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Abstract

This study aims to investigate the role of miR-203–HOTAIR
interaction in the suppression of renal cell carcinoma (RCC). We
employed series of in vitro assays such as proliferation, invasion,
migration, and colony formation along with in vivo tumor xeno-
graft model. Profiling of miR-203 and HOTAIR expression
revealed that miR-203 was significantly underexpressed, whereas
HOTAIR was overexpressed in RCC cell lines and clinical speci-
mens compared with normal cell line and tissue. Both miR-203
and HOTAIR expression significantly distinguished malignant
from normal tissues and significantly correlated with clinicopath-
ologic characteristics of patients. Overexpression of miR-203
significantly inhibited proliferation,migration, and invasionwith
an induction of apoptosis and cell-cycle arrest. However, HOTAIR
suppression resulted in the similar functional effects in the same
RCC cell lines. In silico, RNA-22 algorithm showed a binding site

formiR-203 inHOTAIR.Weobserved adirect interaction between
miR-203 and HOTAIR by RNA-immunoprecipitation (RIP) and
luciferase reporter assays. We show that miR-203–HOTAIR inter-
action resulted in the inhibition of epithelial-to-mesenchymal
transition (EMT) and metastatic genes as indicated by induction
of key metastasis-suppressing proteins E-cadherin, claudin
(epithelial markers), and PTEN along with induction of tumor
suppressor genes p21 and p27. A significant decrease in vimentin
(mesenchymal marker), KLF4, and Nanog (stemness markers)
was also observed. This is thefirst report demonstratingmiR-203–
mediated regulation of HOTAIR induces tumor suppressor effects
inRCCby regulatingEMTandmetastatic pathwaygenes. Thus, the
study suggests that therapeutic regulation of HOTAIR bymiR-203
overexpression may provide an opportunity to regulate RCC
growth and metastasis. Mol Cancer Ther; 17(5); 1061–9. �2018 AACR.

Introduction
Renal cell carcinoma (RCC) is the most common kidney

malignancy and a leading cause of cancer-related death world-
wide (1, 2). The prevalence of RCC has increased in the United
States accounting for 3%–4% of all adult malignant diseases with
approximately 64,000 new cases and 14,400 deaths annually (2).
Majority of clear cell renal cell carcinoma (ccRCC), the most
common form of renal malignancy, are diagnosed in the
advanced metastatic stage resulting in dramatic decrease of
five-year relative survival rate (3). Compared with other malig-
nancies, RCC is found to be resistant to both chemotherapy and
hormone therapy (4). The advanced aggressive stage of this
disease has inadequate therapeutic options and poor prognosis.
Aggressiveness of cancer is highly associated with epithelial-to-

mesenchymal transition (EMT) that promotes tumorigenic pro-
gression of epithelial cells with increased cell migration and
invasion, "stemness," and inhibition of apoptosis and senescence
(5–7). Themost critical step of EMT is loss of cell-to-cell adhesion
of epithelial cells with a gain of mesenchymal components
leading to the initiation of migratory and invasion phenotype.
Emerging evidence shows that acquisition of EMT and induction
of cancer stem cell (CSC) like phenotype are mechanistically
linked and confer drug resistance and tumor recurrence (8–10).
Understanding signaling mechanism that controls RCC progres-
sion, metastasis, and stemness is a key to develop better thera-
peutic and diagnostic interventions for the disease.

