pancreatic cancers 

[13, 14]. We have also found that isoflavone 
genistein and DIM could up-regulate the expres-
sion of let-7, miR-200, and miR-146a, leading to 
the reversal of epithelial-to-mesenchymal tran-
sition and the suppression of invasive capacity 
of pancreatic cancer cells [15, 16]. In this study, 
we assessed the expression patterns of miR-
221 and its targets in the normal pancreatic 
duct epithelial cells, pancreatic cancer cell 
lines, pancreatic cancer tissues, and normal 
pancreatic tissues. We also investigated wheth-
er the treatment of pancreatic cancer cells with 
either G2535 (a mixture of genistein and other 
isoflavones), BR-DIM (BioResponse formulated 
DIM with greater bioavailability [17]), or CDF (a 
novel difluorinated curcumin analogue) could 
alter the expression of miR-221 and its targets 
that are related to the aggressiveness of pan-
creatic cancer. The effects of miR-221, G2535, 
BR-DIM, and CDF on relevant molecular regula-
tions and biological behaviors of pancreatic 
cancer were also investigated in this study.

Materials and methods

Cell lines, reagents, and antibodies 

MiaPaCa-2, Panc-1, and BxPC-3 pancreatic 
cancer cells obtained from ATCC (Manassas, 
VA) were maintained in DMEM (Invitrogen, 
Carlsbad, CA) supplemented with 10% fetal 
bovine serum (FBS), 50 U/mL penicillin, and 50 
μg/mL streptomycin in a 5% CO2 atmosphere at 
37 °C. Human pancreatic duct epithelial (HPDE) 
cells were obtained from MD Anderson Cancer 
Center (a generous gift of Dr. Paul J. Chiao), 
maintained in keratinocyte serum-free medium 
supplied with 5 ng/mL of epidermal growth fac-
tor and 50 μg/mL of bovine pituitary extract 
(Invitrogen), and cultured in DMED/FBS medi-
um when conducting experiments. The cell 
lines from ATCC have been tested and authenti-
cated in core facility Applied Genomics 
Technology Center at Wayne State University. 
The method used for testing was short tandem 
repeat (STR) profiling using the PowerPlex® 16 
System from Promega (Madison, WI). Isoflavone 
mixture G2535 (70.54% genistein, 26.34% 
diadzin, and 0.31% glycitein manufactured by 
Organic Technologies and obtained from NIH) 
was dissolved in DMSO to make a stock solu-
tion containing 50 mM equivalent to genistein. 
The concentration of isoflavone we described 
in this article all refer to the concentration of 
genistein in the isoflavone mixture. BR-DIM 
(BioResponse, Boulder, CO) was generously 
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provided by Dr. Michael Zeligs and was dis-
solved in DMSO to make a 50 mM stock solu-
tion. CDF discovered in our institution [18] was 
dissolved in DMSO to make a 5 mM stock solu-
tion. Anti-PTEN, anti-p27kip1, anti-p57kip2, and 
anti-PUMA antibodies were purchased from 
Santa Cruz (Santa Cruz, CA), and used for 
Western Blot analysis.

Tissue collection

All 24 patients in the study were both clinically 
and pathologically diagnosed as pancreatic 
cancer. The median age was 65 and gender 
count was 58.3% female and 41.7% male. 
Archived formalin-fixed paraffin embedded 
(FFPE) tumor tissue blocks from these patients 
with pancreatic adenocarcinoma and morpho-
logically normal appearing pancreas tissue that 
were anatomically far away from the pancreatic 
tumor and served as the control were used for 
the study along with the collection of survival 
data. The institutional human investigation 
review board approved the study. The relation-
ship between miR-221 expression and survival 
was analyzed by Kaplan-Meier survival analysis 
using GraphPad Prism software (GraphPad 
Software Inc, San Diego, CA).

Total RNA extraction from tissues and cell lines

Total RNA from FFPE tissue was isolated by 
miRNeasy FFPE Kit and RNase-free DNase Set 
(QIAGEN, Valencia, CA) according to the manu-
facturer’s protocol. Briefly, four freshly cut tis-
sue sections of 10 μm thick and approximately 
1 cm in diameter were placed in micro tubes 
along with 1 ml xylene. RNA was extracted, elut-
ed in a final volume of 25 μl, and quantified 
using NanoDrop 2000 (Thermo Scientific, 

Pittsburgh, PA) as described earlier [19]. The 
ratio of 260/280 varied from 1.8-2.1. Samples 
with values less or more were considered to be 
not usable. 

