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ABSTRACT

MicroRNA-191 (miR-191), a small non-coding RNA, is involved in disease
development and cancer diagnosis and prognosis. However, how miR-191 functions
in colorectal cancer remains largely unclear. In this study, we show that miR-191
is highly expressed in colon tumor tissues, and that inhibition of miR-191 leads
to decreased cell growth, proliferation and tumorigenicity in a xenograft model.
Overexpression of miR-191 in colorectal cancer cell lines alters cell cycle progression
and cell resistance to 5-Fu induced cell apoptosis. Mechanistic studies demonstrated
that miR-191 directly binds to the 3'UTR of the C/EBPB mRNA and mediates a
decrease in the mRNA and protein expression of C/EBPB. We further showed that
C/EBPB induces growth arrest in a colorectal cancer cell line and that its expression
is negatively correlated with the miR-191 level in patient samples. Our findings
suggest that miR-191 may be a potential gene therapy target for the treatment of
colorectal cancer.

INTRODUCTION

MicroRNAs (miRNAs) are small noncoding RNAs
(18~22 nucleotides) that play important regulatory roles
in plants and animals by repressing the translation of
proteins from mRNAs (messenger RNAs) or by increasing
the degradation of mRNAs through binding to their 3’
untranslated regions (3’ UTRs) [1]. Each miRNA regulates
the expression of tens or hundreds of proteins and plays
critical roles in most biological processes such as cell
proliferation, cell survival and inflammatory responses

[2, 3]. Aberrant miRNA expression has been frequently
found in many cancers and multiple miRNA-expression
profiles of human tumors uncovered the correlation
between miRNA expression patterns and the tumor type
and stage [4, 5]. Depending on the mRNA targets that they
regulate, miRNAs can act as oncogenes (e.g., miR-17-92)
or as tumor suppressor genes (e.g., miR-15a/16-1, let-7
and miR-34) [6-9].

Colorectal cancer (CRC) is the second leading cause
of cancer death for both males and females in the United
States [10]. Increasing evidence indicates that deregulation
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of miRNAs affects cell growth and development of
colorectal cancer [11-13]. Specific miRNAs could serve
as useful clinical biomarkers and potential therapeutic
targets for colorectal carcinoma [14, 15]. Previous work
has demonstrated that miR-191 was deregulated in a
wide range of human cancers, including breast cancer
[16], hepaotocellular carcinoma [17], thyroid follicular
tumors [18] and acute myeloid leukemia [19]; and this
deregulation may be associated with clinical stage, patient
survival and disease prognosis. Interestingly, miR-191
exerts diverse and often conflict biological effects, which
are always cell-type and context specific. In hepatocellular
carcinoma, miR-191 was identified as an oncogene and its
inhibition led to decreased cell proliferation and induced
apoptosis in vitro and in vivo [17]. miR-191 functions as an
estrogen inducible oncomiR in breast cancer, and mediate
enhanced cell proliferation and migration by targeting
SATBI1 [20]. In contrast, Di Leva G et al. reported that
activation of the miR-191/425 cluster reduced proliferation
and impaired tumorigenesis in breast cancer cells [21]. In
addition, miR-191 reduced growth and cell migration by
targeting CDKG6 in thyroid follicular tumor [18]. Several
studies have provided strong evidence that miR-191 is
overexpressed in human CRC [22-24]. Recently, Dong et
al. reported that high miR-191 expression was associated
with CRC tumor invasion by directly targeting tissue
inhibitor of metalloprotease 3 (TIMP3), a pro-apoptotic
gene in various cancers and diseases [25]. However, the
molecular mechanism by which miR-191 functions in
CRC remains largely unknown. Therefore, identification
of the effects of miR-191 and its targets in CRC may lead
to new perspectives for gene therapy clinical trials.

In the current study, we examined the expression
of miR-191 in different human colorectal cancer cell
lines and tissues. We showed that miR-191 expression
was significantly up-regulated in colon cancer tissues
compared to adjacent non-cancerous lung tissues.
Sustained miR-191 overexpression was associated with
increased viability, cell proliferation and tumorigenicity
in vivo, and we further revealed that miR-191 promoted
cell resistance to chemotherapeutic agents such as 5-Fu.
Mechanistically, we found that miR-191 functioned as an
‘oncomiR’ by directly targeting the tumor suppressor C/
EBPf and that there was a negative correlation between
miR-191 and C/EBPP expression. In addition, C/EBPf
overexpression partially abolished the effects of miR-191
in CRC cells.