Long noncoding RNA (lncRNA) and miRNAs play important
roles in development and progression of diseases (11–16), but
their interaction in the regulation of biological function innormal
and cancer cells remain unknown. HOTAIR, a lncRNA, is highly
expressed in multiple tumors, and has been established as a
predictor of metastasis and poor outcome (9) and a potential
biomarker for lymph node metastasis in hepatocellular carcino-
ma. The oncogenic role of HOTAIR and its function as a negative
prognostic factor as well in pancreatic cancer has been reported
(8). Recent studies also demonstrate that lncRNA HOTAIR is a
target of treatment inprostate and renal cancer (17–19). Similarly,
miRNA-203, located at chromosome 14q32 in human (20) and
identified in skin keratinocytes (21, 22), has been described as
tumor suppressor miRNA in rhabdomyosarcoma cells, thereby
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promoting myogenic differentiation by inhibiting the Notch and
the JAK1/STAT1/STAT3 pathways (23), in laryngeal squamous
cell carcinoma (24), lung cancer cells (1), and in esophageal
cancer (25). A recent study by Mingxi and colleagues has focused
on FGF2 as the target of miR-203 in renal cancer (26).

The role of miR-203 in the regulation of HOTAIR has never
been investigated. In this study, we performed functional and
mechanistic investigation of miR-203–HOTAIR interaction in
RCC. Here we report that, (i) miR-203 is significantly under
expressed in RCC cell lines and clinical tissues compared with
nonmalignant cell line and normal samples. An inverse phenom-
enon is observed in case of HOTAIRwith overexpression in cancer
cell lines compared with normal cell line; (ii) miR-203 and
HOTAIR have potential to independently distinguish malignant
from normal tissues, both of them are significantly correlated to
clinicopathologic characteristics; (iii) miR-203 directly binds to
HOTAIR in a sequence-specific manner and regulates its expres-
sion; (iv) functionally, overexpression of miR-203 impaired cell
proliferation,migration, and invasionofRCCcellswith induction
of apoptosis and cell-cycle arrest. Reciprocally, attenuation of
HOTAIR resulted in the similar functional effects as that of miR-
203 overexpression; (v) miR-203–mediated regulation of
HOTAIR led to the inhibition of EMT as we observed induction
of E-cadherin and Claudin (epithelial markers) with a concom-
itant decrease in Vimentin (mesenchymal marker). We also
observed an increase in the expression of PTEN, p21, and p27;
(v) finally, we observed inhibition of tumor growth by local
injection of miR-203 mimic in nude mice xenografts in vivo.

Materials and Methods
Cell culture

Normal renal epithelial cells HK-2 (ATCC number: CRL-2190)
and renal cancer cell lines ACHN (ATCC number: CRL-1611) and
Caki-1 (ATCCnumberHTB-46)were purchased from theATCC in
the year 2016 and grown according to ATCC protocol. These
human-derived cell lines were authenticated by DNA short-
tandem repeat analysis by ATCC. Cell line experiments were
performed within 5–6 months of their procurement/resuscita-
tion. ACHN and Caki-1were cultured in minimum essential
medium and McCoy 5A medium, respectively, supplemented
with 10% FBS and 1� antibiotics (penicillin and streptomy-
cin). HK-2 cells were cultured in keratinocyte serum-free media
(Gibco/Invitrogen). Cells were cultured at 37�C in a humidified
atmosphere with 5% CO2.

Patient samples
Clinical formaldehyde-fixed-paraffin-embedded (FFPE) sam-

ples of 24 patients with pathologically confirmed clear cell RCC
(cc-RCC) were obtained from the department of Pathology of
Veterans Affair Medical Center, San Francisco (VAMCSF, CA). A
board-certified pathologist has reviewed all slides and identified
malignant and adjacent normal tissue. Written informed consent
was obtained from all patients and the study was in accordance
with recognized ethical guidelines (IRB approval no: 16-18555).

Transient transfection
To overexpress miR-203 or knockdown HOTAIR, cells were

transfected with mirVana miR-203 Mimics (10 nmol/L) and
25 nmol/L of siHOTAIR (Thermo Fisher Scientific), respectively,
using Lipofectamine RNAi Max (Thermo Fisher Scientific).

mirVana miRNA Mimic Negative Control #1 and siRNA control
(Thermo Fisher Scientific) were used at the same concentration in
each transfection experiment to verify efficiency.