Total RNA from cell lines was extracted by using 
the miRNeasy Mini Kit and RNase-free DNase 
Set (QIAGEN) following the protocol provided by 
the manufacturer.

miRNA array and data analysis 

Purified RNA pooled separately from normal 
and tumor tissue samples were analyzed by LC 
Sciences for miRNA expression profiling using 
miRBase version 19 (LC Sciences Houston, TX). 
In LC Sciences, the total RNA samples were 
enriched for microRNAs and the miRNA arrays 
were performed on µParaFlo™ microfluidic 
chips, each of which had a miRNA probe region 
with multiple repeat regions that detect miR-
NAs. Multiple control probes were also included 
on the arrays for assessing various chip and 
assay qualities. Chips were scanned and the 
signal intensity data was obtained. Then, the 
data was analyzed by subtracting the back-
ground and normalizing the signals using 
selected housekeeping genes. The ratio of sig-
nals from normal and tumor tissues was 
calculated. 

miRNA and mRNA real-time RT-PCR assay

The expression levels of miR-221 in pancreatic 
cells and tumors were further quantitated and 
validated by using TaqMan MicroRNA Assay Kit 
(Applied Biosystems, Foster City, CA) following 
manufacturer’s protocol. Briefly, total RNA from 
each sample was subjected to reverse tran-
scription with a specific miR-221 primer 
(Applied Biosystems). Real-time PCR reactions 
were then carried out in StepOnePlus (Applied 
Biosystems). The PCR program was initiated by 
10 min at 95 °C before 40 thermal cycles, each 
of 15 s at 95 °C and 1 min at 60 °C. Data were 
analyzed according to the comparative Ct 
method and were normalized by RNU48 expres-
sion in each sample. The expression level of 
miRNA was statistically evaluated by Student’s 
t-Test using GraphPad StatMate software 
(GraphPad Software Inc).

The expression level of PTEN, p27kip1, p57kip2, 
and PUMA mRNAs in pancreatic cancer cells 
was analyzed by real-time RT-PCR using High 
Capacity RNA-to-cDNA Kit and SYBR Green 
Master Mixture (Applied Biosystems). The 

Table 1. The sequences of primers used for 
real-time PCR
Primers Sequences
PTEN-2F TCCAATGTTCAGTGGCGGAA
PTEN-2R CGTGTGGGTCCTGAATTGGA
p27-2F CAGCTTGCCCGAGTTCTACT
p27-2R TGTCCTCAGAGTTAGCCGGA
p57v1-F CTCCGCAGCACATCCACGAT
p57v1-R GGTGCGCACTAGTACTGGGA
PUMA-2F GTTCCAGCTGCAGGGGTG
PUMA-2R CAGAGTGAAGGAGCACCGAG
GAPDH-F TTCTTTTGCGTCGCCAGCCGA
GAPDH-R GTGACCAGGCGCCCAATACGA
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sequences of primers used were shown in 
Table 1. The PCR was initiated by 10 min at 95 
°C before 40 thermal cycles, each of 15 s at 95 

°C and 1 min at 60 °C. Data were analyzed 
according to the comparative Ct method and 
were normalized by GAPDH expression in each 
sample.

Re-expression and inhibition of miR-221 in 
pancreatic cancer cells

MiaPaCa-2 (express high levels of miR-221) 
and Panc-1 (express low levels of miR-221) 
cells were seeded in 6 well plates. Next day, the 
MiaPaCa-2 cells were transfected with anti-
miR-221 or anti-miR negative control (Applied 
Biosystems) while Panc-1 cells were transfect-
ed with miR-221 mimic or miR mimic negative 

control (Applied Biosystems) at a final concen-
tration of 30 nM using DharmaFact Transfection 
Reagent (Dharmacon, Lafayette. CO). After 3 
days of transfection, total RNA from each sam-
ples were then extracted using the miRNeasy 
Mini Kit and RNase-free DNase Set (QIAGEN) 
and subjected for measuring target mRNA 
expression by real-time RT-PCR. Total proteins 
from each sample were also extracted and sub-
jected to Western Blot analysis to measure the 
target protein expression after transfections. 
The miR-221 mimic or inhibitor transfected ce- 
lls were also subjected to proliferation assays.

