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Although microRNA-21 (miR-21) is emerging as an oncogene and
has been shown to target several tumor suppressor genes, includ-
ing programmed cell death 4 (PDCD4), its precise mechanism of
action on cancer stem cells (CSCs) is unclear. Herein, we report
that FOLFOX-resistant HCT-116 and HT-29 cells that are en-
riched in CSCs show a 3- to 7-fold upregulation of pre- and
mature miR-21 and downregulation of PDCD4. Likewise, over-
expression of miR-21 in HCT-116 cells, achieved through stable
transfection, led to the downregulation of PDCD4 and transform-
ing growth factor beta receptor 2 (TGFBR2). In contrast, the
levels of B-catenin, TCF/LEF activity and the expression of
c-Myc, Cyclin-D, which are increased in CSCs, are also aug-
mented in miR-21 overexpressing colon cancer cells, accompanied
by an increased sphere forming ability in vitro and tumor forma-
tion in SCID mice. Downregulation of TGFR2 could be attrib-
uted to decreased expression of the receptor as evidenced by
reduction in the activity of the luciferase gene construct compris-
ing TGFBR2-3’ untranslated region (UTR) sequence that binds to
miR-21. Moreover, we observed that downregulation of miR-21
enhances luciferase-TGFR2-3’' UTR activity suggesting TGF3R2
as being one of the direct targets of miR-21. Further support is
provided by the observation that transfection of TGFBR2 in HCT-
116 cells attenuates TCF/LEF luciferase activity, accompanied by
decreased expression of -catenin, c-Myc and Cyclin-D1. Our cur-
rent data suggest that miR-21 plays an important role in regulating
stemness by modulating TGFBR2 signaling in colon cancer cells.

Introduction

Tumor recurrence is one of the most common phenomena in all ma-
lignancies and observed in nearly 50% of colorectal cancer, which is
the third most common cancer in the USA. This could in part be due to
the fact that conventional chemotherapy only targets the rapidly di-
viding cells that form bulk of the tumor and while chemotherapy can
shrink the size of the tumor, the effects are transient and usually do not
improve patient’s survival (1). Recent evidence supports the conten-
tion that cancer is driven by a small set of self-renewing cells, termed
cancer stem cells (CSCs), which are distinct from the bulk of the cells
in the tumor. Like normal stem cells, CSCs grow slowly and are more
likely to survive chemotherapy than other cells. Hence, proportion of
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2; TGFER, transforming growth factor beta; UTR, untranslated region.

stem cells in the tumor increases after conventional chemotherapy. We
have recently reported that exposure of colon cancer HCT-116 or HT-
29 cells to FOLFOX that inhibited their growth led to the enrichment
of CSC phenotype where Wnt/f-catenin signaling played a critical
role in regulating the growth and maintenance of CSCs (2—4); how-
ever, the precise molecular mechanism is still unknown.

To that end, we investigated the role of microRNA (miRNA) in
colon CSCs. MicroRNAs comprised a broad class of small 19-22
nucleotide long endogenous RNAs that negatively control the expres-
sion of target genes by cleaving messenger RNA (mRNA) (5,6) or
through translation repression (7). MicroRNA-21 (miR-21) has been
found to be overexpressed in most epithelial cancers and therefore
believed to play a pivotal role in the progression of many malignan-
cies, including lung, breast, stomach, prostate, colon, brain, head and
neck, esophagus and pancreatic cancers (8). Furthermore, studies
have shown that knockdown of miR-21 impair growth, induce apo-
ptosis and reduce migration and invasion of cancer cells (9). Addi-
tional reports demonstrate that miR-21 counteracts the expression
of putative tumor suppressive genes, such as programmed cell death
4 (PDCD4) (10,11), transforming growth factor beta receptor
2 (TGFBR2) (12), phosphatase and tensin (PTEN) (13), maspin
(14), NFIB (15), Tropomyosin 1 (TPM1) (16) and reversion-inducing
cysteine-rich protein with Kazal motifs (RECK) (17). Based on its
tumor promoting functions, miR-21 has been recently referred to as an
‘oncomiR’ (an miRNA with oncogenic properties) (18,19). However,
limited information is available concerning the relevance of miR-21
in colon cancer chemoresistance and CSCs. One of the objectives of
the current investigation was to examine the role of miR-21 in regu-
lating stemness of colon cancer cells. Furthermore, since miR-21
targets several tumor suppressor genes, we have investigated the in-
terrelationship between miR-21 and TGFBR2.

The transforming growth factor beta (TGF) signaling pathway
acts through activation of TGFp-receptor-2 (TGFBR2), which is
known to be involved in regulating many cellular processes including
growth, differentiation, apoptosis and cellular homeostasis (20). Mu-
tation in TGFBR2 gene appears to increase the risk of developing
various cancers including colorectal cancer. It is estimated that 30%
of malignant colon tumors have TGFBR2 mutations (21). Recently, Li
and Wang have reported that TGFBR2 signaling also affects Wnt/
B-catenin signaling pathway (22). Therefore, the primary objective
of the current investigation was to examine the role miR-21 in regu-
lating stemness of colon cancer cells. Herein, we report that chemo-
resistant (CR) colon cancer HCT-116 and HT-29 cells that are highly
enriched in CSCs show a marked upregulation of miR-21 accompa-
nied by downregulation of PDCD4. Additionally, we demonstrate that
miR-21 induces stemness of colon cancer cells by activating Wnt/
B-catenin pathway, which is mediated through downregulation of
TGFBR2.