Cell viability and colony formation assay
Cell viability was determined at 24, 48, and 72 hours using

a CellTiter 96 Aqueous Solution Cell Proliferation Assay kit
(Promega) according to the manufacturer's instructions. After
transfection for 72 hours, cells were seeded at a low density
(1,000 cells/plate) for colony formation assay and were allowed
to grow until visible colonies were formed. Plates were then
stained with Giemsa and colonies were counted.

Quantitative real-time PCR
Total RNA was extracted from tissue samples, cell lines, and

tumor samples using amiRNeasy FFPE kit andmiRNeasymini kit
(Qiagen), respectively. RNA and miRNA were reverse-transcribed
into cDNA with the High capacity cDNA reverse transcription kit
(Thermo Fisher). Quantitative real-time RT-PCR was performed
in duplicate with QuantStudio 7 Flex-Real Time PCR System
(Applied Biosystems) using TaqMan Universal PCR Master Mix
according to the manufacturer's protocol (Applied Biosystems
Inc.), TaqMan probes and primers were fromApplied Biosystems.
Human GAPDH and RNU48 were used as endogenous controls
for gene expression and miRNA, respectively. Relative expression
of RNA and miRNA were calculated using comparative Ct.

Migration and invasion assays
Culture inserts of 8-mm pore size (Transwell; Costar) were

placed into the wells of 24-well culture plates and used for mi-
gration and invasion assay. For invasion assay, inserts were coat-
ed with Matrigel (BD Biosciences; 100 mg/well). In the bottom
chamber, 500 mL of media containing 10% FBS was added, and
1� 105 cells (without FBS) were seeded to the top chamber. After
48–72 hours of incubation at 37�C with 5% CO2, cells migrated
or invaded through the pores were fixed with 4% formalin and
stained with 0.05% crystal violet. Crystal violet was solubilized
with methanol, and absorbance at 540 nm was measured by a
kinetic microplate reader (Spectra MAX 190; Molecular Devices).
Data are the mean � SE of three independent experiments.

Cell-cycle analysis and apoptosis assay
Cells transfected with miR-203 mimic and negative control

were harvested using accutase (Corning) and washed with cold
PBS. For cell cycle, PBS-washed cells were fixed in cold 70%
ethanol overnight at�20�C. Fixed cells were further washed with
PBS, stained with PI/RNase Staining Buffer (BD Pharmingen) and
incubated for 30 minutes at room temperature in the dark. DNA
content was analyzed using BD FACSVerse (BDPharmingen). For
apoptosis, cold PBS-washed cells were resuspended in 1�binding
buffer and stained with Annexin V-FITC and 7AAD viability dye
(Annexin V-FITC/7AAD kit, Beckman Coulter). Cells were then
incubated for 30 minutes at room temperature in the dark and
analyzed using BD FACSVerse (BD Pharmingen).

Luciferase assays
The wild-type (WT) region of HOTAIR containing target site

sequences complementary to the seed sequence of miR-203 were
cloned downstream of the luciferase gene in the pMIR-REPORT
luciferase vector (Ambion), and named HOTAIR-WT. An off-
target sequence of HOTAIR was cloned in the same vector and
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named HOTAIR-Mut. For reporter assays, ACHN and Caki-1 cells
were transiently cotransfected with wild-type or mutant plasmid
and miR-203 or control-miR. Firefly luciferase activities were
measured using the Dual Luciferase Assay (Promega) 24 hours
after transfection and the results were normalized with Renilla
luciferase. Each reporter plasmidwas transfected at least two times
and each sample was assayed in triplicate.

RNA immunoprecipitation assay
RNA immunoprecipitation (RIP) was performed to investigate

the binding of miR-203 to lncRNA HOTAIR. An imprint RIP kit
was used as per manufacturer's instructions (Sigma-Aldrich).
Ago2 and IgG (control) antibodies were used for immunopre-
cipitation. The RIP RNA fraction was reverse transcribed to cDNA
using High capacity cDNA reverse transcription kit (Thermo
Fisher). Final analysis was performed using RT-qPCR and shown
as fold enrichment of HOTAIR to Ago2 with respect to IgG.