Western Blot analysis

Western Blot analysis was conducted to test 
the protein expression level of miR-221 targets 
including PTEN, p27kip1, p57kip2, and PUMA by 
using our standard protocol. MiaPaCa-2 and 
Panc-1 cells were transfected with miR-221 
mimic or inhibitor, or treated with 25 μM G2535, 
25 μM BR-DIM, or 500 nM CDF for 72 hours. 
The cells were then lysed in RIPA buffer with 
protease inhibitors and protein concentration 
was measured using BCA protein assay 
(PIERCE, Rockford, IL). The proteins were sub-
jected to 10% SDS-PAGE, and electrophoreti-
cally transferred to nitrocellulose membrane. 
The membranes were incubated with specific 
primary antibodies, and subsequently incubat-
ed with secondary antibody conjugated with 
peroxidase (Bio-rad, Hercules, CA). The signal 
was detected using the chemiluminescent 
detection system (PIERCE). 

Cell proliferation assay by 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

MiaPaCa-2 and Panc-1 cells were seeded in 96 
well plates. The cells were then transfected 
with miR-221 mimic or inhibitor, or treated with 
25 μM G2535, 25 μM BR-DIM, or 500 nM CDF 
for 72 hours. The transfected and treated cells 
were subjected to cell proliferation assay using 
MTT assay as described previously [14]. The 
cell proliferation index of MiaPaCa-2 and Panc-
1 cells after transfection and treatment was 
statistically evaluated by Student’s t-Test using 
GraphPad StatMate software (GraphPad 
Software Inc).

Migration assay

The migratory capacity of MiaPaCa-2 cells after 
treatment with BR-DIM or CDF was accessed 
using wound-healing assay. The cells were plat-

Figure 1. The expression of miR-221 was significant-
ly higher in pancreatic cancer cells (A) and tissues 
(B, C) compared to normal pancreatic epithelial cells 
and tissues tested by miRNA real-time RT-PCR (A, C) 
and miRNA array (B). (*: P< 0.05). 
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ed into 6-well plates and cultured in the incuba-
tor until the cultures were subconfluent. The 
plates were then scratched linearly in multiple 
areas with a plastic 200 µl pipette tip. The cells 

were treated with 0.1% DMSO (vehicle control), 
25 μM BR-DIM, or 500 nM CDF. The “wounded” 
areas were photographed by phase contrast 
microscopy at 0, 24 or 48 hour time points.

Figure 2. The inhibition of 
miR-221 by transfection 
with anti-miR-221 (miR-221 
inhibitor) resulted in the up-
regulation of PTEN, p27kip1, 
p57kip2, and PUMA at both 
mRNA (A) and protein (B) lev-
els in MiaPaCa-2 cells while 
the introduction of miR-221 
by transfection with miR-221 
mimic down-regulated the 
expression of PTEN, p27kip1, 
p57kip2, and PUMA at mRNA 
(A) and protein (B) levels in 
Panc-1 cells. (*: P< 0.05). 
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Results

Pancreatic cancer cells and tissues showed 
significant up-regulation of miR-221 expres-
sion 

To investigate the difference in miR-221 expres-
sion between normal pancreatic duct epithelial 
cells (HPDE cells) and pancreatic cancer cells, 
we conducted miRNA RT-PCR assay. We found 
that the expression level of miR-221 was signifi-
cantly up-regulated in MiaPaCa-2, Panc-1, and 
BxPC-3 pancreatic cancer cells compared to 
HPDE cells (Figure 1A). To reveal whether the 
up-relation of miR-221 in pancreatic cancer cell 
lines observed in vitro is also existed in vivo, we 
conducted miRNA array analysis using pooled 

total RNA extracted from tissue samples from 
24 cases of pancreatic cancer. We found that 
the expression level of miR-221 was significant-
ly higher in pancreatic cancer tissues than that 
in adjacent normal pancreatic tissues (Figure 
1B). We further conducted real-time RT-PCR 
analysis of each specimen independently to 
quantitate and validate array data for assess-
ing the levels of miR-221 expression in paired 
pancreatic cancer tissues and adjacent normal 
pancreatic tissues from the 24 cases of pan-
creatic cancer. The results from miRNA real-
time RT-PCR analysis validated the data from 
miRNA array showing significantly higher 
expression of miR-221 in pancreatic cancer tis-
sues (Figure 1C). These results clearly demon-
strated that miR-221 is aberrantly up-regulated 
in pancreatic cancer and that miR-221 is an 
oncogenic miRNA which could promote the 
development and progression of pancreatic 
cancer. Because miRNA could regulate cancer 
development and progression by inhibiting the 
expression of its targets, we further tested the 
expression of miR-221 target genes after re-
expression or inhibition of miR-221 by transfec-
tion studies in pancreatic cancer cells.

