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miR-107 functions as a tumor suppressor in human
esophageal squamous cell carcinoma and targets Cdc42
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Abstract. Previously, we reported significantly decreased
expression of tissue and circulating miR-107 in esophageal
cancer (EC). However, its role in esophageal tumorigenesis
still remains elusive. Therefore, the aim of the present study
was to analyze the role of miR-107 in esophageal squamous
cell carcinoma (ESCC). The role of miR-107 in ESCC was
evaluated using MTT assay, cell cycle analysis by flow cytom-
etry, Annexin assay, colony formation assay and scratch assay.
Overexpression of miR-107 in KYSE-410 cells suppressed cell
proliferation at 72 h post-transfection (P=0.0001). Moreover,
a significant increase in the GO/G1 population (P<0.001) and
a significant decrease in the G2/M (P=0.032) population was
also observed in the miR-107-treated cells as compared to
the negative control (NC). Notably, miR-107 overexpression
attenuated the colony formation potential of ESCC cells by
41.83% as compared to the NC (P=0.007). miR-107 mimic
inhibited ESCC cell migration in a time-dependent manner,
reducing the wound closure to only 50.41+7.23% at 72 h post-
transfection (P=0.041). Further analysis by Matrigel invasion
assay revealed a significant decrease in the migratory and
invasive abilities of the KYSE-410 cells at 72 h post miR-107
transfection. qRT-PCR analysis showed decreased expression
of one of the newly identified targets of miR-107, Cdc42, at the
mRNA level. Further validation by western blotting confirmed
a significant reduction in the identified target at the protein
level. In addition, the relative luciferase activity of the reporter
containing Cdc42 3'UTR was significantly decreased upon
miR-107 co-transfection, indicating it to be a direct target of
miR-107. Our results herein document that miR-107 functions
as a tumor suppressor and inhibits the proliferation, migration
and invasion of ESCC cells. Moreover, this is the first report
showing Cdc42 as a downstream target of miR-107.
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Introduction

Esophageal cancer is a multifaceted disease with high inci-
dence and mortality rates. Functional analysis of oncogenes
or tumor suppressors will help in understanding the complex
interactome and mechanism involved in its development and
progression thereby opening new doors for novel therapeutics
and cancer interventions. Recently, emerging evidence has shed
light on the significant role of microRNAS in tumorigenesis by
regulating key signaling cascades, such as cell cycle, apoptosis,
epithelial-to-mesenchymal transition (EMT), cell migration
and angiogenesis, thereby establishing a landmark in cancer
biology. The expression of miRNAs in esophageal cancer was
first studied by Guo er al (1) in a quest to identify differen-
tially expressed miRNAs in esophageal cancer. Microarray
analysis revealed a strong correlation between low expression
of hsa-miR-103/107 and an extended overall survival period.
miR-107 has also been implicated in hypoxic signaling and
tumor angiogenesis in colon cancer. Its knockdown resulted in
increased HIF-1f expression and hence an increased hypoxic
signaling (2). He et al (3) demonstrated a tumor-suppressor
role of miR-107 wherein, it suppressed glioma cell growth by
directly targeting Spalt-like transcription factor 4 (SALL4),
leading to the activation of FADD/caspase-8/caspase-3/-7
signaling pathway of cell apoptosis. Notably, miR-107 acti-
vated the ATR/Chk1 pathway and suppressed cervical cancer
invasion by targeting myeloid cell leukemia 1 (MCL1) (4).
Additionally, p53-induced microRNA-107 inhibited prolif-
eration, migration and invasion of glioma cells by modulating
the expression of cyclin-dependent kinase 6 (CDK6) and
Notch-2 (5). It induced cell cycle Gl arrest and inhibited inva-
sion by targeting CDKGO, thereby inhibiting tumor progression
in pancreatic, gastric, bladder and non-small cell lung cancer
(NSCLC) (6-9). In one study, eukaryotic translation initiation
factor 5 (EIF5) was found to be a direct target of miR-107
and a high miR-107 level induced cell cycle arrest at the
G2/M phase and retarded tumor growth in nude mice (10).
miR-107 has also been shown to downregulate the expression
of brain-derived neurotrophic factor (BDNF), C-C chemokine
receptor type 5 (CCRS), granulin (GRN), cyclin-dependent
kinase 8 (CDKS), let-7 and cyclin-dependent kinase 5
regulatory subunit 1 (CDK5R1)/p35 (11-16). Furthermore,
Zhang et al (17) demonstrated that miR-107 plays a key role in
cisplatin resistance by targeting the CDKS8 protein in NSCLC
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Table I. Primers used for expression analysis of Cdc42 by gRT-PCR.
S.No. Gene Sequence Product length (bp)
1) Cdc42 Forward: 5-TGACAGATTACGACCGCTGAGTT-3'
Reverse: 5'-GGAGTCTTTGGACAGTGGTGAG-3' 134
2) 5S rRNA Forward: 5'-GTCTACGGCCATACCACCCTG-3'
Reverse: 5~ AAAGCCTACAGCACCCGGTAT-3' 121

cell lines. According to a recent report by Datta et al (18)
miR-107 functions as a candidate tumor-suppressor gene in
head and neck squamous cell carcinoma (HNSCC) by down-
regulating protein kinase Ce (PKCe). Its treatment significantly
blocked DNA replication, cell proliferation, colony formation
and invasion in HNSCC cell lines. Moreover, lipid-based
nanoparticle delivery of pre-miR-107 was found to inhibit the
tumorigenicity of HNSCC (19). Zhang et al (20) suggested that
the miR-25/miR-107-LATS2 axis may decrease the expression
of LATS2, thereby affecting the growth and invasion of gastric
cancer cells.