Western blot analysis
Cells were lysed with NP-40 (Thermo Scientific) plus Halt

Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific).
Protein concentration was determined using BCA Protein Assay
(Thermo Fisher Scientific). Total proteins (15–20 mg) were sep-
arated by NuPAGE 4%–12% Bis-Tris Protein Gels (Invitrogen)
and subsequently transferred onto nitrocellulose membrane
using the iblot2 Dry Blotting System (Invitrogen). Prior to incu-
bation with 1:1,000 fold diluted primary antibodies overnight at
4�C, blots were blocked in Odyssey blocking buffer (LI-COR) for
an hour. The following primary antibodies were used: PTEN (Cell
Signaling Technology, 9552), E-cadherin (Thermo Fisher Scien-
tific, MA5-11496), claudin (Thermo Fisher Scientific, 37-4900),
vimentin (Cell Signaling Technology, 3390), p21 (Cell Signaling
Technology, 2946), p27 (Cell Signaling Technology, 2552), KLF4
(Cell Signaling Technology, 4038), Nanog (Cell Signaling Tech-
nology, 4903), and b-actin (Cell Signaling Technology, 3700).
After washing the membranes, either goat anti-rabbit IgG (HþL)
800 W or goat anti-mouse IgG (HþL) 680RD was applied for 45
minutes at room temperature (1:20,000, LI-COR Biosciences).
Membranes were again washed with PBS containing Tween 20.
Blots were scanned using an Odyssey Infrared Imaging System
Scan and quantification was carried out with the LI-COROdyssey
scanner and software (LI-COR Biosciences).

Immunofluorescence
Treated cells were fixed in 4%paraformaldehyde for 15minutes.

Prior to overnight incubation with 1:100 fold diluted primary
antibody, cells were blocked with blocking buffer (1� PBS/5%
normal goat serum/0.3% Triton X-100) for 1 hour. After washing
with PBS, cells were treated with 1:100 fold diluted secondary
antibody for 2 hours and counterstained with 0.5 mg/mL of
40,6-diamidino-2-phenylindole (DAPI) for 5 minutes. Cells were
then mounted using Prolong Gold Antifade reagent and images
were captured using Zeiss microscope (model: Axio Imager.D2).

In vivo intratumoral delivery of miR-203 mimic and control
Local administration of miRVANA miRNA mimic and control

were done in established palpable nude mouse tumors to study
the antitumorigenic effect of overexpression of miR-203 as com-
pared with the mouse group injected with control miRNA. Each
mouse was injected subcutaneously with 1 � 107 ACHN renal
cancer cells and after 11 days palpable tumors developed. A total

of 6.25 mg of synthetic miR-203 mimic or miR-mimic–negative
control (control) was complexed with 1.6 mL siPORT Amine
transfection reagent (Ambion) in 50 mL PBS and was delivered
intratumorally at an interval of 3 days for a total of eight times. In
total, 5mice receivedmiR-203mimic and 5mice received control
miR. Tumor growth was followed for 28 days from the first
injection of miR-mimic and control. The mice were sacrificed on
day 39. Tumorswere excised, snap frozen, and stored at�80�C for
further biochemical assays. All animal carewas in accordancewith
recognized ethical guidelines (IACUC approval no: 16-004).

Statistical analysis
All data were derived from at least two or three independent

experiments. Statistical analysis was performed and values were
presented as mean � standard error (SE). Significant differences
between the groups were determined using the Student t test. A P
value of < 0.05 was considered as an indication of statistical
significance. ROC curve analysis was performed using MedCalc
software showing area under curve (AUC) and 95% confidence
interval. c2 test was made to determine the correlation between
targets and clinicopathologic characteristics.