RESULTS

miR-191 is upregulated in colon cancers

Several reports indicated that miR-191 is up-
regulated in human colorectal cancers by using high
throughput sequencing [22-24]. Here, miR-191 expression
was further analyzed in 16 paired colon and adjacent

non-tumor colon tissues by way of real-time PCR. Our
results demonstrated that miR-191 was up-regulated
in the majority of examined tumor tissues, with 10 of
16 (62.5%) tumor tissues displaying a more than 38%
increase, which suggested a probable ‘oncomiR’ role of
miR-191 in colorectal cancer. Notably, there were three
colon cancer tissues displayed a 3-fold down-regulation
of miR-191 expression. (Figure 1A) We next examined
miR-191 expression in five human colorectal cancer cell
lines (HCT116, RKO, HT29, SW480, DLD1 and Lovo)
and HEK293T cells by quantitative PCR. miR-191 was
expressed in all six cell lines, and HCT116 displayed a
higher expression level of miR-191 (Figure 1B). So, we
used HCT116 cells as a model to investigate the effect of
miR191 on cell growth and proliferation.

miR-191 promotes the tumorigenic features of
colorectal cancer cells

To assess the role of miR-191 in the growth of
CRC, stable miR-191-expressing cell lines were prepared
using lenti-virus-mediated gene transfer, wherein the
plemiR-191 and sponge-miR-191 were used as mediators
for gain- and loss- of -function studies, respectively. The
levels of miR-191 in the stable cell lines were determined
by quantitative PCR, and our results demonstrated the
effectiveness of this transfection (Figure 2A). Cell viability
was measured using CCK8 assays, and we observed that
plemiR-191-transfected HCT116 and RKO cells have a
viability advantage over time, when compared with cells
transfected with the plemiR-control. On the contrary, miR-
191 inhibition by sponge-miR-191 decreased cell viability
in HCT116, RKO, HT29 and SW480 cells (Figure 2B,
Supplementary Figure 1A and Figure 2A). To examine
the effect of miR-191 upon proliferation, the cells were
seeded in 6-well plates (500 cells/well) for 14 days.
The colony formation assay demonstrated a significant
increase in the number of colony-forming units in the
miR-191-transfected cells and a decrease in the number
of clonies formed from sponge-miR-191-transfected cells
(Figure 2C).

Next, a BALB/c nude mouse xenograft model
was applied to evaluate the effect of miR-191 on
tumorigenicity. The plemiR-191/plemiR-control or
sponge-miR-191/sponge-control stable cell lines derived
from HCT116 cells were subcutaneously injected into
either the flank or forelimb armpits of nude mice. The
tumor volume was measured regularly and tumor weights
were recorded. Compared with the control group, miR-
191-transfected cells revealed an advanced tumor
formation and a significantly increase in tumor size and
tumor weight. miR-191 inhibition effectively suppressed
tumor growth in nude mice, as determined by the retarded
tumor growth rate, reduced tumor volume and decreased
tumor weight compared with the negative control (Figure
2D, 2E, 2F).
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Figure 1: miR-191 is up-regulated in colon cancers. Stem-loop RT-PCR analysis of the miR-191 level in tissues and cell lines.
(A) Relative miR-191 expression in 16 paired colon cancer tissues and adjacent non-tumor tissues (upper panel). miR-191 expression
values were expressed as ratios with U6 snRNA (x10). (lower panel, P=0.011) The statistical significance was evaluated by paired-samples
T test. (B) Relative miR-191 expression in five human colorectal cancer cell lines (HCT116, RKO, HT29, SW480, DLD1 and Lovo) and
human embryonic kidney 293T cells. U6 snRNA was used as an internal control. The data represents the means + SDs.

miR-191 induces the G1-to-S cell-cycle transition

To elucidate the effect of miR-191 on cell cycle
regulation, HCT116 cells transfected with miR-191 mimic
or inhibitor were subjected to flow cytometry. First, we
determined the miR-191 level to verify the effectiveness
of the transfection. Quantitative PCR analysis showed
that the expression of miR-191 increased by 3.6-fold
and decreased by 12.8-fold following miR-191 mimic or
inhibitor transfection, respectively. (Figure 3A) Cell cycle
analysis showed a distinct decrease in the G1- phase cell
population (66.48% vs. 58.62%) and an increase in the
S- phase cell population (13.56% vs. 18.93%) in miR-
191-mimic transfectants compared with the mimic control
(Figure 3B). On the contrary, the miR-191 inhibitor
restrained the G1-to-S cell cycle transition. (Figure 3C)