Materials and methods

Cell lines and cell cultures

Human colon cancer HCT-116 and HT-29 cells were obtained from the Amer-
ican Type Culture Collection (ATCC, Rockville, MD). Cells were maintained
in Dulbecco’s modified Eagle medium (DMEM; 4.5 g/L p-glucose) supple-
mented with 10% fetal bovine serum (FBS; Invitrogen, Grand Island, NY) and
1% antibiotic/antimycotic in tissue culture flasks in a humidified incubator at
37°C in an atmosphere of 95% air and 5% carbon dioxide. The medium was
changed two times a week, and cells were passaged using 0.05% trypsin/ethyl-
enediaminetetraacetic acid (Invitrogen).

Generation of CR colon cancer cells

Unless otherwise stated, 5-Fluorouracil (5-FU)- and oxaliplatin (Ox)-resistant
(referred to as CR cells) cells were generated by exposing HCT-116 and HT-29
cells to the combination of 5-FU and Ox at clinically relevant doses and
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schedules as described previously (2). Briefly, ~1 x 10° cells were seeded in
100 mm tissue culture dish with DMEM containing 10% FBS and 1% antibi-
otic/antimycotic for 24 h. The cells were exposed to 5-FU + Ox (25 uM 5-FU
and 0.625 pM Ox) for 72 h. The medium was removed and the surviving cells
cultured in DMEM containing 10% FBS without the drugs for 34 days. The
cycle was repeated 12 times. The surviving cells were then passaged and
exposed to higher doses of combination of 5-FU + Ox (100 uM 5-FU + 2.5
UM oxaliplatin) for ~4 weeks. Finally, the surviving cells were maintained
in DMEM/10% FBS containing 5-FU + Ox (50 pM 5-FU + 1.25 uM
oxaliplatin).

Determination of cellular growth

The growth of parental (P) as well as CR colon cancer HCT-116 and HT-29
cells in response to 5-FU + Ox (250 pM of 5-FU + 6.25 pM oxaliplatin) was
assessed by 3-(4,5-dimethylthiazol-2yl)-2, 5-diphenyltetrazolium bromide as-
say as described previously (23).

Western blot analysis

Western blot analysis was performed essentially according to our standard
protocol (24,25). Briefly, the cells were solubilized in lysis buffer and the
protein concentration was determined by the Bio-Rad Protein Assay kit
(Bio-Rad, Hercules, CA). The protein were separated by sodium dodecy] sul-
fate—polyacrylamide gel electrophoresis and transferred to polyvinylidene di-
fluoride membranes (Millipore). The membranes were incubated overnight at
4°C with primary antibodies after blocked. The membranes subsequently
washed and incubated with appropriate secondary antibodies. The protein
bands were visualized by enhanced chemiluminescence detection system
(Amersham, Piscataway, NJ). When appropriate, the membranes were stripped
and re-probed with B-actin for verification of loading control.

Isolation of RNA and quantitative polymerase chain reaction analysis

Total RNA was extracted from different cells using RNA-STAT solution (Tel
Test, Friendswood, TX) according to the manufacturer’s instruction. The total
RNA was treated with DNase I and purified with phenol-chloroform. RNA con-
centration was measured spectrophotometrically at an optical density of 260 nm.
Quantitative reverse transcription—polymerase chain reaction (QRT-PCR) was
performed using the GeneAmp RNA PCR Kit (Applied Biosystems, Foster City,
CA). Five microliters of complementary DNA (cDNA) products were amplified
with SYBR Green Quantitative PCR Master Mix (Applied Biosystems). Poly-
merase chain reaction (PCR) primers were used as follows: pre-miR-21 forward,
5'-tgagactgatgttgactgttgaa-3’ and reverse, 5'-tgtcagacagcccatcgac-3'; B-actin
forward, 5'-cccagcacaatgaagatcaa-3’ and reverse 5'-acatctgctggaaggtggac-3’
and TGFPR2 forward, 5'-aaatggaggcccagaaagat-3’ and reverse, 5'-acttgactg-
caccgttgttg-3'. Reactions were carried out in Applied Biosystems 7500 Real-
Time PCR System. The conditions for PCR running were as follows: for
activating the DNA polymerase, hot start was performed for 10 min at 95°C
and then cycling at 95°C for 15 s and 60°C for 1 min for a total of 40 cycles.

Quantitation of miRNA-21

TagMan microRNA assays were used to quantitate miR-21 in different colon
cancer cells according to the manufacturer’s instruction (Applied Biosystems).
Briefly, cDNA synthesis was carried out with the TagMan MicroRNA reverse
transcription kit (Applied Biosystems). The miRNA reverse transcription-PCR
primers for miR-21, and endogenous control RNU6B were purchased from
Applied Biosystems. Real-time qRT-PCR analysis was carried out using Ap-
plied Biosystems 7500 Real-time PCR System. The PCR mix containing Taq-
Man 2x Universal PCR Master Mix were processed as follows: 95°C for
10 min and then 95°C for 15 s, 60°C for 60 s for up to 40 cycles. Signal
was collected at the endpoint of every cycle. The gene expression ACy values
of miRNAs from each sample were calculated by normalizing with internal
control RNU6B and relative quantitation values were plotted.