These observations suggest a possible role for miR-107
in the regulation of hypoxia, tumor progression and invasion
(Fig. 1). Previously, we reported significantly decreased expres-
sion of miR-107 in neoplastic and preneoplastic esophageal
tissues and esophageal cancer serum samples as compared to
expression noted in normal subjects (21). However, its role in
esophageal cancer has not yet been elucidated. Therefore, the
aim of the present study was to analyze the function of miR-107
in esophageal tumorigenesis. Moreover, in our previous study,
we predicted potential targets of miR-107 using Diana-miRGen
that predicts targets using four widely used target prediction
programs viz. PicTar, miRanda, TargetScanS, DIANA-microT.
The targets were further screened on the basis of their Gene
Ontology terms and Cdc42 was found to be one of the poten-
tial targets of miR-107. Notably, its expression was found to
be inversely correlated with that of miR-107 in 66% cases of
esophageal cancer tissues (21). Therefore, we further aimed
to ascertain whether Cdc42 is a direct downstream target of
miR-107.

Materials and methods

Cell culture. Human esophageal squamous cell carcinoma cell
line KYSE-410 was purchased from the European Collection
of Authenticated Cell Cultures (ECACC), supplied by Sigma-
Aldrich (Bangalore, India). The cell culture was maintained
in Roswell Park Memorial Institute (RPMI)-1640 medium
(Sigma-Aldrich) supplemented with fetal bovine serum (FBS;
HiMedia Laboratories Pvt. Ltd., Mumbai, India) 10% v/v,
100 U/ml of penicillin and 100 gg/ml of streptomycin (HiMedia
Laboratories). The HEK-293T cell line was a kind gift by Dr
Nimisha Sharma (GGSIPU, New Delhi). It was maintained
in Dulbecco's modified Eagle's medium (DMEM; HiMedia
Laboratories) supplemented with FBS 10% v/v, 100 U/ml of
penicillin and 100 pgg/ml of streptomycin. The cell lines were
maintained in a humidified incubator with 5% CO, and 95%
humidity in 25-cm? culture flasks (Corning Inc., Corning
NY, USA) at 37°C. The cells were passaged twice weekly

to maintain an exponential growth phase. Other cell lines,
SCC4, SCC9 and MCF-7, were a kind gift from Dr Shyam S.
Chauhan (AIIMS, New Delhi, India) and Dr S. A. Raju Bagadi
from the National Institute of Pathology (ICMR), New Delhi,
India, respectively.

Transient transfection of miR-107 mimic using Lipofectamine
3000. KYSE-410 cells were cultured in a 25-cm? culture flask
to ~80% density and collected by digestion and centrifugation,
and then seeded into 96-well plates (1.2x10* cells/well), 24-well
plate (5x10* cells/well) or 6-well plate (3x10° cells/well).
hsa-miR-107 mimic (100 nM) (Ambion, Inc., Foster City, CA,
USA) was transfected into the cells using Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA) and Opti-MEM medium
(Invitrogen) according to the manufacturer's instructions.
Negative control #1 (Ambion) was used as the negative control.

miRNA extraction and quantitative RT-PCR. Total RNA
was extracted using TRIzol (Invitrogen). First-strand cDNA
synthesis was carried out using universal cDNA synthesis kit
(Exiqon A/S, Vedbaek, Denmark) according to the manufac-
turer's protocol. qRT-PCR analysis of miR-107 was performed
using SYBR-Green Master Mix (Exiqon A/S) and predesigned
miR-107 specific LNA™ PCR primer sets (Exiqon A/S).

All PCR reactions were performed in aliquots of 20 ul
containing 8 pl diluted cDNA template, 2 pl of 10X Primer
Mix and 10 ul of 2X SYBR-Green Master Mix on Opticon2
real-time PCR system (Bio-Rad Laboratories, Hercules, CA,
USA) (21). Thermal cycling parameters included a first dena-
turation step at 95°C for 10 min, followed by 40 cycles of 95°C
for 10 sec and 60°C for 1 min. The cycle threshold (Ct) was
recorded for each sample.

gRT-PCR of Cdc42 was carried out using gene-specific
primers (Table I) and KAPA SYBR FAST real-time PCR kit
(Kapa Biosystems, Inc., Wilmington, MA, USA) following
the manufacturer's protocol. Its expression was analyzed at
48 and 72 h post miR-107 transfection using qRT-PCR. The
expression of Cdc42 mRNAs in the mimic-treated cells was
normalized to that of the cells treated with NC. Thus, AACt
= A(jt(miR-107) - ACt(negznive control)*

A small RNA, 5S rRNA (Table I) was used as the endog-
enous control for data normalization. The 24T method was
used to calculate the fold-change where, Ct is the cycle number
at which the fluorescence signal of the amplification plot passes
a fixed threshold. ACt = Ctyir.107) - Clisy, AACE = ACtir.107) -
ACtrambled or untreatea)- A NEGative control without a template was
run in parallel to assess the overall specificity of the reaction.