Inhibition of miR-221 led to the up-regulation 
of its targets in cell proliferation signaling

From miRNA RT-PCR analysis, we observed that 
MiaPaCa-2 cells expressed significantly higher 
level of miR-221 while Panc-1 cells had rela-
tively lower expression of miR-221 (Figure 1A). 
In order to investigate the role of miR-221 in the 
regulation of its targets and related signaling, 
we transfected miR-221 inhibitor into 
MiaPaCa-2 cells and conversely introduced 
miR-221 mimic into Panc-1 cells. PTEN, p27kip1, 
p57kip2, and PUMA have been found to be the 
targets of miR-221 in various cancers [8, 9, 
20-22]. We found that the inhibition of miR-221 
by transfection of miR-221 inhibitor caused up-
regulation of PTEN, p27kip1, p57kip2, and PUMA 
in MiaPaCa-2 cells at the mRNA level (Figure 
2A). In contrast, over-expression of miR-221 in 
Panc-1 cells resulted in the down-regulation of 
PTEN, p27kip1, p57kip2, and PUMA at the mRNA 
level (Figure 2A). Importantly, further studies 
showed that transfection of miR-221 inhibitor 
into MiaPaCa-2 cells induced the expression of 
PTEN, p27kip1, p57kip2, and PUMA proteins 
(Figure 2B). We also found that introduction of 
miR-221 mimic into Panc-1 cells caused the 
down-regulation of PTEN, p27kip1, p57kip2, and 
PUMA protein expression (Figure 2B). These 

Figure 3. A: Transfection of miR-221 inhibitor into Mi-
aPaCa-2 cells significantly inhibited cell proliferation 
while the transfection of miR-221 mimic into Panc-1 
cell significantly promoted cell proliferation as tested 
by MTT assay (*: P< 0.05). B: Kaplan-Meier survival 
analysis showed that the pancreatic cancer patients 
with lower miR-221 expression had a relatively lon-
ger survival compared to the patients with higher ex-
pression of miR-221.
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results demonstrate that miR-221 could regu-
late the expression of its targets, PTEN, p27kip1, 
p57kip2, and PUMA in pancreatic cancer cells. 
Because PTEN, p27kip1, p57kip2, and PUMA all 
are the molecules in cell proliferation signaling 
and critically involved in the control of cancer 
cell proliferation, we further investigated the 
role of miR-221 in the progression of pancreat-
ic cancer. 

High expression of miR-221 led to increased 
pancreatic cancer cell proliferation and poor 
survival of pancreatic cancer patients

After we transfected miR-221 inhibitor into 
MiaPaCa-2 cells, we found that the down-regu-
lation of miR-221 caused inhibition of prolifera-
tion of MiaPaCa-2 cells (Figure 3A). Moreover, 
transfection of miR-221 mimic into Panc-1 cells 
significantly increased the proliferation of Panc-

1 pancreatic cancer cells (Figure 3A). These 
results demonstrate the role of miR-221 in the 
promotion of cell proliferation in pancreatic 
cancer, suggesting that the high expression of 
miR-221 could be responsible for the aggres-
sive progression of pancreatic cancer in vivo. 
Indeed, we found that the pancreatic cancer 
patients with low miR-221 expression had a 
relatively longer survival compared to the 
patients with high expression of miR-221 
although the difference was not statistically 
significant (Figure 3B), which appears to be due 
to relatively low number of patients in this 
study. Moreover, two patients who are still alive 
and survive for more than 5 years after diagno-
sis had low expression of miR-221 (Figure 3B). 
These results suggest that the high expression 
of miR-221 could be a prognostic factor for the 
aggressiveness and poor survival of pancreatic 
cancer patients. Therefore, targeting miR-221 
could be a promising strategy for the inhibition 
of tumor progression of pancreatic cancer. 
Thus, we further investigated whether isofla-
vone mixture G2535, BR-DIM, or CDF could 
alter the expression of miR-221 and its targets 
in pancreatic cancer, and thus these non-toxic 
agents could be novel therapeutics.