Cell cycle progression was controlled by a series
of genes, including cell cycle progression regulators
and cell cycle inhibitors such as p21, pl5 and plé6.
Here, the mRNA and protein levels of cell cycle-related
factors were detected by quantitative PCR and western
blotting, respectively. We found that miR-191 induced the
expression of CDK4, a key regulator in the G1-to-S cell
cycle transition; however, the changes in the cyclin D1 and
cyclin E levels were not significant. Notably, the levels of
pl5, pl6, p21, p27 and p57, which are cyclin-dependent
kinase inhibitors, were significantly decreased in the
plemiR-191-transfected stable cell line (Figure 3D, 3E).
In contrast, miR-191 inhibition by sponge-miR-191 led to
a decrease in the level of CDK4 and an increase in the
levels of p15, p16, p27 and p57 (Figure 3F, 3G).
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Figure 2: miR-191 promotes cell viability and proliferation. (A) Confirmation of the level of miR-191 in stably transfected
HCT116 cell lines by RT-PCR; cells transfected with the empty vector were used as a negative control. (B) The cell viability of HCT116
cells was determined by CCKS assays after transfection of plemiR-191(left, B) and sponge-miR-191(right, B), at 24, 48, 72 96 and 120
hours. (C) Relative colony formation units of plemiR-191- (left, C) and sponge-miR-191-transfected (right, C) stable HCT116 cells. The
lower panels indicate the quantification of the indicated relative colony-forming units (n = 3, *P < 0.05 versus plemiR-ctrl and sponge-ctrl).
(D) The tumor volume of plemiR-191-/sponge-miR-191-treated mice 23 days after transplantation. (E) Representative images and (F) tumor
weights of the isolated tumors from injected mice (n = 6 — 8). The data represents the means + SDs.
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Figure 3: Effects of miR-191 on the cell cycle distribution of HCT116 cells. (A) RT-PCR analysis confirmed the expression of
miR-191 in miR-191 mimic-/inhibitior- transfected HCT116 cells; cells transfected with the corresponding control oligos were used as a
negative control. (B) Cell cycle analysis of HCT116 cells transfected with the miR-191 mimic oligo. (C) Cell cycle analysis of HCT116
cells transfected with the miR-191 inhibitor oligo. (D-G) The mRNA levels of cyclin D1, cyclin E, CDK4, p15, p16, p21, p27 and p57
(D, F) and the protein levels of cyclin D1, CDK4, p21 and p27 (E, G) were assayed in plemiR-ctrl-/plemiR-191-transfected and sponge-
ctrl-/sponge-miR-191-transfected HCT116 cells, respectively. GAPDH served as a loading control. The data represents the means + SDs.

www.impactjournals.com/oncotarget 4148 Oncotarget



miR-191 promotes cell resistance to 5-Fu

5-Fu is a widely used anticancer drug, but due to
its high-dose regimen in the clinic, the drug’s side effects
were observed. In our drug screening assay, we found that
endogenous miR-191 was modulated by various drugs.
Interestingly, although the changes of cell viability were
similar when HCT116 cells were treated with different
drugs, the alteration of the level of miR-191 was the most
apparent in cells treated with 5-Fu (Figure 4A, 4B). We
further demonstrated that 5-Fu decreased the endogenous
miR-191 level in a dose-dependent manner (Figure 4C).
The induction of the pro-apoptotic pathway by 5-Fu is
crucial for its anticancer role, so we hypothesized that
miR-191 might be involved in the 5-Fu induced cell
apoptotic pathway. HCT116 cells were transfected with
miR-191 mimic or inhibitor for 24 hours and then treated
with 25 pg/ml 5-Fu for another 24 hours, and the cell
viability was measured by CCKS8. We observed an almost
50% decrease in cell viability when cells were treated with
5-Fu. Notably, when exposed to 5-Fu, cells transfected
with the miR-191 mimic exhibited higher cell viability
compared to cells transfected with the mimic control.
The introduction of miR-191 inhibitor led to a significant
decrease in cell viability when compared with the inhibitor
control (Figure 4D).

To investigate the role of miR-191 in 5-Fu induced
cell apoptosis, we performed quantitative PCR and
western blotting to detect the mRNA and protein levels of
pro-apoptotic Bax and anti-apoptotic Bcl-2, the markers
of cell apoptosis. The mRNA level of Bax decreased in
cells transfected with the miR-191-mimic and increased
by 50% in cells transfected with the miR-191-inhibitor
when compared with the control group. In contrast, the
Bcl-2 level was higher in cells transfected with the miR-
191-mimic and lower in cells transfected with the miR-
191-inhibitor when compared with the corresponding
control group (Figure 4E). The protein levels of Bax and
Bcl-2 were consistent with the mRNA levels. Caspase-3
is an important downstream effecter of the cell apoptotic
pathway and cleavage of caspase-3 was observed in
HCT116 cells exposed to 5-Fu. Overexpression of miR-
191 inhibited the cleavage of caspase-3, and suppression
of miR-191 overtly induced the cleavage of caspase-3
(Figure 4F).

In addition, HCT116 cells transfected with the
miR-191-mimic or miR-191-inhibitor were subjected
to flow cytometry analysis. The apoptotic rate of cells
transfected with miR-191-mimic was approximately
5.45%, which was significantly lower than of cells
transfected with mimic-control oligo, which showed
10.1% apoptotic rates when exposed to 5-Fu. Compared
with the inhibitor control, inhibition of miR-191 clearly
increased the apoptotic rates of HCT116 cells treated with
5-Fu (Figure 4G). Taken together, miR-191 decreased the
sensitivity of HCT116 cells to 5-Fu.

miR-191 directly targets the 3’ UTR of C/EBPf

To explore the molecular mechanism responsible for
the function of miR-191 in CRC, we used three publicly
available databases (TargetScan, picTar and miRanda) to
search for predicted direct target genes of miR-191. The
predicted targets were arranged according to the binding
probability score. The targets with high score and shared
by the three databases were chosen. Seven candidate
targets of miR-191 (unpublished and we are doing further
research) were screened. C/EBPf was chosen for further
analysis, because previous reports have shown that C/
EBPS is an important regulator of cell growth [26, 27],
cell apoptosis [28] and tumorigenicity [29]. miR-191
has conserved binding sites in the 3°UTRs of C/EBPf
of different species (Figure 5A). The wild-type (WT) or
mutant 3’ UTR, in which the seed region was mutated to
abolish miR-191 binding, was cloned into the psiCheck-2
plasmid (Figure 5B), and a dual-luciferase reporter system
was employed to verify whether C/EBPBp is a direct
target of miR-191. The luciferase activity of the reporter
containing the WT 3’ UTR of C/EBPf was decreased in
cells transfected with plemiR-191, whereas the activity of
the mutant reporter was not significantly altered following
plemiR-191 transfection (Figure 5C).