Results
Expression of miR-203 and HOTAIR in renal cancer

Expression levels of miR-203 were noticeably lower in RCC cell
lines (ACHN and Caki-1) and in cancer tissue samples (n ¼ 24)
compared with their respective normal counterpart as seen by real-
time RT-PCR (Fig. 1A and B). However, quantitative RT-PCR results
revealed that lncRNA HOTAIR expression was markedly higher in
renal cancer cell lines ACHN and Caki-1 compared with normal
renal epithelial cell line HK-2 (Fig. 1C). Similarly, higher levels of
HOTAIR expression was also noticed in cancer tissue samples
(n¼24) as comparedwith theirmatchednormal controls (Fig. 1D).

Clinical significance of miR-203 and HOTAIR in renal cancer
Receiver operating curve (ROC) analyses were performed to

evaluate the ability of miR-203 and HOTAIR expression to dis-
criminate between normal and tumor tissues based on 24 patient
sample data. An area under the ROC curve (AUC) of 0.944 [P <
0.0001; 95% confidence interval (CI) ¼ 0.838–0.990; Fig. 1E)]
was obtained suggesting that miR-203 expression can discrimi-
nate between malignant and nonmalignant tissues. Similarly,
HOTAIR expression can also discriminate between malignant
and nonmalignant tissues having an AUC of 0.923 (P <
0.0001; 95% CI ¼ 0.781–0.986; Fig. 1F). Hence, both miR-203
andHOTAIR have the potential to be used as a diagnostic marker,
although it needs to be validated in a larger independent cohort.
We also determined the correlation of miR-203 and HOTAIR
expression with clinicopathologic variables such as Fuhrman
grade and pathologic stage (pT). Correlation of miR-203 and
HOTAIR with clinicopathologic characteristics in our clinical
cohort as shown in Fig. 1G and H revealed that cases with low
miR-203 and high HOTAIR expression increase from low grade,
low pathologic stage to high grade and high pathologic stage.

miR-203 overexpression impairs cell proliferation, migration,
and invasionwith inductionof apoptosis and cell-cycle arrest in
RCC cell lines

To determine the functional significance of miR-203 in renal
cancer, we transiently transfected ACHN and Caki-1 cells with
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miR-203 mimic and control for 72 hours, which resulted in
overexpression of miR-203 (Fig. 2A). Transient transfection of
miR-203 mimic in ACHN and Caki-1 cells caused reduced cell
proliferation (Fig. 2B and C) and marked decrease in colony
formation compared with controls (Fig. 2D). Significant reduc-
tion in cell migration and invasion were also observed in miR-
203–overexpressing renal cancer cells (Fig. 2E).Overexpression of
miR-203 induced apoptosis in renal cancer cell lines as compared
with control (Fig. 2F and G). Cell-cycle analysis after 72-hour
transfection revealed a significant increase in G0–G1 cell popula-
tion in cells transfected with miR-203 mimic compared with
control with a decrease in the S and G2–M phase population
(Fig. 2H).

Direct binding of miR-203 to a target-specific HOTAIR site
Overexpression of miR-203 caused significant knockdown

(60%–65%) of HOTAIR expression (Fig. 3A). Thus, we used an
in silico computational algorithm RNA22 (https://cm.jefferson.
edu/rna22/) and identified a single predicted binding site for
miR-203 in the HOTAIR sequence (Fig. 3B). Luciferase reporter
assays with miR-203–overexpressing ACHN and Caki-1 cells
revealed that miR-203 repressed luciferase activity, whereas no
effect was observed with control-miR. An off-target site had
decreased response to miR-203 (Fig. 3B), indicating that
miR-203 binds to HOTAIR in a sequence-specific manner.
Binding of miR-203 to HOTAIR was further confirmed by RIP
assay using Ago2 antibody and IgG antibody as control. Results
showed 10%–15% fold enrichment of HOTAIR to Ago2 versus

IgG in miR-203–overexpressed ACHN and Caki-1 cells com-
pared with controls (Fig. 3C).