The qRT-PCR amplification products were analyzed
by melting curve analysis and confirmed by agarose gel
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Figure 1. Schematic representation of miR-107-mRNA crosstalk in various types of cancers. ACK, activated Cdc42-associated kinase 1; ATR, ataxia telangi-
ectasia and Rad3 related; CDC42, cell division cycle 42; CDK4, cyclin-dependent kinase 4; CDK6, cyclin-dependent kinase 6; CDK8, cyclin-dependent kinase
8; CDK5RI, cyclin-dependent kinase 5 regulatory subunit 1; CHK1, checkpoint kinase 1; EIF5, eukaryotic translation initiation factor-5; HIF1, hypoxia-
inducible factor 1; IFNYR, interferon y receptor 1; IL6R, interleukin 6 receptor; MCL1, myeloid cell leukemia 1; mTOR, mechanistic target of rapamycin; P,
phosphorylation; PDK1, 3-phosphoinositide dependent protein kinase 1; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol (3,4,5)-tri-
sphosphate; PKB, protein kinase B; PKCe, protein kinase C &; PTEN, phosphatase and tensin homolog; SALL4, spalt-like transcription factor 4; STAT3, signal
transducer and activator of transcription 3; NFxB, nuclear factor k B; VEGF, vascular endothelial growth factor. CDK8, CDK4/6, EIF5, CDK5R1, HIF1,
SALL4, MCLI1, PKCe are the direct targets of miR-107. We aimed to ascertain whether CDC42 is a direct downstream target of miR-107.

electrophoresis. Single dissociation peak in the melting curve
was indicative of specific amplification of the PCR product.

MTT assay. KYSE-410 cells were treated with 100 nM
miR-107 mimic and the MTT assay was performed at time
intervals of 24, 48 and 72 h post transfection. A total of 20 pul
MTT (HiMedia Laboratories) at the concentration of 5 mg/ml
was added to 1.2x10* cells suspended in 200 ul RPMI-1640
medium and incubated for 4 h at 37°C in dark. Then, 100 pl
dimethyl sulfoxide (DMSO; Amresco, Solon, OH, USA) was
added to each well and was shaken for 20 min to dissolve the
crystals. Blank samples were prepared using the same proce-
dure. Absorbance was measured by using the SpectraMax
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA)
at 570 nm. Each reading was converted to the percentage of
inhibition which was calculated as following: Inhibition rate
(%) = (OD value of the control group - OD value of the experi-
mental group)/OD value of the control group x 100%.

Colony formation assay. KYSE-410 cells were transfected
with 100 nM miR-107 mimic or NC. Twenty-four hours post
transfection, the cells were trypsinized into single-cell suspen-
sion and added to a 6-well plate at a density of 2x10° cells/well.
The plates were then incubated at 37°C for 7 days and the
medium was changed every two days. After 7 days the super-

natant was discarded. The colonies were washed twice with
phosphate-buffered saline (PBS) and fixed with pre-chilled
methanol for 20 min. The colonies were then stained with
crystal violet (HiMedia Laboratories) for 20 min. Images of
the stained tumor cell colonies were then recorded with a
digital camera and colonies containing at least 50 cells were
quantified using imaging analysis tool ImageJ.

Cell cycle analysis. Cell cycle analysis was performed by flow
cytometry on FACSCalibur (BD Biosciences, San Jose, CA,
USA). Briefly, cells were fixed in 70% ethanol overnight at
-20°C. For fixing mimic/NC-treated and untreated cells were
harvested and resuspended in 300 ul of PBS and then 700 pl
of chilled 100% ethanol was added. After fixing, the cells
were stained with propidium iodide (10 pg/ml) and RNaseA
(100 pug/ml). The stained cells were then subjected to flow
cytometry and data was acquired. Analysis was carried out
using BD CellQuest (BD Biosciences).

Apoptosis assay. Effect of miR-107 overexpression on apop-
tosis of the EC cells was analyzed by flow cytometry using the
Annexin V/7-A AD apoptosis detection kit (BD Biosciences) on
LSRII (Becton-Dickinson). Briefly, 2.5x10° cells were treated
with 100 nM miR-107 or NC and the cells were harvested at
72 h post-transfection. The cell pellet was washed twice with
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Table II. Primers used for preparing Cdc42 pMIR-REPORT construct.
Sequence Position
Cdc42 Varl/Var2 (3'UTR) forward primer 5'-GCCACGCGTGCCTATCACTCCAGAGACTGC-3! 571-591
Cdc42 Varl (3'UTR) reverse primer 5'-CGCAAGCTTGAGCACCAGATGGGGAACAT-3' 1308-1327
Cdc42 Var2 (3'UTR) reverse primer 5-CGCAAGCTTGAGGACATTCTTAAAGCCAGACC-3' 1021-1043
Table III. Primers used for preparing CDK6 pMIR-REPORT construct.
Sequence Position
CDK6 (3'UTR) forward primer 5-CTTACGCGTTGTCTTCTGGACAGGCTCTG-3' 1511-1531
CDK6 (3'UTR) reverse primer 5'-CGCAAGCTTAGAATCTCTCACATACACAC-3' 1831-1850

cold PBS and resuspended in 100 ul of 1X binding buffer. To
the cell suspension, 5 ul of PE Annexin V and 5 ul of 7-AAD
were added. The cells were gently vortexed and incubated for
15 min at room temperature (25°C) in the dark. After incuba-
tion, 400 ul of 1X binding buffer was added to each tube and
analyzed by flow cytometry using FACSDiva version 8.1.3
(BD Biosciences). The untreated population was used to define
the basal level of apoptotic or dead cells.