G2535, BR-DIM, and CDF inhibited the expres-
sion of miR-221

By RT-PCR assay for assessing the expression 
of miRNA, we found that 25 μM G2535, 25 μM 
BR-DIM or 500 nM CDF did differentially down-
regulate the expression of miR-221 in 
MiaPaCa-2 and Panc-1 cells (Figure 4). 
However, the down-regulation of miR-221 
expression was different between MiaPaCa-2 
and Panc-1 cells. The reason for this difference 
could in part be due to differences in the basal 
level expression of miR-221 in these cell lines. 
MiaPaCa-2 cells had much higher expression of 
miR-221; therefore, the down-regulation of 
miR-221 was more obvious in MiaPaCa-2 cells 
compared with Panc-1 cells (Figure 4). Next, we 
examined whether G2535, BR-DIM or CDF 
could alter the expression of PTEN, p27kip1, 
p57kip2, and PUMA mediated through the regu-
lation of miR-221 expression.

G2535, BR-DIM, and CDF induced the expres-
sion of PTEN, p27kip1, p57kip2, and PUMA

Because PTEN, p27kip1, p57kip2, and PUMA are 
miR-221 targets, the down-regulation of miR-

Figure 4. miRNA Real-time RT-PCR analysis showed 
that 25 μM G2535, 25 μM BR-DIM, and 500 nM CDF 
inhibited the expression of miR-221 in MiaPaCa-2 (A) 
and Panc-1 (B) cells (*: P< 0.05). 
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221 by G2535, BR-DIM, or CDF could conse-
quently up-regulate the expression of PTEN, 
p27kip1, p57kip2, and PUMA. By real-time PCR 

analysis, we did find that G2535, BR-DIM, or 
CDF treatment increased the expression level 
of PTEN, p27kip1, p57kip2, and PUMA mRNA in 

Figure 5. Real-time RT-PCR analysis (A, B) and Western Blot analysis (C) showed that 25 μM G2535, 25 μM BR-DIM, 
and 500 nM CDF induced the expression of PTEN, p27kip1, p57kip2, and PUMA in MiaPaCa-2 (A, C) and Panc-1 (B, C) 
cells both at the mRNA and protein levels. (*: P< 0.05).



Regulation of miR-221 by natural agents

473	 Am J Cancer Res 2013;3(5):465-477

MiaPaCa-2 and Panc-1 cells 
(Figure 5A). Moreover, G2535, 
BR-DIM or CDF treatment also 
differentially up-regulated the 
expressions of PTEN, p27kip1, 
p57kip2, and PUMA proteins 
(Figure 5B), which is consis-
tent with mRNA data. These 
results suggest that the induc-
tion of PTEN, p27kip1, p57kip2, 
and PUMA expression by 
G2535, BR-DIM or CDF could 
be due to the suppression of 
miR-221 expression. We fur-
ther tested the consequences 
of regulation of PTEN, p27kip1, 
p57kip2, and PUMA which con-
trol cell proliferation.

G2535, BR-DIM, and CDF 
inhibited cell proliferation 
and migration of pancreatic 
cancer cells 

Because we observed the 
inhibited cell proliferation by 
miR-221 inhibitor transfection 
(Figure 3A) and the down-reg-
ulated miR-221 expression by 
G2535, BR-DIM, or CDF 
(Figure 4), we tested whether 
the treatments by G2535, 
BR-DIM or CDF could also 
inhibit cell proliferation thr- 
ough the down-regulation of 
miR-221. We found that 
G2535, BR-DIM or CDF at dif-
ferent concentrations signifi-
cantly inhibited cell prolifera-
tion in both MiaPaCa-2 and 
Panc-1 pancreatic cancer 
cells (Figure 6A and 6B). We 
also found that BR-DIM and 
CDF inhibited cell migration of 
MiaPaCa-2 cells (Figure 6C). 
These results suggest that 
the inhibition of cell prolifera-
tion or migration by G2535, 
BR-DIM or CDF could be partly 
mediated by the down-regula-
tion of miR-221 expression 
and subsequent up-regulation 
of PTEN, p27kip1, p57kip2, and 
PUMA expression.