We further detected the expression of C/EBPf
in stable transfected HCT116 and RKO cells using
quantitative PCR and western blotting. The results
indicated that the mRNA and protein levels of C/
EBPB were impaired under conditions of miR-191
overexpression. Conversely, inhibition of miR-191
resulted in the up-regulation of the levels of C/EBPf
(Figure 5D, SE and Supplementary Figure 1B and
Figure 2B).

To determine the correlation between miR-
191expression and the C/EBPJ level, we analyzed the
mRNA and protein levels of C/EBPp in the same set of
specimens shown in Figure 1A, and the results showed
that the miR-191 level was inversely correlated with C/
EBPp expression (Figure SF-5H). These data suggested
that C/EBP is a direct target of miR-191 in CRC.

C/EBPp inhibits cell proliferation and induces
cell cycle arrest in CRC cell lines

Growth arrest induced by C/EBP is highly context
specific [30-32]. To investigate the role of C/EBPJ in
CRC, we performed loss- and gain-of-function studies for
C/EBPB. LAP2, the best studied and most transcriptionally
active isoform of C/EBPp, was given particular attention
for its role of suppress cell cycle progression. [33, 34]
HCTI116 cells were transfected with pCMV-flag-LAP2
or sh-C/EBPB-1/-2 and immunoblotting results showed
the effectiveness of up-regulation and down-regulation of
C/EBPS by flag-LAP2 or sh-C/EBPB-1 (Figure 6A, 6B).
Ectopic expression of C/EBPB diminished the role of
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Figure 6: C/EBPS is involved in miR-191 induced cell growth advantage. HCT116 cells were transfected with flag-LAP2 or
sh-C/EBPp-1/2 for 48 hours and then analyzed by western blotting. Endogenous C/EBPp expression was efficiently induced or repressed
by transfection with flag-LAP2 (A) or sh-C/EBPp-1/2. Right panel: Quantification of C/EBP levels (B). GAPDH served as a loading
control. (C) Ectopic expression of C/EBPP abrogated the cell growth advantage caused by miR-191. HCT116 cells were transfected
with the indicated expression vector for 48 hours and then analyzed by CCKS8 assays (*P < 0.05 versus plemiR-191+pCMV-flag-LAP2
transfected cells). (D) The effects of C/EBPp on the expression of p15, p16, p21, p27 and p57. Quantification of the mRNA levels of p15,
pl6, p21, p27 and p57 in HCT116 cells transfected with the indicated expression vectors for 48 hours. (*P < 0.05 versus pCM V-ctrl, #P <
0.05 versus scramble) (E) Cell cycle analysis of HCT116 cells transfected with the miR-191 mimic/mimic control or miR-191 inhibitor/
inhibitor control for 48 hours. The data represents the means = SDs.

miR-191 on cell viability (Figure 6C), and LAP2
transfection induced the expression of p16, p15 and p57.
Although the alterations in the p21 and p27 levels were
unconspicuous, the inhibition of C/EBP by shRNA led to
decreased expression of p16, p15 and p57 (Figure 6D). In
addition, the effect of C/EBPf on the cell cycle transition
was analyzed by flow cytometry. C/EBPJ overexpression
led to G1 cell cycle arrest, while inhibition of endogenous
C/EBPf by sh-C/EBPB-1 resulted in an increase in S
phase (Figure 6E). These results further indicated that
C/EBPp is a direct target of miR-191.

DISCUSSION

In the present report, we showed that up-regulation
of miR-191 was a frequent event in colon cancers and that
this up-regulation increased cell viability and promoted
cell proliferation and tumorigenicity of HCT116 cells.
Anticancer reagents, such as 5-Fu and etoposide, inhibited
the expression of miR-191 and sustained up-regulation of
miR1-191 reduced cell susceptibility to 5-Fu. C/EBPp was
identified as a target of miR-191 and ectopic expression of
C/EBPp impaired the effect of miR-191 overexpression
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on CRC by activating expression of downstream genes,
including p15, p16 and p57 (Figure 7). Our results suggest
a crucial role of miR-191 in tumorigenesis of CRC and
provide a therapeutic approach for CRC treatment.
Previous reports have shown that miR-191
is deregulated in various cancers and diseases and
depending on the tissue and context conditions, miR-
191 may exhibit specific functions [16-20]. Our study
demonstrated a higher expression of miR-191 in colon
cancer patients, which is consistent with previous reports
[22]. Ectopic overexpression of miR-191 promoted
cell proliferation in HCT116 cells and tumorigenicity
in vivo in a nude mouse model. Furthermore, miR-191
mimic transfected cells displayed more DNA synthesis,
while miR-191 inhibition delayed the G1-to-S cell cycle
transition. Cyclin/cyclin-dependent kinases (Cyclin-CDK
complexes) and CDK inhibitors (CKIs) coordinately
control cell-cycle progression [35]. Our data showed
that the level of CDK4, the key regulator of cell cycle
progression, was altered when miR-191 was up- or down-
regulated. Notably, the levels of p16, p15 and p57, which
are important cell cycle inhibitors, were decreased when
miR-191 was overexpressed. Di Leva et al. reported
that cell cycle regulatory proteins such as CDK6 and
CCND2 were established as targets of miR-191 in thyroid
carcinoma and aggressive breast cancer and showed that