Wound healing assay. KYSE-410 cells (3x10° cells/well)
were seeded in a 6-well plate overnight to obtain 90% conflu-
ency. At 24 h post-transfection with 100 nM miRNA mimic,
a scratch was made through the center of each well using a
1000-u!1 pipette tip, creating an open ‘wound’ that was clear
of cells. The dislodged cells were removed by two washes
with PBS, fresh media was added and plates were cultured.
Migration into the open area was observed at 24, 48 and 72 h
post-scratching using ImageJ software. The percentage of
wound closure was calculated as percentage of wound area
covered at a given time compared to the initial wound surface.

Transwell-Matrigel invasion assay. Transwell-Matrigel
invasion assay was performed at 48 and 72 h after miR-107
transfection, using Transwell inserts (Corning Inc.) coated
with Matrigel (BD Biosciences). Cells (4x10%) in PBS were
seeded to the upper chamber and RPMI medium containing
20% FBS was added to the lower chamber as the chemoat-
tractant. After incubation at 37°C for 24 h, the non-invaded
cells were removed from the upper chamber using a cotton
swab. The invaded cells were then fixed in methanol, stained
with DAPI and photographed in at least five fields using an
inverted fluorescence microscope (Nikon, Tokyo, Japan) under
a 10X objective. The cells were counted using Nikon imaging
software NIS-Elements BR Ver4.40.00.

Western blot analysis. The cells were washed twice with ice
cold PBS and scraped with RIPA buffer (Invitrogen) supple-
mented with a protease inhibitor cocktail (Invitrogen). Cells
were further lysed with two pulses of sonication for 9 sec
at 39%. The protein concentration was measured using the
Bradford assay (Bio-Rad Laboratories). Equivalent quantities

(70 pg) of protein were separated by 15% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene fluoride microporous
(PVDF) membranes (Microdevices, Inc., New Delhi, India).
The membranes were blocked with 5% non-fat milk in PBS
overnight at 4°C. Membranes were then incubated for 1 h
with primary antibodies of Cdc42 and GAPDH (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) at dilutions of 1:50 and
1:200, respectively. The membranes were washed 3 times in
0.2% PBS-Tween followed by one wash with PBS and incu-
bated with the horseradish peroxidase (HRP)-conjugated
anti-rabbit secondary antibody for 1 h. After washing, bound
secondary antibody was detected using an enhanced chemi-
luminescence (ECL) system (Pierce Biotechnology Rockford,
IL, USA). Western blot results were analyzed quantitatively by
Imagel] software.

Cdc42-3'UTR reporter construct. Cdc42 has three splice vari-
ants. Splice variant 1 (NM_001791) and splice variant 3 have
a similar 3'UTR while splice variant 1 and splice variant 2
(NM_044472) have a similar 5UTR and coding sequence but
differ at 3'UTR. RNA hybrid was used to calculate minimum
free energy of hybridization for target sites present at the
3'UTR. Cdc42 variant 1 has three target sites at positions 714
(MFE=-26 Kcal/mol), 754 (MFE=-24.5 Kcal/mol) and 1087
(MFE=-24 Kcal/mol) (Fig. 2A). Target sites are present at
positions 722, 756 and 927 in variant 2 with MFE of -21.126,
-22.526 and -25.526 Kcal/mol (Fig. 2B and C). Therefore, the
3'UTRs of variant 1 (757 bp) and variant 2 (473 bp) containing
the predicted miR-107 target sites were amplified and cloned
into the pMIR-REPORT luciferase vector (Promega) between
the Mlul and Hindlll restriction sites, downstream to the
luciferase reporter gene using primers as described in Table II.

CDK6-3'UTR- pMIR-REPORT construct. To generate the
3'UTR-REPORT construct, a 340-bp region of CDK6 3'UTR
(NM_001259.6) containing the predicted miR-107 binding site
(Fig. 2D) was amplified and cloned into the pMIR-REPORT
luciferase vector (Promega) between the Mlul and HindIII
restriction sites, downstream to the luciferase reporter gene
using the primers as described in Table III.
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Figure 2. Potential binding site of miR-107 in the CDC42 3'UTR. (A) The potential binding site for miR-107 in 3'UTR of Cdc42 variant | mRNA. (B) The
potential binding site for miR-107 in the 3'UTR of Cdc42 variant 2 mRNA. (C) Conservation of the miR-107 binding site. (D) The potential binding site for

miR-107 in the 3'UTR of CDK6 mRNA.

Luciferase reporter assay. Post-transcriptional inhibition of the
luciferase reporter gene by miR-107 was assayed in HEK-293T
cells. Briefly, HEK-293T cells were seeded into 24-well plates and
cultured until 80% confluent. The cells were then co-transfected
with either miR-107 mimic or negative control at a 100 nM final
concentration and with 100 ng of pMIR-REPORT construct
containing Cdc42 3'UTR along with 10 ng Renilla luciferase
vector using Lipofectamine 3000 transfection reagent according
to the manufacturer's recommendations (Invitrogen). Relative
firefly luciferase activity, which was normalized with Renilla
luciferase, was measured using a Dual-luciferase reporter gene
assay system (Promega) and the results were plotted as the
percentage of change over the respective control.