Generation of miR-21 overexpressing HCT-116 cells

pCMV-miR-21 plasmid carrying pre-microRNA-21 and 250-300 nucleotides
up- and downstream flanking sequence (OriGene, Rockville, MD) or empty
vector DNA alone (pCMV) was transfected into HCT-116 cells by Lipofecta-
mine™ 2000 reagent according to the manufacturer’s instructions (Invitrogen
Corp., Carlsbad, CA). Several independent sublines (colonies) were obtained
over 8—10 weeks of the selection period in the presence of 0.6 mg/ml G418
(Neomycin). Colonies were picked at random and grown as individual cell
lines in the presence of 0.4 mg/ml G418. Each cell line was subjected to reverse
transcription—-PCR analysis to evaluate miR-21 expression.

Formation of colonospheres and extreme limiting dilution analysis
The ability of the miR-21 and control HCT-116 cells to form spheres in sus-

pension was evaluated as described previously (3). Briefly, primary colono-
spheres were generated by incubating the limited number of pCMV and miR-21
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stably transfected HCT-116 (clone 1, pooled) cells at a concentration of
100 cells per 500 pl in serum-free stem cell medium (SCM) containing
DMEM/F12 (1:1) supplemented with B27 (Life Technologies, Gaithersburg,
MD), 20 ng/ml epidermal growth factor (Sigma, St Louis, MO), 10 ng/ml
fibroblast growth factor (Sigma) and antibiotic-anti-mycotic in 24-well plates
(Corning, Lowell, MA) for 10 days. The formed colonospheres were
centrifuged (1000 r.p.m.), dissociated with 0.05% trypsin/ethylenediaminete-
traacetic acid. The single-cell suspension derived from colonospheres that have
undergone >15 serial passages were used for all experiments.

Self-renewing/regeneration abilities of the sphere, derived from pCMV and
miR-21 stably transfected HCT-116 cells, were analyzed for secondary colono-
spheres formation in the following manner. Primary colonospheres formed
over a period of 10 days in SCM containing were collected by centrifugation,
dissociated with 0.05% trypsin/ethylenediaminetetraacetic acid and subse-
quently passed through a 40 pM sieve to obtain single-cell suspensions. An
equal number of cells obtained from primary colonospheres culture were
plated (100 cells/500 pl in SCM) in ultra low-attachment wells. The secondary
colonospheres formed after 5 days were recorded for their number and size by
light microscopy.

Extreme limiting dilution analysis (ELDA) was performed essentially ac-
cording to Hu and Smyth as described by us (3,26). Briefly, single-cell sus-
pension obtained from adherent miR-21 expressing HCT-116 (pooled and
clone 1), vector (control) HCT-116 cells and B-catenin small interfering
RNA (siRNA)-transfected cells, CR-HCT-116 cells transfected with anti-
miR-21 (Invitrogen Corp.) were plated at concentrations of 200, 20 and 2 cells
per 100 pul SCM (24 well for each dilution) in 96-well plates and incubated for
5 days. At the end of 5 days, the number of wells showing formation of
colonospheres was counted. The frequency of sphere forming cells in a partic-
ular cell type was determined using ELDA webtool at http://bioinf.wehi.e-
du.au/software/elda.

Severe combined immunodeficient mice mice xenografts of miR-21 expressing
HCT-116 cells

Four-week-old female ICR/severe combined immunodeficient mice (SCID),
obtained from Taconic Laboratory (Germantown, NY) were subcutaneously
injected with ~5.5 x 10° HCT-116 cells that were stably transfected with
pCMV/miR-21 or pCMV (control). Tumor measurements were carried out at
multiple time points during the experimental period. Mice were weighed and
the tumor volume in SCID mice were estimated as follows: volume (cubic
millimeters) = (L x W?)/2, where L and W are the tumor length and width
(in millimeters), respectively.

SIRNA transfection

For the transfection of siRNA into the CR-HCT-116 and miR-21 stably trans-
fected HCT-116 cells cells, Oligofectamine reagent (Invitrogen Corp.) and
serum-free Opti-MEM (Invitrogen Corp.) medium were used to prepare trans-
fection complexes according to the manufacturer’s instructions. Briefly, the
cells were plated in six-well tissue culture plates with normal growth medium
and incubated overnight to achieve 40-60% confluence. Next day, the medium
was removed, washed twice with serum-free Opti-MEM (Invitrogen Corp.)
medium prior to adding the complexes containing non-targeted (control),
B-catenin siRNA or TGFBR2 siRNA (Integrated DNA Technologies, Coral-
ville, IA). After 2 days of transfection, the cells were collected and analyzed
for protein expression of B-catenin using western blot and for colonosphere
formation assay using SCM.

TCF/LEF-dual luciferase assay

The activation of transcription factor TCF/LEF was evaluated by using Cignal
TCF/LEF reporter assay kit (SA Biosciences, Frederick, MD) as described
previously (3). Briefly, the cells were grown to 25-30% confluence and co-
transfected with TCF/LEF reporter constructs along with either non-targeted
(control) or B-catenin siRNAs (Integrated DNA Technologies) using Sure-
FECT transfection reagent (SA Biosciences) according to manufacturer’s in-
structions. Two days after transfection TCF/LEF activity reporter assay was
performed using a dual-luciferase assay kit (Promega-Biosciences, San Luis
Obispo, CA) following the instructions outlined by the manufacturer.