Anticancer
agents

|

miR-191-mediated down-regulation of CDK6 led to
reduced cell proliferation [16, 20]. So, we determined
the mRNA levels of CDK6 in HCT116 cells transfected
with plemiR-191 or sponge-miR-191 and found that
miR-191 also decreased the level of CDK6 in HCT116
cells (Supplementary Figure 3A). We considered that the
tumor promoting role of miR-191 in CRC was primarily
due to the suppression of cell cycle inhibitors. Further
investigation is needed to establish the involvement of
miR-191 in the alteration of the balance between cyclin/
CDK complexes and CKlIs.

It has been reported that miR-191 is a regulator of
cell fate that inhibits cell apoptosis in colorectal carcinoma
and hepatocellular carcinoma and miR-191 can be induced
by various stimuli such as hypoxia and serum starvation
[17, 20, 25]. 5-Fu is a widely used antimetabolite drug
used for the treatment of digestive tumors, particularly for
colorectal cancer. Our study revealed that endogenous miR-
191 was regulated by 5-Fu in a dose-dependent manner,
which is consistent with results of a previous study [36].
Our further study showed that miR-191 was involved in
the 5-Fu-induced cell apoptotic pathway and that miR-191
overexpression increased cell resistance to 5-Fu-induced
cell apoptosis. These results were partially consistent with
the previous reports which showed that miR-191 inhibition
induced cell apoptosis by upregulation of pro-apoptotic

CDK4
‘L >
p21, p27 1 ]
\ p15, p16, p57
‘Cell growth and Cell cycle arrest and
~ proliferation cell apoptosis

Figure 7: Schematic model of miR-191-mediated promotion of tumorigencity of colorectal cancer cells. In colorectal
cancer cells, various anticancer drugs regulate the expression of miR-191. miR-191 causes a number of genes to respond and adapt. On
one hand, miR-191 induces the expression of CDK4 to increase cell growth. On the other hand, miR-191 suppresses the level of C/EBP,
a tumor suppressor gene functions as a transcriptional activator of p15, pl6 and p57, which are the key regulators of cell cycle and cell
survival. As a result, miR-191 induces the cell cycle progression and tumor cell resistance to various stimuli.
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TIMP3. Interestingly, we found that the level of miR-
191 was down-regulated by etoposide, a commonly used
anticancer agent and an inducer of DNA double-strand
breaks and cell apoptosis. Xi et al. reported that miR-
191 was up-regulated in tumors with a p53 deletion [22];
therefore, it is possible that inhibition of miR-191 renders
the cells more susceptible to pS3-dependent stress responses.
Considering the high mutation rate of p53 in human CRC,
it would be intresteing to see whether introduction of miR-
191 into CRC cells can modulate p53 activity and uncover
the mechanism of miR-191 action. Here, we conclude that
miR-191 is an anti-apoptotic gene in a colorectal carcinoma,
in 5-Fu-induced cell apoptotic model.

CCAAT/enhancer-binding protein [ (C/EBPp)
is a member of the C/EBP family of transcription
factors [37, 38]. C/EBPpB has been shown to regulate
cell proliferation, differentiation and cell apoptosis in a
variety of cellular systems [39—41]. In breast cancer, C/
EBPp was identified as a direct target of miR-155, which
is an oncogenic microRNA involved in cell proliferation
and the inflammation response [42]. In this study, we
demonstrated that miR-191 could directly bind to the
3’UTR region of C/EBPB and decrease its mRNA
and protein levels, which suggests a novel signaling
mechanism wherein miR-191 functions as an ‘onco-miR’.
Forced expression of exogenous C/EBPP can induce
cell apoptosis in various malignant cells and growth
arrest induced by C/EBPP is highly context-specific
[40, 43, 44]. Overexpression of C/EBPf arrests cells
at or near the G1-S boundary in HepG2 and epidermal
keratinocytes [30, 45]. While, in several cases, C/EBPJ
displays growth-promoting activity [31, 32]. p21 and p57
were reported as regulated targets of C/EBPJ in MCF7
and chondrocytes [43, 46]. Our findings provide evidence
that C/EBPp expression was low in colon tumor patients
and that it functioned as a tumor suppressor in HCT116
cells by suppressing of cell viability and inducing of cell
apoptosis, which is consistent with results of a previous
study showing that administration of full-length wild-
type C/EBP significantly suppressed the growth of colon
tumors by inducing tumor-cell apoptosis in a nude mouse
model [29]. Furthermore, the expression of miR-191 was
negatively related to the level of C/EBPp in 16-paired
tumor and non-tumor patient samples. Collectively, this
evidence strongly suggests that C/EBPJ is regulated by
miR-191 in human colorectal cancer, although the signal
transduction is still not well understood.