Statistical analysis. All experiments were repeated at least
three times and the Student's t-test was used to analyze the
statistical significance between two groups while one-way
ANOVA was used to determine the significance of differences
among multiple groups. P<0.05 was considered to indicate
a statistically significant difference. When the difference
between the groups was found to be statistically significant,
then multiple comparisons were performed between treat-
ments within each time period by Tukey's HSD test. All the
statistical analysis were performed using GraphPad Prism
software version 6.00 (GraphPad Software, Inc., San Diego,
CA, USA) and SPSS software 16.0 (SPSS, Inc., Chicago, IL,
USA).
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Figure 3. Expression of miR-107 in different cell lines. (A) Histogram showing
the relative expression of miR-107 in different cell lines (high value of 1/ACT
represents high miRNA expression). (B) Histogram showing fold-change in
miR-107 expression at 48 h after transfection of the KYSE-410 cells.

Results

miR-107 expression in the cell lines. The expression of miR-107
was assessed in four different cell lines: esophageal squamous
cell carcinoma (KYSE-410), tongue squamous cell carcinoma
(SCC-4 and SCC-9) and breast adenocarcinoma (MCF-7)
cell lines. The results showed that the level of miR-107 was
relatively lower in the KYSE-410, SCC-4 and SCC-9 cell lines
as compared to the level noted in the MCF-7 cells (Fig. 3A).

Transfection efficiency. Real-time PCR analysis revealed an
increase in miR-107 expression by 160-fold at 48 h post miR-107
mimic transfection in the KYSE-410 cells as compared to the
cells treated with negative control (NC) indicating that miR-107
was successfully transfected (Fig. 3B).

Overexpression of miR-107 suppresses cell proliferation of
esophageal cancer cells. Compared with the control group,
cell proliferation in the miR-107-treated group was inhibited
in a dose- and time-dependent manner. Cell proliferation was
significantly (P=0.0001) inhibited when cells were treated
with 100 nM miR-107 mimic for 72 h with the inhibition rate
of 34.079% (Fig. 4). Notably, Tukey's multiple comparisons
test revealed that cell proliferation of KYSE-410 cells was
significantly inhibited at 24 and 72 h after transfection with
100 nM miR-107 mimic as compared to the NC. Whereas, at
48 h the difference in cell proliferation of the two groups was
not found to be statistically significant.

Overexpression of miR-107 causes cell cycle arrest in G1/S
phase. DNA content analysis by flow cytometry showed a
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Figure 4. Histogram representing the percentage of inhibition in cell prolif-
eration after transfection of 100 nM miR-107 mimic at 24,48 and 72 h in the
KYSE-410 cells. NC, negative control.

significantly (P<0.001) increased percentage of KYSE-410
cells in the G1 phase (from 64.35+1.16 to 79.91+£0.77%) of the
cell cycle, at 48 h post-miR-107 transfection as compared to the
NC-treated cells (Fig. SA and B). While a substantial decrease
in S phase (from 12.19+2.48 to 7.4+1.3%) and a significant
decrease in G2/M phase (from 21.47+2.56 to 11.45+0.98%,
P=0.032) populations was observed in the miR-107-treated
cells as compared to the NC.

At 72 h after transfection, the percentage of cells in the G1
phase was significantly (P=0.044) increased from 67.99+1.89
to 73.87+1.23% when transfected with 100 nM miR-107 as
compared to the NC-transfected cells (Fig. 5C). A significant
decrease in the G2/M (P=0.024) cell population was also
observed in the miR-107-treated cells as compared to the
NC-treated cells.

Effect of miR-107 overexpression on the apoptosis of ESCC
cells. In addition to the cell cycle distribution, we also analyzed
the effect of miR-107 overexpression on the apoptosis of ESCC
cells. An increase in the percentage of early apoptotic cells was
observed at 72 h post transfection in the miR-107-transfected
group (from 9.1£1.3 to 14.05+2.15%) as compared to the NC
group (Fig. 5D).

Overexpression of miR-107 inhibits ESCC colony formation.
We also investigated the role of miR-107 on ESCC clonogenic
survival, and the results demonstrated a significant (P<0.001)
decrease in the clonogenic survival of the miR-107-treated cells
(colony count, 265+22.9), as compared to the NC-treated cells
(colony count, 529+10.17) and untreated ESCC cells (colony
count, 637+27.79) (Fig. 6A). When normalized to untreated
cells, the colony formation efficiency of the miR-107-treated
cells was significantly reduced to 41.44+4.23% as compared
to the NC-treated cells where the colony formation efficiency
was 83.27+3.51% (Fig. 6B).

Increased expression of miR-107 suppresses wound healing in
the ESCC cells. Scratch assay was used to detect the effect of
miR-107 on the migration of KYSE-410 cells. Wound closure
was evaluated at different time-points, 24, 48 and 72 h post
scratching. Seventy-two hours were required for the wound to
completely close in the untreated cells. At 72 h post miR-107
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Figure 5. Overexpression of miR-107 induces G1/S arrest in KYSE-410 cells. (A) Flow cytometric results showing an increase in the GO/G1 cell population and a
decrease in S phase and G2/M phase populations in the miR-107-treated KYSE-410 cells as compared to the negative control (NC) group after 48 h of miR-107
overexpression. (B and C) Histograms reflect cell cycle distribution after 48 and 72 h post-transfection, respectively. (D) Effect of miR-107 overexpression on the
apoptosis of ESCC cells.
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Figure 6. Effect of miR-107 on the colony formation potential of ESCC cells. (A) Representative images of colony formation assay after transfection of
miR-107 or negative control (NC) for 7 days. (B) Histogram showing relative colony formation efficiency in the miR-107- or NC-treated group when normal-
ized to the untreated group.