Construction of 3" untranslated region-luciferase plasmid and reporter assays

A putative miRNA-21-recognition element from the TGFBR2 gene was cloned
into the 3" untranslated region (UTR) of a luciferase miRNA reporter vector
(pMIR-REPORT luciferase; Applied Biosystems) using standard molecular
biological manipulations (27). The oligonucleotide sequences were designed
to carry the HindlIII and Spel sequence at their extremities to allow the plasmid
into the HindIII and Spel sites of pMIR-Report luciferase. The oligonucleo-
tides were: 5'-CTAGTTGACATTGTCATAGGATAAGCTGA-3', 5'-AGCTT-
CAGCTTATCCTATGACAATGTCAA-3 (12). For reporter assays, the resultant
construct (p)MIR-TGFBR2-UTR) and the luciferase reporter vector DNA (pMIR,
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without 3" UTR of TGFBR?2 insert) were used to transiently transfect the pPCMV
or miR-21 overexpressing HCT-116 with or without anti-miR-21 (Applied
Biosystems) using Lipofectamine™ 2000 reagent. Reporter assays were per-
formed 48 h post-transfection using the luciferase assay system (Promega).
The pMIR-REPORT -gal control plasmid DNA (Applied Biosystems) was
co-transfected with the luciferase DNA as internal control and B-galactosidase
assays were peformed to normalized the transfection variability.

Overexpression of TGFPR2 in HCT-116 cells

A single-cell suspension of HCT-116 cells was plated in the tissue culture
plates to achieve a 90% confluence. Once the 90% confluence is achieved,
the adherent cells were transfected using Lipofectamine™ 2000 with plasmid
pCMV6-XL4 containing the full-length cDNA of human TGFBR2 (pCMV6-
XL4/TGFBR2; OriGene) or empty vector (control) with TCF/LEF Luciferase
reporter plasmid in OPTI-MEM medium according to the manufacturer’s in-
struction. After 2 days of transfection, the cells were analyzed for TGFBR2,
B-catenin, c-Myc and Cyclin-D1 protein expression by western blot and TCF/
LEF Luciferase activity assay.

Statistical analysis

Unless otherwise stated, data are expressed as mean + SEM. Wherever appli-
cable, the results were analyzed using analysis of variance followed by Fisher’s
protected least significant differences or Scheffé’s test. P < 0.05 was desig-
nated as the level of significance.

Results

Growth of CR colon cancer cells

Although FOLFOX [a combination of 5-FU, oxaliplatin and leucovorin]
currently remains the backbone of colorectal cancer chemotherapeutics,
post-treatment reemergence of cancer has limited its success. To under-
stand the molecular mechanisms for the recurrence of colon cancer, we
have generated CR human colon cancer HCT-116 and HT-29 cells lines
by exposing them to 5-FU + oxaliplatin at clinically relevant doses and
schedules for 4 months. To evaluate the degree of resistance to 5-FU +
oxaliplatin of FOLFOX-resistant cells (CR cells), we performed cell
viability assay using 250 puM 5-FU + 6.25 pM oxaliplatin (>10-fold
the ICsp, half maximal inhibitory concentration, of both drugs). We
observed that chemotherapeutic combination significantly inhibited the
cellular growth of parental HCT-116 and HT-29 cells. In contrast, the
same treatment caused a gradual increase in growth of CR colon cancer
cells over the 4-day experimental period (Figure 1A).

The next set of experiments was undertaken to examine the potential
mechanisms of chemotherapy resistance. In view of the fact that CSCs
are resistant to killing by conventional chemotherapy, we hypothesize
that CR-HCT-116 and CR-HT-29 cells are enriched in CSCs. Indeed, in
both CR-HCT-116 and CR-HT-29 cells, the expression of CD44 (a
colon CSC marker), as determined by western blot, was found to be
1023 and 120% higher, respectively, compared with the corresponding
parental cells (Figure 1B). This indicates the abundance of CSCs in CR
cells. In contrast, the tumor suppressor PDCD4 levels were found to be
decreased by 64 and 83% in CR-HCT-116 and CR-HT-29 cells, re-
spectively, compared with the corresponding parental cells (Figure
1B). Additionally, CR-HCT-116 showed 3- to 5-fold increase in the
precursor and mature miR-21 levels and a 7-fold increase of the same
was noted for CR-HT-29 cells when compared with the corresponding
parental cells (Figure 1C) as determined by qRT-PCR.

Overexpression of miR-21 in colon cancer HCT-116 cells increases
stemness and the proportion of CSCs

To determine the putative functional properties of miR-21, pPCMV/miR-
21 plasmid (OriGene) was stably transfected in HCT-116 cells. On the
basis of miR-21 expression, as determined by qRT-PCR (real-time PCR)
analysis, four miR-21 positive clones were selected. The expression of
miR-21 was found to be >240-fold higher in clone 1, compared with
empty vector (Figure 2A). The miR-21 overexpressing clone 1 and/or
pooled clone were used for subsequent studies. Western blot analysis
revealed that the levels of TGFBR2, PDCD4 and PTEN, the targets of
miR-21 (10-12), were decreased in miR-21 overexpressing clone 1 as
well as in pooled clone as compared with vector-transfected controls
(Figure 2B).
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Fig. 1. Changes in cellular growth, CSCs markers and miR-21 levels in colon
cancer CR and/or parental cells. (A) While the growth of parental (P) colon
cancer HCT-116 and HT-29 is inhibited, CR colon cancer cells display
induction of the same in response to 5-FU (250 uM) + Ox (6.25 pM) in
DMEM/10% FBS over a period of 4 days. (B) Western blot showing
stimulation of CSCs marker CD44 and reduction of the pro-apoptotic protein
PDCD4 in CR-HCT-116 and CR-HT-29 colon cancer cells, when compared
with the corresponding parental (P) cells. B-Actin was used as loading controls.
The numbers represent percent of corresponding control normalized to -actin.
(C) Quantitative real-time polymerase chain reaction (RT-PCR) showing
upregulation of pri-microRNA-21 and mature microRNA-21 in CR-HCT-116
cells and CR-HT-29 cells, when compared with the parental cells (*P < 0.001).