The present study provides evidence indicating
that inhibition of miR-191 suppresses the proliferation
of colorectal cells and tumorigenicity in vivo, and that
miR-191-down-regulated cells are more sensitive to
5-Fu-induced cell apoptosis. Due to the regulation of C/
EBPp and downstream signaling by miR-191, the specific
inhibition of miR-191 or when in combination with 5-Fu
may be useful for the treatment of human colorectal
cancer. However, considering technology and the number

of patients limitations in our study, cancer or disease
specific mouse models, such as tissue-specific transgenic
or knockout mice, would be extremely helpful to verify
miR-191 therapeutic potential.

MATERIALS AND METHODS

Tissue specimens

CRC and adjacent non-tumor colon tissues were
collected from patients undergoing resection of CRC.
Tissue samples were immediately frozen in liquid
nitrogen and stored until total RNAs or proteins were
extracted. Informed consent was obtained at the Tongji
Medical College Huazhong University of Science &
Technology in Wuhan, China. None of the patients
received chemotherapy prior to colectomy. All patients
were unrelated ethnic Han Chinese who lived in
Southeast China; the tissues were characterized using
immunochemistry methods. The relevant characteristics of
the studied subjects are shown in Supplementary Table 1.

Cell culture and reagents

The human embryonic kidney 293T cell line
(HEK293T) and six human colorectal cancer cell lines
(HCT116, RKO, HT29, SW480, DLD1 and Lovo) were
purchased from American Type Culture Collection
(ATCC, Manassas, VA). The cell lines HCT116, RKO,
HT29, SW480, DLD1 and Lovo were grown in McCoy’s
5A medium (AppliChem, A1324, 9050, Darmstadt,
Germany) supplemented with 10% fetal bovine serum
(FBS, Gibco, Carlsbad, CA, USA) and 1% penicillin—
streptomycin (HyClone, Logan, Utah, USA) at 37°C,
in 5% CO,. The HEK293T cell line was maintained in
Dulbecco’s modified Eagle’s medium (DMEM, HyClone,
Logan, Utah, USA) supplemented with 10% fetal bovine
serum and 1% penicillin—streptomycin at 37°C in 5% CO,,.
5-Fluorouracil (5-Fu), indomethacin (Indo), cisplatin (Cis)
and etoposide (Eto) were obtained from Sigma Chemical
Co. (St. Louis, MO, USA)

Plasmids

Has-miR-191-5p mimic, has-miR-191-5p inhibitor
and the corresponding mimic/inhibitor control oligo
were purchased from Guangzhou RiboBio Co., LTD.
(Guangzhou, China) The human miRNA expression
vectors plemiR and plemiR-191 were kindly provided
by Dr. Yendamuri, Sai (Department of Thoracic Surgery,
Roswell Park Cancer Institute, Buffalo, USA) [47]. An
miR-191 sponge(sponge-miR-191) was constructed
using the methods described by Margaret S Ebert [48].
The sponge sequence, encoding ten repeats of reverse
complementary sequence of mature miR-191 was
synthesized by Sunny Biotechnology Co. (Shanghai,
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China) and then the sequence was ligated to the pSicoR
vector after digestion by BamH1 and Xhol. The
human C/EBPP expression vector pCMV-flag-LAP2
was purchased from Addgene (ID 15738). The shRNA
sequences against C/EBPB were as follows: sequence
1, CCCGTGGTGTTATTTAAAGAA; sequence 2,
CCTGCCTTTAAATCCATGGAA, and the scramble
shRNA sequence was AATTCTCCGAACGTGTCACGT.
shRNAs were ligated into the pLKO.l puro vector
(Addgene, # 8453). All plasmids were sequenced to verify
the inserted targets. HCT116 cells were transfected with
the oligos (100 nmol/L) or indicated plasmids, using
Lipofectamine2000™ (Invitrogen, Carlsbad, CA, USA)
in OptiMEM medium according to the manufacturer’s
instructions. The OptiMEM media (Invitrogen, Carlsbad,
CA, USA) was replaced with cell growth media after 8
hours of transfection.

Cell viability and colony formation assay

Cell Counting Kit-8 (CCK8) assays were performed
to analyze cellular proliferation and activity. HCT116
cells transfected with plemiR-191 or pSicoR-sponge-
miR-191 (100 uL) were seeded at a density of 2 x 10°
cells/well in 96-well plates. At 24, 48, 72, 96 and 120
hours, 10 pL. of CCKS solution (Dojindo Laboratories,
Kumamoto, Japan) was added to each well of the plate and
incubated for 1 hour. Cell viability was then determined
using a spectrophotometer set (ELx800, BioTek, USA)
at a wavelength of 450 nm. For colony formation assays,
plemiR-191- or pSicoR-sponge-miR-191-transfected
HCT116 cells were cultured in a 6-well plate at 500 cells
per well and grown for 10-14 days. After fixation by 4%
paraformaldehyde (Electron Microscopy Sciences 16%
Paraformaldehyde Cat.15700, diluted into PBS) for 30
minutes, the colonies were stained with 0.1% Crystal
Violet for 15 minutes and washed. The colonies were then
photographed and counted using the Image J software.