transfection, a significant difference was found between the  transfection of 100 nM miR-107 as compared to the NC group
groups (P=0.023). Tukey's multiple comparisons test revealed  (P=0.041). miR-107 treatment inhibited cell migration in a
that cell migration was significantly inhibited at 72 h after  time-dependent manner reducing the wound closure to only



SHARMA et al: TUMOR SUPPRESSOR ROLE OF miR-107 IN ESCC

A

miR-107
mimic

Negative
Control

Untreated

3123

B 1204

p=0.041

100

(-] -
(=] (=]
L L

Wound closure (%)
F=9
o

204

48 h

# Untreated
5 100 nM NC
7 100 nM miR-107 mimic

Figure 7. miR-107 inhibits the wound healing of KYSE-410 cells. (A) Representative images of the wound healing assay at 24, 48 and 72 h post miR-107
transfection. (B) Histogram showing the percentage of wound closure in the miR-107- or negative control (NC)-treated and untreated groups. The scratch
healed up to 91.535+8.465% in the NC group after 72 h, while the scratch in miR-107-transfected group healed up to only 50.41+7.23%.

100 nM NC

100 nM NC

100 nM miR-107 mimic
100 nM miR-107 mimic

700

p=0.03

500

400

Number of cells migrated T3

100 nM NC 100 nM miR-107
mimic

(=
g

500 p=0.041

400

300

200

Number of cells Invaded

100 nM NC 100 Nm miR-107
mimic

Figure 8. Effect of miR-107 on the migration and invasion potential of ESCC cells. (A) Representative images of Transwell migration assay showing the
number of cells migrated in the miR-107 or negative (NC)-transfected group at 72 h post transfection. (B) Histogram showing the number of cells migrated
through the chamber in the 100 nM miR-107 mimic- or NC-treated groups. (C) Representative images of Transwell-Matrigel invasion assay showing the
number of cells that invaded in the miR-107- or NC-transfected groups at 72 h post transfection. (D) Histogram showing the number of cells that invaded

through the Matrigel in the 100 nM miR-107 mimic- or NC-treated groups.

50.41+7.23% at 72 h as compared to the NC where the scratch
wound healed up to 91.535+8.465% (Fig. 7A and B). However,
at 24 or 48 h, there was no significant difference in cell migra-
tion of the two groups.

Overexpression of miR-107 results in decreased migration and
invasion potential of the ESCC cells. We further evaluated the
effect of miR-107 on the migration and invasion abilities of
the KYSE-410 cells using Transwell assay. Overexpression of

miR-107 resulted in significantly decreased migratory ability
of the KYSE-410 cells at 72 h post transfection (P=0.03)
(Fig. 8A). The number of KYSE-410 cells that had migrated
through the chamber was 338+6 and 592+23 in the miR-107
mimic-treated and NC-treated group, respectively (Fig. 8B).
Notably, the invasive ability of the KYSE-410 cells was signifi-
cantly decreased at 72 h post miR-107 transfection as compared
to the NC group (P=0.041) (Fig. 8C). The number of invasive
cells was 46849 in the NC-treated group as compared to the
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Figure 9. Overexpression of miR-107 results in decreased expression of Cdc42. (A) Histogram showing fold-change in expression of Cdc42 at 48 and 72 h
after transfection of the miR-107 mimic. (B) Histogram showing fold-change in expression of Cdc42 variant 1 and Cdc42 variant 2 at 72 h after transfection
of miR-107 mimic. (C) Western blot analysis. Effect of miR-107 overexpression on Cdc42 protein levels in the KYSE-410 cells. (D) The relative expression of
Cdc42 protein was calculated as band intensity of Cdc42/band intensity of GAPDH. (E) The relative luciferase activity in cells co-transfected with miR-107
mimic and Cdc42 3'-UTR in the HEK293T cell line as compared to the NC. (F) The relative luciferase activity in cells co-transfected with miR-107 mimic
and CDK6 3'-UTR in the HEK293T cell line as compared to the NC. NC, negative control; UTR, untranslated region.

mimic-treated group where only 187+34 cells could invade the
chamber (Fig. 8D). Out of all the migrated cells 55+9% of the
cells invaded in the mimic-treated group while 79+1.5% of
the cells invaded in the NC-treated group suggesting relatively
weaker invasive ability of the KYSE-410 cells after miR-107
overexpression. However, at 48 h post miR-107 transfection,
there was no significant difference in migration or invasion
potential of the two groups (data not shown).

miR-107 overexpression results in decreased expression of
Cdc42 at the mRNA level. Notably, overexpression of miR-107
resulted in significantly decreased expression of Cdc4?2 at the
mRNA level in the miR-107-treated cells (fold-change, 0.67 at
48 h, P=0.0074 and 0.11-fold at 72 h, P=0.0016) as compared
to the NC-treated cells, suggesting that miR-107 may
suppress the expression of Cdc4?2 at the transcriptional level
(Fig. 9A).

Furthermore, the expression of Cdc42 variants was anal-
ysed at 48 and 72 h after transfection of the miR-107 mimic.