To determine whether miR-21 may regulate stemness of colon
cancer cells, the next set of experiments were carried out. The func-
tional property of cancer stem cells is defined by their ability to form
sphere (in vitro) in the serum-free medium containing stem cells
growth factors (SCM) when plated in ultra low-attachment plates
under extreme limited dilutions (3). To determine whether and to what
extent miR-21 overexpression affects the sphere-forming properties
of colon cancer cells, HCT-116 cells stably transfected with pCMV/
miR-21 (pooled and clone 1) or pCMV vector (control) were sub-
jected to an ELDA. The frequency to form spheroids was found to be
3.5-fold higher for miR-21 overexpressing cells (pooled and clone 1),
compared with vector-transfected control (P < 0.001; Table I). Fur-
thermore, the average diameter of spheroids obtained from miR-21
overexpressing clone 1 and pooled clone was found to be 30-40%
bigger than the controls. Additionally, we observed a 60-80% in-
crease (P < 0.001) in the self-renewal/re-generation ability of colono-
spheres in miR-21 overexpressing cells (Table I). Tumorigenic
potential of the miR-21 overexpressing cells was further confirmed
by generating xenograft tumors in SCID mice. We observed that
while the HCT-116 pCMV/miR-21 cells formed palpable tumor
within 2 weeks after the first injection, no such tumor could be de-
tected with HCT-116 pCMV (control) cells (Figure 2C and D). The
Figure 2C is a representative photograph of anatomically intact xe-
nograft tumor in SCID mice depicting the growth of tumor generated
by HCT-116 miR-21 and controls cells. Tumor volumes as calculated
after 4 weeks of injection are given in Figure 2D.

Wnt/f-catenin regulates stemness in miR-21 overexpressing colon
cancer cells

The Wnt/B-catenin signaling pathway is known to be activated in
many malignancies, including colorectal cancer (28). This signaling
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Fig. 2. Overexpression of human miR-21 in colon cancer HCT-116 cells increases tumorigenic potential in SCID mice (A) qRT-PCR showing upregulation of
mature miR-21 in HCT-116 clones, derived from the cells stably transfected with pPCMV-miR-21 plasmid or the corresponding vector (controls), *P < 0.001.
(B) Western blot showing downregulation of TGFR2, PDCD4 and PTEN by miR-21. B-Actin was used as loading controls. The numbers represent percent of
corresponding control normalized to B-actin. (C) Representative photographs showing the anatomical intact xenograft tumor in female SCID mice as observed at
the end of 6 weeks of tumor growth after injecting HCT-116 cells stably transfected with pCMV-miR-21 plasmid (pooled) or the corresponding vector (controls),
the enlarged xenograft tumors is shown in the lower panel of Figure 2C. (D) Xenograft tumors volume (cubic millimeters) in SCID mice after injecting miR-21
overexpressing HCT-116 cells (pooled); no palpable xenograft tumor was detected after injecting vector (control) transfected HCT-116 cells at corresponding
time; Tumor volume = (L x W?)/2; the data represent means of three independent observations.

Table I. Sphere-forming frequency, diameter and/or self-renewal ability of cells from colonospheres of stably transfected with pCMV (vector), pPCMV/miR-21
(pooled and clone 1) as well as different colon cancer HCT-116 cells where B-catenin or miR-21 is downregulated

pCMV pCMV/miR-21 pCMV/miR-21 pCMV control pCMV/miR-21 CR-HCT-116 CR-HCT-116 P value
control pooled clone 1 B-catenin siRNA  B-catenin siRNA  scrambled anti-miR-21
Sphere-forming frequency  1/7 172 172 1725 1/11 1/11 1/47 <0.001
(95% CI)
Diameter (pum) 658 +19.8 91.5+2838 86.2 +19.8 — — — — <0.001
Self-renewal (spheres per 13£3 24 +3 205 — — — — <0.001
200 cells)

Data are pooled from three independent experiments for each. CI, confidence interval.

pathway also plays a critical role in regulating the proliferation of CSCs Cyclin-D1 but a 60% reduction in axin levels, compared with the
(3). Western blot analysis of miR-21 overexpressing HCT-116 cells vector-treated control (Figure 3A). These changes were associated with
showed 28-100% higher expression of total f-catenin, C-Myc and a 50% increase in transcriptional activity of TCF/LEF (Figure 3B) and

71



Y.Yu et al.

A iR-21 = 2
minh- o
LHL *
S & @ .15
& L & o=
¥ & & =3
B
— Axin 2
{© 054
100 S8 39 1]
o
~- ——=|B-Catenin .
100 128 189 Vector miR-21
e |C-MyC {Pooled)
100 151 168 D ¥V e o
. > N Q§ Q§ e‘” &
100 151 202 S & o L
pactin - ™= |B-Catenin
100 104 106 100 58 54 90
— — — | B-actin
C 100 96 95 102
| .
3 E
8 #® -
g w - miR-21 (Pooled)
> " v B
100 pm =~
&5 208 ;
=S
Catira,) PR 0.6 +
— T 2%
N 9o . S04 4 N
Ul ®
X o T 02
- = I ﬁ
~ 100 pm 0 :
Control B-catenin
siRNA
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corresponding vector. The numbers represent percent of corresponding control normalized to B-actin. (B) miR-21 overexpression resulted in the activation of TCF/
LEF activity in the miR-21 pooled clones cells. (C) Representative photographs showing colonospheres formed by the cells from miR-21 expressing clones,
derived from HCT-116 cells, stably transfected with pCMV-miR-21 plasmid or the corresponding vector. (D) Western blot showing the expression of B-catenin
after downregulation of miR-21, B-catenin and TGFBR2 in the miR-21-overexpressing cells (pooled clones) by anti-miR-21, B-catenin siRNA or TGFR2 siRNA.
(E) Downregulation of B-catenin using B-catenin siRNA inhibits transcriptional activity of TCF/LEF in the clones (pooled) from HCT-116 cells, stably transfected
with pCMV-miR-21 plasmid. The corresponding controls were similarly treated with non-targeted siRNA (control). *P < 0.001, compared with the corresponding

vector-treated controls.