Figure 6. MTT assay showing that G2535, BR-DIM, and CDF at different con-
centrations significantly inhibited the proliferation of MiaPaCa-2 (A) and Panc-
1 (B) cells (*: P< 0.05). (C) 25 μM BR-DIM and 500 nM CDF also inhibited cell 
migration of MiaPaCa-2 cells.
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Discussion

Although aberrant expression of miR-221 has 
been found to be associated with the develop-
ment of various cancers and implicated in the 
accelerated tumor growth, the in vivo prognos-
tic significance of miR-221 in pancreatic cancer 
is still unclear. The elevated miR-221 levels 
have been found in most types of cancers 
including breast [8, 23], prostate [24], hepatic 
[25], gastric [26], colorectal [21], pancreatic 
[27], and other cancers [28, 29] although some 
controversy exists showing that the expression 
level of miR-221 was down-regulated in breast 
cancer tissues [30] and TMPRSS2:ERG fusion-
positive prostate cancer [31]. In the present 
study, we found significantly up-regulated 
expression of miR-221 in pancreatic cancer cell 
lines and tumor tissues compared to normal 
pancreatic duct epithelial cells and normal pan-
creas tissues, respectively. Our finding is con-
sistent with the report by other investigators 
[27], suggesting that miR-221 is an oncogenic 
miRNA in pancreas and is associated with the 
development of pancreatic cancer. Most impor-
tantly, we found that the over-expression level 
of miR-221 could be an important prognostic 
factor in predicting the survival of patients with 
pancreatic cancer. The pancreatic cancer 
patients with lower expression of miR-221 had 
a relatively longer survival time compared to 
those patients with relatively higher expression 
of miR-221. It is interesting to note that the only 
two patients found to be alive in this study 
showed lower expression of miR-221 and these 
two patients are surviving for more than 5 years 
after diagnosis. These results collectively sug-
gest that the expression of miR-221 could exert 
its critical effects in the development and pro-
gression of pancreatic cancer and that the 
down-regulation of miR-221 in pancreatic can-
cer cells could suppress cell proliferation, and 
thus could inhibit progression of pancreatic 
cancer. However, further studies with large 
number of pancreatic cancer patients are 
needed to conclude the value of miR-221 as a 
prognostic factor for poor survival of patients 
diagnosed with pancreatic cancer.

The molecular mechanism(s) involved in the 
miR-221 mediated progression of pancreatic 
cancer are still unclear. From our results, we 
believe that miR-221 promotes the develop-
ment and progression of pancreatic cancer 