Notably, overexpression of miR-107 resulted in significantly
(P=0.0041) decreased expression of Cdc42 variant 1 at the
mRNA level in the miR-107-treated cells (fold-change, 0.033)
as compared to the NC-treated cells at 72 h post-transfection,
suggesting that miR-107 may regulate the expression of Cdc42
variant 1 at the transcriptional level (Fig. 9B). However, no
decrease in expression of Cdc4?2 variant 2 was observed in the
miR-107 mimic-treated cells as compared to the NC-treated
cells (Fig. 9B).

Enforced expression of miR-107 results in decreased expres-
sion of Cdc42 at the protein level. To verify that miR-107 acts
as a Cdc42 suppressor, KYSE-410 cells were transfected with
100 nM miR-107 and the NC. The relative expression of Cdc42
protein was calculated as band intensity of Cdc42/band inten-
sity of GAPDH. Densitometry analysis showed that at 48 h
post-transfection, the overexpression of miR-107 decreased
the Cdc42 protein level by 45.45% (P=0.004) as compared to
the NC (Fig. 9C and D).
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miR-107 targets Cdc42-3'UTR directly. Three sites in Cdc42
variant 1 and variant 2 were predicted to be the potential target
sites of miR-107 by RNAhybrid software. Comparing the
human sequence for interspecies homology, we found that, out
of these three sites, two were conserved across species such as
the mouse, rat, dog and chicken (Fig. 2C).

To further examine whether, Cdc42 is a direct target of
miR-107, we cloned the 3'UTR of Cdc42 variants into the
pMIR-REPORT vector. Co-transfection of miR-107 and
pMIR-Cdc42-3'UTR-Varl in the HEK293T cells resulted
in 35.41% (P=0.0154) decrease in the luciferase activity as
compared to the NC (Fig. 9E). Co-transfection of miR-107
and pMIR-Cdc42-3'UTR-Var2 in HEK293T cells resulted
in decreased luciferase activity by 28.688% (P=0.0001) as
compared to the NC-treated cells (Fig. 9E). CDK6 3'UTR was
used as a positive control and co-transfection of miR-107 and
pMIR-CDK6 3'UTR in HEK293T cells resulted in decreased
luciferase activity by 48.4% (P=0.0238) as compared to the
NC-treated cells (Fig. 9F).

Discussion

Understanding the precise molecular mechanism underlying
esophageal tumorigenesis is imperative for better management
of this disease. In the present study, we unraveled the tumor
suppressor role of miR-107 in esophageal carcinogenesis and
further validated one of its newly identified targets i.e. Cdc42.

miR-107,a member of the miR-15/107 superfamily, has been
shown to be downregulated in glioma, gastric cancer, pancreatic
cancer, NSCLS and cervical cancer (5-7,9,12). We previously
showed miR-107 to be significantly (P=0.004) downregulated
in 72% of esophageal cancer tissues as compared to the matched
distant non-malignant tissues (21). Moreover, increasing
evidence suggests a tumor-suppressor role for miR-107. It has
been implicated in the regulation of cell proliferation, cell cycle
arrest, migration and invasion in multiple cancers (5,6,9,16).
Mechanistic studies revealed that miR-107 functions as a
tumor-suppressor miRNA by targeting CDK6, CDKS, let-7,
CDKS5R1/p35, protein kinase Ce and MCLI1 in various cancers
4,5,12,15,16,18). Notably, overexpression of miR-107 slightly
delayed c-Myc induced liver tumor formation (22) and induced
cell cycle arrest at the G2/M phase thereby retarding tumor
growth in nude mice (10). Our results are in concordance with
the above mentioned studies suggesting a similar function of
miR-107 in EC. However, our findings are in contradiction to
the observations of Martello e al (23) wherein overexpression
of miR-107 in MCF10A mammary epithelial cells promoted
epithelial-to-mesenchymal transition resulting in a highly meta-
static phenotype thorough modulation of Dicerl. In line with
this report, knockdown of miR-107 lead to an increase in Dicerl
and inhibition of cell invasion and migration in gastric cancer
cells (24). Taken together, these results indicate that the biology
of miR-107 is complex and highly cell-type dependent. The role
of miR-107 in esophageal carcinogenesis is still elusive, thus,
warranting further investigation.

The above-mentioned facts thus point towards a need for
in-depth functional analysis of miR-107 in ESCC to shed light
on its role in tumorigenesis. Therefore, to characterize the
functional importance of miR-107 in ESCC tumorigenesis,
we examined the effect of miR-107 on the proliferation of
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KYSE-410 cells. We observed that overexpression of miR-107
significantly suppressed the proliferation of KYSE-410 cells at
72 h post transfection.

Cell cycle analysis revealed that the overexpression of
miR-107 in ESCC cells significantly induced cell cycle arrest at
the GO/GI phase thereby contributing to suppression of prolif-
eration as observed by MTT assay. The anti-proliferative role
of miR-107 observed herein is consistent with the previously
suggested growth inhibitory function of miR-107 in gastric
cancer cells and lung carcinoma (6,9). Its downregulation by
c-Myc has been shown to cause G2/M cell cycle progression
by activating long non-coding RNA H19 in NSCLC cells (25).
In line to these reports, Chen et al (5) showed that p53-induced
miR-107 inhibited proliferation and arrested the cell cycle
at the GO/GI1 phase in glioma cells, supporting its tumor-
suppressor role. Moreover, it targets CDK6 and induces cell
cycle G1 arrest thereby inhibiting invasion in gastric cancer
cells (6) and NSCLS (9).