formation of colonospheres, as evidenced by their increased size
(Figure 3C). Our observation of increased TCF/LEF activity together
with elevated levels of total B-catenin, c-Myc and Cyclin-D1 and re-
duction in axin in miR-21 overexpressing HCT-116 cells (pooled and
clone 1) suggests activation of Wnt/B-catenin signaling in these cells.

To further investigate the importance of Wnt/Bcatenin signaling in
regulating stemness of miR-21 overexpressing cells, we downregu-
lated B-catenin in pCMV/miR-21 stably transfected HCT-116 cells
(pooled clones) through transfection of the corresponding siRNA.
This resulted in ~45% reduction in B-catenin levels, compared with
the controls, which were transfected with the corresponding vector
(NT-siRNA) (Figure 3D). Transfection of anti-miR-21 also downre-
gulated B-catenin by 42% (Figure 3D). Downregulation of B-catenin
in miR-21 overexpressing colon cancer cells by the corresponding
siRNA resulted in a marked 70-80% reduction in transcriptional ac-
tivity of TCF/LEF (Figure 3E) and also reduced the sphere forming
frequency to 1:11 as opposed to 1:2 observed in miR-21 overexpressing
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cells (Table I). Interestingly, in CR-HCT-116 cells, where miR-21 is
downregulated by anti-miR-21, the sphere-forming frequency was
found to be only 1:47 from 1:11, indicating a role for miR-21 in
regulating some of the functional properties of CSCs (Table I).

The putative miR-21 binding to TGFfR2 mRNA and activation of
Wnt/f-catenin signaling

To delineate the mechanism of miR-21 induced stemness by Wnt/
B-catenin signaling pathway, we searched miR-21 targets on the
web-based resource (http://www.targetscan.org). Interestingly, we
found that the putative sites in the 3" UTR of mRNA of TGFR2 to
be complementary to miR-21 (Figure 4A). It is well known that
TGFPR2 is a tumor suppressor (3,29) and TGFB/TGFPR2 signaling
plays important roles in many cellular processes in both adult organ-
ism and the developing embryo including growth, differentiation,
apoptosis and cellular homeostasis (20). Moreover, recent evidence
suggests that TGFPR2 affect Wnt/B-catenin signaling pathway
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Fig. 4. The putative miR-21 binding to TGFR2-3" UTR is responsible for miR-21-mediated downregulation of luciferase activity. (A) A schematic
representation of the putative binding sites in 3’ UTR of mRNA of TGFBR2 that was found to be complementary to miR-21 indicating that TGFPR2 might be
a target gene of miR-21. (B) Quantitative PCR showing downregulation of human TGFBR2 mRNA in miR-21 (pCMV-miR-21) stably transfected HCT-116 cell
clones and control vector (pCMV), (upper panel); and RT-PCR product electrophoresis on agarose gel, 10 pl of the PCR product was electrophoresed on 3%
agarose gels containing ethidium bromide, (lower panel). B-Actin as an internal control is also shown. (C) Relative Luciferase activity of pMIR (luciferase reporter
without TGFBR2-UTR) in stably transfected miR-21 or pCMV HCT-116 cells. (D) Downregulation of relative luciferase activity of pMIR-TGFBR2-3" UTR
(luciferase reporter with TGFBR2-3" UTR) in miR-21 overexpressing HCT-116 cells, compared with vector (pCMV) (Left panel), and the recovery following the
trasfection of the anti-miR-21 in miR-21 overexpressing HCT-116 cells (clone 1)(right panel). Data represent mean + SEM (n = 4), *P < 0.01 relative to
corresponding control and *P < 0.01 anti-miR-21/pMIR-TGFBR2-3’ UTR relative to corresponding pMIR-TGFBR2-3" UTR in miR-21 overexpressing cells.

(22). Therefore, we investigated TGFR2 expression in miR-21 over-
expressing clone 1, pooled clones and pCMV-transfected control
clone. Reverse transcription-PCR analysis showed a reduction of
~20 and 60% in mRNA levels of TGFBR2 in pooled clones and clone
1, respectively, compared with the controls (Figure 4B). This was
confirmed by western blot analysis which showed a reduction of 12
and 26% TGFBR2 levels in pooled clones and clone 1, respectively,
compared with controls (Figure 2B).