Cell cycle and cell apoptosis analysis

HCT116 cells were transfected with the indicated
oligos or plasmids in 6-well plates. After 48 hours of
transfection, the cells were collected and washed with
PBS. For cell cycle analysis, the cells were fixed with
70% ethanol overnight at —20°C, washed with PBS,
resuspended with 400 pl PBS and then incubated with
100 pg/ml RNaseA (Sigma) for 30 minutes at 37°C
and with 50 pg/ml propidium iodide (PI) (Sigma, St
Louis, MO) for another 10 minutes. After incubation,
the cells were subjected to DNA content analysis using
a FACSCalibur (Beckman Coulter, Fullerton, CA) and
the results were analyzed with the Summit v4.3 software.
Apoptosis was evaluated by Annexin V-FITC (BD
Biosciences, 556419) and PI (BD Biosciences, 556463)
staining according to the manufacturer’s protocol,
followed by flow cytometry analysis. In brief, HCT116

cells (1 x 10%) were collected, washed with ice-cold PBS
and resuspended in 100 pl binding buffer. Then, 2 pl of
Annexin V-FITC and 5 pl of PI were added to the cells,
the cells were incubated for 15 minutes at RT in the dark,
and an additional 400 pl of binding buffer was added to
the reaction prior to analysis. The results were analyzed
with the Summit v4.3 software.

Tumorigenicity assays in nude mice

All experimental procedures involving animals were
performed in accordance with the Guide for the Care and
Use of Laboratory Animals (NIH publications Nos. 80-23,
revised 1996) and were approved by the Animal Care and
Use Committee of Wuhan University. Female athymic
nude mice were bought from (HFKBio, Peking, China).
PlemiR-191 or pSicoR-sponges-miR-191 transfected
HCT116 cells and the corresponding control cells (5 x
106) were suspended in 200 pl PBS and then injected
subcutaneously into either the flank or forelimb armpits
of the same female, 5—6-week-old BALB/c athymic nude
mouse (HFKBio, Peking, China). Seven to ten female
mice were included in the experiments. Tumor growth was
examined every three days, and the tumors were removed
and weighed 23 days after injection. The tumor volume
(V) was monitored using measuring the length (L) and
width (W) of the tumor with calipers and was calculated
using the formula V = (L x W?) x 0.5.

Lentiviral transduction

According to the Addgene protocol (http://www.
addgene.org/tools/protocols/plko/), human 293T cells
cultured in a 6 cm dish were cotransfected with the
lentiviral packaging vectors 1 pg of psPAX2 (Addgene,
#12260), 2 pg of pMD2.G (Addgene, #12259), and 3 pg
of the indicated plasmids to produce lentiviral particles.
Sixty hours after transfection, the media were collected
and filtered with a 0.45 pm filter (Nalgene, Rochester, NY,
USA). Viral supernatant mixed with 5 pg/mL polybrene
(Sigma Chemical Co., St. Louis, Mo.) was used to infect
HCT116 cells for 12 hours, and was then replaced with
fresh media.

Reporter assays

For the C/EBPB 3°UTR reporter assays,
experiments were performed on the HCT116 cell line.
The 3’UTR fragment of C/EBPB was amplified from
human genomic DNA and subcloned into the Xhol
and Notl sites of the psiCHECK2 vector (Promega,
Madison, WI).The sequences of the primers used for
PCR amplification were as follows: forward primer:
5'-CCCTCGAG GCAACCCACGTGTAACTGTC-3'
and reverse primer 5'-ATAAGAATGCGGCCGCCACCC
AACCACCAAAACCTC-3". Mutagenesis of the miR-
191 seed sequence was performed using the following
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primers: forward primer: 5-AAGGGAATCTTTCT
GCACTCAAGCAT-3" and reverse primer 5-ATGC
TTGAGTGCAGAAAGATTCCCTT-3'. HCTI116 cells
were transfected with the reporter plasmid (100 ng) and
plemiR-191/plemiR-ctrl (200 ng), and reporter assays
were performed 24 hours after transfection using the Dual
Luciferase kit (Promega, Madison, WI).