Most of the cancer deaths occur due to metastasis rather
than the original tumor; therefore, inhibiting cancer cell migra-
tion is an important aspect of cancer therapy and management.
Previous studies have shown that miR-107 reduced cell
migration and invasion, possibly through CDK-8 (26) and
CDKS5RI1 (16) in breast cancer cells and neuroblastoma,
respectively. Stiickrath er al (27) showed that overexpression
of miR-107 decreased migration and invasion of MCF-7 and
MDA-MB-231 cells. It inhibited glioma cell migration and
invasion by targeting CDK6 and NOTCH?2 (5) and suppressed
cervical cancer invasion by targeting MCL1 (4). To access
the role of miR-107 in migration, we evaluated the effect of
miR-107 on wound closure in an ESCC cell line using scratch
assay. miR-107 treatment significantly inhibited cell migra-
tion in a time-dependent manner reducing the wound closure
to only 50.41+7.23% at 72 h as compared to the negative
control where cells had almost completely closed the wounds.
Further investigation by Transwell-Matrigel invasion assay
demonstrated that the invasive ability of KYSE-410 cells was
markedly decreased after miR-107 transfection as compared
to the cells transfected with NC.

Next, we investigated the effect of miR-107 overexpression
on colony formation efficiency of ESCC cells and our results
indicated an inhibitory effect of miR-107 on the colony forma-
tion potential of ESCC cells. The present study thus further
supports the previous findings, wherein, miR-107 treatment
inhibited the colony formation efficiency of cervical cancer
and HNSCC cells (12,18).

To explore the molecular mechanism underlying the
tumor-suppressor function of miR-107, we validated one of
the bioinformatically predicted targets of miR-107. We earlier
predicted Cdc4?2 to be one of the putative targets of miR-107
using bioinformatics tools. Moreover, expression analysis in
esophageal cancer tissues carried out in our previous study
revealed an inverse correlation between expression of miR-107
and the Cdc42 transcript (21). Cdc42 is a member of the
Rho family of small GTPases and its activation induces key
signaling pathways such as cytoskeletal remodeling, cell cycle
progression, establishment of cell polarity, cellular transfor-
mation and cell migration (28,29). Overexpression of Cdc42
has been reported in several types of human cancers including
NSCLC, colorectal adenocarcinoma, melanoma, breast and
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testicular cancer (30-34). In ESCC its overexpression was
correlated with lymph node metastasis and pathological
differentiation (35,36). In addition to the cell cycle, Cdc42 also
regulates the cell cytoskeleton and adhesion, cell functions
that are important for cell migration and invasion in several
types of cancers (37). In the present study, overexpression of
miR-107 in the ESCC cell line KYSE-410 resulted in signifi-
cantly decreased expression of Cdc42 at the mRNA level in
the miR-107-treated cells as compared to the NC-treated cells,
suggesting that miR-107 may regulate the expression of Cdc42
at the transcriptional level. A significant decrease in expression
of Cdc42 protein was also observed in the miR-107-treated
cells as compared to the NC-treated cells. Further valida-
tion by luciferase reporter assay confirmed Cdc42 as a direct
downstream target of miR-107. Interestingly, previous studies
have reported that Cdc42 is involved in proliferation, cell cycle
regulation and migration as well as it increases the activity
of matrix metalloproteinases (MMPs). In a positive feedback
loop, Cdc42 induces the accumulation of its upstream activator
i.e. EGFR thereby contributing to cellular proliferation and
transformation (38,39). Additionally, Cdc42-associated tyro-
sine kinase 1 (ACK1), a downstream effector of Cdc42, was
found to positively regulate Akt and other prosurvival factors
thus promoting cell survival and growth (40). Tu er al (41)
demonstrated that FasL activated caspase-3 and caspase-8
catalyzes the cleavage of Cdc42. Notably, in the same study,
caspase-insensitive Cdc42 mutants provided strong anti-
apoptotic effects. Furthermore, under hypoxic conditions,
Cdc42 indirectly phosphorylates JNK resulting in its nuclear
translocation. When translocated to the nucleus, JNK binds
and activates the AP-1/MMP9 axis leading to metastatic
processes (42). MMPs are critical enzymes involved in degra-
dation of basement membrane and extracellular matrix thus
helping in cancer invasion and metastasis (29). Taken together,
the above mentioned facts thus indicate that Cdc42 plays an
important role in the progression of a wide array of cancers. In
the present study, we demonstrated that miR-107 was involved
in the regulation of proliferation, migration and cell cycle
of ESCC cells. Additionally, we identified Cdc42 as a novel
direct target of miR-107 and showed that enforced expression
of miR107 in ESCC cells led to reduced expression of Cdc42.
However, further in-depth analysis is warranted to establish
the fact that the inhibition of Cdc42 expression may be a key
mechanism by which miR-107 impairs esophageal cancer cell
growth.

In conclusion, our results herein, document a key tumor-
suppressor role of miR-107 in esophageal carcinogenesis by
inhibiting proliferation, migration and causing cell cycle arrest
in ESCC cells. We further identified and validated Cdc42 as
a direct downstream target of miR-107. Future challenges
include identifying additional targets of miR-107 to further
discern its function and access its applicability in the treat-
ment of esophageal cancer.
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