To confirm that the putative complimentary site (as shown in
Figure 4A) is the binding site of miR-21 for TGFBR2 regulation,
we constructed a Luciferase miRNA expression reporter vector using
pMIR-REPORT system (Applied Biosystems). The miR-21 sequence
was aligned with 3" UTR of TGFBR2 (Figure 4A) and inserted to
pMIR-report luciferase plasmid HindIIl and Spel site. The resulting

construct (pMIR-luciferase-TGFBR2-UTR or parental pMIR-lucifer-
ase) was used to transfect miR-21 overexpressing HCT-116 cells
(clone 1) and vector (pCMV)-transfected cells. Transfection of the
parental luciferase reporter plasmid (pMIR-luciferase, without the
TGFBR2 3’ UTR) in miR-21 overexpressing HCT-116 cells
(clone 1) produced no significant change in the relative luciferase
activity over the control (pCMV) (Figure 4C). However, a significant
50% reduction of luciferase activity was observed in the miR-21
overexpressing cells transfected with pMIR-luciferase-TGFBR2-
UTR when compared with the control (pCMV) cells (Figure 4D).
The luciferase-TGFBR2-3" UTR reporter activity was reversed
following downregulation miR-21 in overexpressing HCT-116 cells
(clone 1) through the transfection of anti-miR-21 (Applied Biosys-
tems) (Figure 4D).
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Fig. 5. Overexpression of TGFBR2 downregulates [3-catenin/TCF/LEF
activity and downstream target Cyclin-D1 and c-Myc. TCF/LEF Luciferase
reporter plasmid with the mammalian overexpression vector pPCMV6-XL4
containing the full-length cDNA of human TGFBR2 (TGFBR2) or empty
vector (control) were co-transfected into HCT-116 cells for 48 h. (A) Western
blot showing TGFBR2, B-cantenin, Cyclin-D1 and c-Myc expression levels
in HCT-116 cells after transfecting pPCMV6-XL4 containing TGFBR2
(TGFBR2) or empty vector (control). Each lane contained 50 pg of cell lysate
protein. B-Actin was used as loading controls. (B) Relative TCF-LEF activity
was found to be downregulated following the TGFBR2 overexpression as
compared with the corresponding vector-treated control (*P < 0.001).

Overexpression of TGFPR2 downregulates [-catenin/TCF/LEF
activity

The miR-21 overexpression induced activation of TCF/LEF with con-
comitant decrease in TGFBR2 expression (both mRNA and protein)
indicates a prospective mechanistic pathway for miR-21 mediated
modification of TCF/LEF transcription activity. The next set of ex-
periments was carried out to examine the relationship between
TGFBR2 and Wnt/B-catenin signaling pathway. This was studied by
transfecting the HCT-116 cells with mammalian overexpression vec-
tor pPCMV6-XL4 containing the full-length cDNA of human TGFBR2
(pCMV6-XL4/TGFBR2; OriGene) or empty vector (control) along
with TCF/LEF Luciferase reporter plasmid. After 48 h of transfection,
there was a marked increase in the expression of TGFBR2, accompa-
nied by attenuating expression of B-catenin as well as reduction in the
levels of Cyclin-D1 and c-Myc, the two major target genes of Wnt/
B-catenin signaling in pPCMV6-XL4/TGFBR2 transfected cells, when
compared with the controls (Figure 5A). Further confirmation of the
TGFBR2 induced inhibition of Wnt/B-catenin signaling came from
the observation that the relative TCF/LEF activity was reduced by
>70% in TGFPBR2 overexpressing HCT-116 cells (Figure 5B).

Discussion

Currently, surgery and chemotherapy are the two major viable strat-
egies exist for the treatment of advanced colorectal cancer. The che-
motherapy treatment regimen typically consists of a combination of
drugs in order to be more effective. FOLFOX is one regimen for
advanced colorectal cancer consists of the combination of 5-FU, leu-
covorin and oxaliplatin. Despite their synergistic interactions (30) and
significant increase in the colorectal cancer patients’ survival rate,
FOLFOX fails to eliminate all tumor cells because of intrinsic or
extrinsic (acquired) drug resistance, thereby leading to tumor recur-
rence (31). Our current observation of time-dependent rise in the
growth of CR colon cancer HCT-116 and HT-29 cells in response to
the combination of 5-FU and oxaliplatin further indicates ineffective-
ness of the colon cancer chemotherapeutic to inhibit growth of CR
colon cancer cells consistent with the emergence of highly enriched
CSCs (2,4). However, the regulatory mechanisms for the development
of CSC in response to chemotherapy are unknown.

It is becoming increasingly evident that the miRNAs play important
roles in the regulation of proliferation, apoptosis, differentiation,
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metabolism and invasion (32) thereby affecting normal cell growth
and development, leading to a variety of disorders including malig-
nancies (33-35). Recent reports indicate that miRNAs are capable of
pleiotropic effects by simultaneously regulating post-transcriptional
expression of numerous genes (32), also supporting a role for miR-
NAs in regulating CSC function which involves a complex interplay
between multiple pathways. Indeed, miRNA-21, which promotes cell
transformation by targeting the PDCD4 gene (11), has been shown to
post-transcriptionally downregulate this protein in colorectal cancer
(10). However, the exact role of miRNA-21 in influencing the de-
velopment of drug resistance and cancer stem cell proliferation is
not fully understood. Since colon cancer is a disease driven by the
presence of CSCs, which show resistance against various cytotoxic
drugs and display activation of Wnt/beta catenin signaling (31,36), the
present study was designed to investigate the role miR-21 in regulat-
ing the stemness of colon cancer cells.