RNA quantification

Total RNA was extracted using TRIzol reagent
(Takara Biotechnology, Dalian, China) according to the
manufacturer’s protocol, and the concentrations of the
RNA were determined with a NanoDrop instrument
(NanoDrop Technologies). Complementary DNA was
prepared with the use of a First Strand cDNA Synthesis
Kit (Roche Diagnostics, Mannheim, Germany) and stem-
loop RT for mature miRNAs was performed according to
the manufacturer’s protocol. (Roche) All reagents for stem-
loop RT were obtained from Roche (Roche Diagnostics,
Mannheim, Germany) and RiboBio (Guangzhou, China).
The U6 snRNA was used as an internal control. Real-
time PCR was performed using the FastStart Universal
SYBR Green Master protocol (ROCHE, 04913850001)
with the ABI PRISM 7500 system (Applied Biosystems,
Forster City, Calif). For microRNA PCR, the reactions
were incubated in a 96-well plate at 95°C for 10 minutes,
followed by 40 cycles of 95°C for 15 seconds and 60°C for
1 minute. All reactions were run in triplicate, and the relative
gene expression was calculated using the comparative
threshold cycle (Ct) method (relative gene expression =
2-(actample-ACteontol)) The following primers were used for qPCR:
C/EBPB sense, 5'-TTCAAGCAGCTGCCCGAGCC-3"; C/
EBPp antisense, 5-GCCAAGTGCCCCAGTGCCAA-3'
(Refer to Gibellini et al [49]); cyclin D1 sense,
5'-CCGTCCATGCGGAAGATC-3"; cyclin D1 antisense,
5'-CCTCCTCCTCGCACTTCTGT-3"; cyclin El sense,
5'-TTTCTTGAGCAACACCCT-3"; cyclin El antisense,
5'-GTCACATACGCAAACTGG-3'; CDK4  sense,
5-GAAACTCTGAAGCCGACCAG-3"; CDK4 antisense,
5'-AGGCAGAGATTCGCTTGTGT-3"; CDK6 sense,
5'-CCGTGGATCTCTGGAGTGTT-3’; CDK6 antisense,

5'-CTCAATTGGTTGGGCAGATT-3'; pl5 sense,
5'-ATGCGCGAGGAGAACAAG-3'; pl5 antisense,
5'-CTCCCGAAACGGTTGACTC-3; pl6 sense,
5'-CTTCCTGGACACGCTGGT-3'; plé antisense,
5'-ATCTATGCGGGCATGGTTAC-3; p21 sense,
5'-GAGCGATGGAACTTCGACTT-3"; p21 antisense,
5'-CAGGTCCACATGGTCTTCCT-3'; p27 sense,
5'-GGTCTGCAAGTGGATGATGA-3'; p27 antisense,
5'-ATAATGTTGCAGCCCAGCAG-3; p57 sense,
5'-CACGATGGAGCGTCTTGTC-3"; p57 antisense,
5'-CCTGCTGGAAGTCGTAATCC-3; Bax sense,

5'-GAGGATGATTGCCGCCGTGGACA-3"; Bax antisense,
5'-GGTGGGGGAGGAGGCTTGAGG-3"; Bcl-2 sense,
5-ATGTGTGTGGAGAGCGTCAACC-3"; Bcl-2 antisense,

5'-TGAGCAGAGTCTTCAGAGACAGCC-3'; GAPDH
sense, 5-GAAGGTGAAGGTCGGAGTC-3"; and GAPDH
antisense, 5'-GAAGATGGTGATGGGATT TC-3'.

Western blotting analysis

The cells were lysed in RIPA buffer (1% v/v NP40,
0.5% w/v sodiumdeoxycholate, 0.1% w/v SDS) containing
complete protease inhibitors (Roche Applied Sciences) in
an ice bath for 30 minutes, and then centrifuged at 13,000
x g for 30 minutes at 4°C. The protein concentration was
then determined using the Pierce® BCA Protein Assay Kit
(Pierce, 23225). Equal amounts of protein (30-150 ug)
were separated by 12% SDS-PAGE and transferred to
PVDF membranes (PVDF, Millipore, cat# IPVH00010,
Merck KgaA, Darmstadt, Germany). The membranes
were blocked with 5% non-fat dry milk in TBST (20 mM
Tris-HCI, pH 7.5, 150 mM NacCl, 0.1% Tween-20) for 1
hour at room temperature and then incubated with primary
antibody on a rocking platform overnight at 4°C, followed
by incubation with a horseradish peroxidase-conjugated
secondary antibody. Protein bands were visualized
by incubating the membranes with the SuperSignal
chemiluminescence kit (Merck Millipore). Finally, Bio-
Rad’s ChemiDoc XRS+ imaging system was used for
signal detection. Protein expression levels were normalized
to GAPDH as a loading control. The antibodies used in
this study were as follows: Rabbit monoclonal antibodies
against Bax (#5023), Bcl-2 (#4223), caspase 3 (#9665),
cleaved-caspase-3(#9661), p21 (#2947) and GAPDH
(#5174) and; rabbit polyclonal antibody against C/EBPf3
(#3082) were obtained from Cell Signaling Technology
(Beverly, MA). Rabbit anti-p27 (sc-528), anti-CDK4 (sc-
260), and anti-cyclin D (sc-753) were from Santa Cruz
Biotechnology. Peroxidase-conjugated Goat Anti-Mouse
IgG (H+L (115-035-003 and Peroxidase-conjugated Goat
Anti-Rabbit IgG (H+L) (111-035-003) were purchased
from Jackson ImmunoResearch. (Jackson, West Baltimore
Pike West Grove, PA, USA)

Statistical analysis

The SPSS 19 software was used for statistical
analysis, and the data are presented as the means + SDs.
Differences between groups were assessed by one-way
ANOVA, and statistical significance was determined by
Student’s ¢-test in some experiments. Differences with P
values of less than 0.05 were considered significant.
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