partly through the regulation of signaling path-
ways which controls cell proliferation. It is well 
known that miRNA regulates physiological and 
pathophysiological processes through the sup-
pression in the expression of its target genes. 
The reported targets of miR-221 in other types 
of cancers include PTEN [9, 32, 33], p27kip1 [20, 
34], p57kip2 [20, 21], PUMA [35, 36], and others 
[7, 37, 38]. However, the status and the roles of 
these miR-221 targets in the development and 
progression of pancreatic cancer are still 
unclear. PTEN is an important molecule in the 
regulation of cell growth and apoptosis. By sup-
pressing PI3K-AKT-mTOR signaling, PTEN con-
trols many cellular processes such as survival, 
proliferation, energy metabolism and cellular 
architecture [39]. PTEN is a tumor suppressor 
gene and shows aberrant expression in can-
cers due to genetic mutation, epigenetic silenc-
ing, transcriptional repression, or miRNA regu-
lation [39]. The progression of cell cycle is 
driven by cyclins and their associated cyclin-
dependent kinases (CDKs). Both p27kip1 and 
p57kip2 are CDK inhibitors, suggesting their 
roles in the suppression of cell growth. It is well 
known that p27kip1 regulates cell proliferation, 
motility and apoptosis [40]. In human cancers, 
decreased expression or cytoplasmic mislocal-
ization of p27kip1 causes augmented cell prolif-
eration and migration, leading to the progres-
sion of cancer [41]. p57Kip2 controls the process 
of cell cycle exit, cytoskeletal organization, cell 
migration and differentiation [42]. In cancer 
cells, its expression is down-regulated through 
epigenetic changes such as DNA methylation, 
histone modification, or miRNA regulation [43]. 
PUMA (p53 upregulated modulator of apopto-
sis) is a Bcl-2 homology 3 (BH3)-only Bcl-2 fam-
ily member. PUMA plays a critical role in the 
regulation of p53-dependent and -independent 
apoptosis [44]. It has been found that the 
expression of PUMA is down-regulated in malig-
nant cutaneous melanoma and that the low 
expression of PUMA was a predictor of poor 
prognosis in patients [45]. Interestingly, all 
these molecules (PTEN, p27kip1, p57kip2, and 
PUMA) are the targets of miR-221 and are criti-
cal regulators controlling cell cycle, cell prolif-
eration and apoptosis. In the present study, we 
found that the transfection of miR-221 mimic 
could inhibit the expression of PTEN, p27kip1, 
p57kip2, and PUMA both at the mRNA and pro-
tein levels in pancreatic cancer, leading to 
enhanced cell proliferation of pancreatic can-
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cer cells. These results suggest that the onco-
genic effect of miR-221 is mediated through 
the inhibition of tumor suppressors, PTEN, 
p27kip1, p57kip2, and PUMA in pancreatic cancer. 
Moreover, we also found that the transfection 
with miR-221 inhibitor could induce the expres-
sion of PTEN, p27kip1, p57kip2, and PUMA, result-
ing in the inhibition of cell proliferation in pan-
creatic cancer. These results suggest that the 
strategies which down-regulate miR-221 
expression could be useful for the suppression 
of pancreatic cancer growth through the induc-
tion in the expression of the tumor suppressor 
PTEN, p27kip1, p57kip2, and PUMA which are the 
targets of miR-221.

The inhibition of cancer cell proliferation and 
cancer progression should be an important 
strategy for the successful treatment of pan-
creatic cancer. Therefore, any novel strategies 
which inhibit the aggressive ability of pancre-
atic cancer cells by targeting specific molecules 
should be useful for improving the devastating 
outcome of patients diagnosed with pancreatic 
cancer. We have previously reported that isofla-
vone, DIM or CDF (non-toxic natural agents or 
analogue) could inhibit the progression of pros-
tate and breast cancer cells [46-48]. However, 
the molecular mechanisms involved in the inhi-
bition of cancer progression by these agents 
have not been fully elucidated. In the present 
study, we found that the non-toxic natural agent 
such as isoflavone and BR-DIM, and the syn-
thetic compound CDF could inhibit the expres-
sion of miR-221 and, in turn, induce the expres-
sion of PTEN, p27kip1, p57kip2, and PUMA causing 
inhibition of cell proliferation and migration of 
pancreatic cancer cells. These results clearly 
suggest that instead of in vivo delivery of syn-
thetic miR-221 antisense nucleotide which has 
several side-effects, one could simply treat 
pancreatic cancer cells with non-toxic natural 
agents (isoflavone and BR-DIM) or CDF that will 
lead to the suppression of miR-221 expression. 
We believe that such a strategy targeting miR-
221 could be useful for the activation of multi-
ple tumor suppressor genes including PTEN, 
p27kip1, p57kip2, and PUMA which are down-
stream targets of miR-221 toward pancreatic 
cancer therapy. However, further in-depth 
mechanistic studies and in vivo clinical trials 
are warranted based on our exciting results.

In conclusion, our results clearly demonstrate 
that the up-regulation of miR-221 and down-

regulation of its targets, PTEN, p27kip1, p57kip2, 
and PUMA, are responsible for the aggressive 
nature of pancreatic cancer. Our results also 
exhibited that non-toxic natural agents (isofla-
vone mixture G2535 and BR-DIM) and CDF 
could down-regulate miR-221 and inhibit pan-
creatic cancer cell proliferation and migration 
partly due to the induction of PTEN, p27kip1, 
p57kip2, and PUMA, which are miR-221 targets 
and commonly inactivated in pancreatic can-
cer. Further in vivo studies and clinical trials are 
needed for assessment of whether isoflavone 
mixture G2535, BR-DIM, and CDF could be use-
ful in combination with conventional chemo-
therapeutics or targeted agents for improving 
the treatment outcome of pancreatic cancer 
patients for whom curative therapy is urgently 
needed. 
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