Previously, we have reported that the newly generated CR HCT-116
and HT-29 cells that are maintained and grown in high doses of 5-FU
and oxaliplatin display high proportion of CSCs markers CD44,
CD166 and CDI133 (2,4). Our current data demonstrate that the
CR-HCT-116 and CR-HT-29 cells, in addition to displaying increased
expression of CD44, also show an increased expression of premature
and mature miR-21 (2,4). Additionally, our data show that CR colon
cancer cells, miR-21 overexpression are accompanied by downregu-
lation of the tumor suppressor protein PDCD4. Our results are in
direct agreement with those recently reported for breast cancer (37)
and glioblastoma (38) cells. Taken together, the results suggest a pu-
tative role of miR-21 in regulating the growth of CSCs (39) thereby
contributing to the development of chemoresistance.

It is becoming increasingly evident that Wnt/B-catenin pathway,
which is activated in many malignancies, including colorectal cancer
(40) plays a critical role in regulating the growth and maintenance of
CSCs (3). In light of the emerging role of Wnt/B-catenin signaling
pathway in the regulation of CSCs, we investigated the influence of
miR-21 on the stemness and Wnt signaling pathway by generating
miR-21 overexpressing HCT-116 cells through stable transfection.
Our results show that miR-21 overexpression results in the activation
of Wnt/B-catenin signaling as evident by the reduced levels of axin,
increased B-catenin levels as well as induction of TCF/LEF activity and
increased protein expression of downstream target genes c-Myc and
Cyclin-D1. These findings are important in light of the fact that c-Myc
is an oncogene that also regulates the self-renewal processes of CSCs
(3,41,42). Furthermore, evidence of miR-21 contributing toward the
stemness came from the fact that the cells overexpressing miR-21 show
increased size and frequency of formation of spheres. The latter also
indicates an increase in the CSCs proliferation. This is further sup-
ported by ELDA, an in vitro analysis of the functional frequency of
CSCs, and by the observation that miR-21 overexpressing colon cancer
cells are able to form tumors in SCID mice at a much shorter time than
those by the control cells. Moreover, our observation that downregula-
tion of miR-21 in CR colon cancer cells markedly decreases their
sphere-forming ability, a phenomenon similar to that noted for [-
catenin-downregulated cells, supports our contention that miR-21 reg-
ulates some of the functional properties of colon CSCs. Taken together,
these findings indicate that miR-21 induction can lead to an increase in
the CSCs proliferation by activation of Wnt/f-catenin signaling and
therefore may be responsible for the development of chemoresistance.

Our contention was further supported by the recent clinical findings
which showed that overexpression of miR-21 is associated with poor
therapeutic response as well as poor prognosis of colon cancer pa-
tients (43). Furthermore, recent reports strongly suggest an oncogenic
role of miR-21 as it counteracts multiple gene expression including
phosphatase and tensin (PTEN), maspin, Tropomyosin 1 (TPM1) and
reversion-inducing cysteine-rich protein with Kazal motifs (RECK).
It is believed that miR-21 induces cell proliferation and inhibits apo-
ptosis through counteracting the expression of these target genes (44).
However, the exact mechanism of miR-21 induced activation of Wnt/
B-catenin signaling pathway and its contribution to stemness in colon
cancer remains elusive.



In the present report, we show that one of the possible mechanistic
pathways of miR-21 actions is mediated through targeting TGFBR2 as
evident by the downregulation of mRNA of TGFBR2 in miR-21 over-
expressing colon cancer cells. It is well known that TGFR2 is a tumor
suppressor (29) gene and TGFB/TGFBR2 signaling plays an impor-
tant role in many cellular processes including growth, differentiation,
apoptosis, cellular homeostasis and other cellular functions (20). Our
current observation together with what has been reported recently (12)
suggests that TGFPR2 is a direct target gene of miR-21 and regulates
the stemness by modulating Wnt/f-catenin signaling.

TGFPR2 is pivotal to trigger the signaling pathway induced by
TGF superfamily ligands as these ligands binds to TGFR2, which
recruits and phosphorylates type I receptor (20). The type I receptor
then phosphorylates receptor-regulated SMADs that bind with the
downstream complexes and accumulate in the nucleus where they
act as transcription factors and participate in the regulation of target
gene expression (45). On the other hand, TGFf can also signal
through non-Smad pathways, activate TAKI1, ERK, p38, Jun
N-terminal protein kinase, Rho GTPase and phosphatidylinositol 3
kinase/AKT pathways (20,46). Studies also indicate that TGFf} and
Whnt/B-catenin signaling cross talk in developmental stages as well as
during carcinogenesis which can be both cooperative and antagonistic
(47-49).

On the basis of the recent observation that 3" UTR of mRNA of
TGFpBR2 contains a complimentary sites to miR-21, we speculated
that TGFPBR2 is the direct target for miR-21. Indeed, our current
observations of downregulation of TGFBR2 in miR-21 overexpress-
ing cells, as evidenced by reduction in the activity of luciferase gene
construct comprising TGFBR2-3" UTR sequence that binds to miR-21
and the fact that knockdown of miR-21 enhances luciferase-TGFBR2-3’
UTR activity, strongly suggest that TGFBR2 is one of the direct
targets of miR-21. Further support is provided by the fact that upre-
gulation of TGFBR2 in HCT-116 cells decreased B-catenin levels
as well as attenuates TCF/LEF luciferase activity, accompanied by
downregulation of c-Myc and Cyclin-D1. Taken together, the results
suggest that miR-21 is involved in the induction of mRNA cleavage or
translational repression of TGFBR2 and may play a role in the acti-
vation of Wnt/B-catenin signaling pathway.

The results from the current investigation show that miR-21 over-
expression is associated with induction of stemness through down-
regulation of TGFBR2, a direct target of miR-21 and augmentation of
f-catenin TCF/LEF signaling pathway.
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