Knockdown of HOTAIR mimics the functional effects of
miR-203 overexpression

As miR-203 directly binds to HOTAIR and overexpression of
miR-203 caused decreased HOTAIR levels, we checked the effect
of HOTAIR knockdown in renal cancer cells. We transiently
transfected ACHN and Caki-1 cells with HOTAIR siRNA and
control for 72 hours, which showed significant knockdown of
HOTAIR expression in both cell lines (Fig. 3D). It also inhibited
colony formation as compared with controls (Fig. 3E) and caused
a significant decrease in cell proliferation (Fig. 3F). Knockdown of
HOTAIR decreased cell migration, invasion (Fig. 3G), and
induced apoptosis (Fig. 3H and I).

Overexpression of miR-203–mediated suppression of HOTAIR
inhibits EMT and stemness in RCC

Ectopic expression of miR-203 in RCC cells also resulted in an
increase in epithelial marker E-cadherin and claudin with a con-
comitant decrease in the mesenchymal marker vimentin in both
mRNA and protein levels (Fig. 4A–E). Immunofluorescence stud-
ies in miR-203–overexpressing cells show induced expression of
E-cadherin (red) and its increased localization in plasma mem-
brane, typical of the pattern observed in epithelial cells, compared
with their controls (Fig. 4F, top). Furthermore, immunofluorescent
staining formesenchymalmarker vimentin revealed that its expres-
sion (green) is reduced in miR-203–overexpressing ACHN and

Figure 1.

Expression levels and clinical significance of miR-203 and HOTAIR in renal cancer. A and C, Expression levels of miR-203 and HOTAIR, respectively, in ACHN,
Caki-1, and HK2. B and D, Expression levels of miR-203 and HOTAIR in tissue samples (n ¼ 24). E and F, ROC analysis showing ability of miR-203 and
HOTAIR to distinguish between malignant and nonmalignant tissue samples. G and H, c2 test showing correlation of clinicopathologic variables with miR-203
and HOTAIR expression.
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Caki-1 cell lineswith respect to control (Fig. 4F, bottom). Similarly,
attenuation of HOTAIR also resulted in upregulation of E-cad-
herin, claudin, and simultaneous decrease in vimentin expression
(Supplementary Fig. S1).Moreover,CSC, like EMT, is also found to
play critical role in tumormetastasis and cancer invasion. Thus, we
were curious to check the expression levels of KLF4 and Nanog
(stemnessmarkers). Ectopic expression ofmiR-203 in both ACHN
and Caki-1 cell lines resulted in decreased levels of KLF4 and
Nanog proteins comparedwith control suggesting decreased stem-
ness with overexpression of miR-203 (Fig. 4G).

Overexpression of miR-203 or attenuation of HOTAIR induces
the tumor suppressor PTEN gene and downstream effectors
involved in proliferation and survival pathways

We next sought to determine the effect of miR-203–mediated
suppression of HOTAIR on downstream pathway genes. Both
real-time PCR data and immunoblot studies indicated that
suppression of HOTAIR by overexpression of miR-203 led to
upregulation of PTEN, a master regulator of PI3K/Akt pathway
(Fig. 5A and B) and upregulation of downstream molecules p21,
and p27 at both the mRNA and protein levels. On the other
hand, knockdown of HOTAIR also resulted in the induction of
these genes (Supplementary Fig. S2). These results suggest that
miR-203–mediated regulation of HOTAIR induces the expression
of downstream tumor suppressor genes important for the func-
tional regulation of RCC.

In vivo tumor growth inhibition in a mouse xenograft model
A significant decrease in tumor growth was observed by local

administration of miR-203 mimic and control in established
tumors over the course of the experiment. Average tumor
volume in controls was 153 mm3 compared with 53.9 mm3

in mice that received miR-203 mimic (Fig. 6A and B). Total
RNA was subsequently extracted from excised tumors and was
analyzed for miR-203 and HOTAIR expressions. As expected,
miR-203 levels were significantly higher (Fig. 6C) with reduced
expression of HOTAIR (Fig. 6D) in the tumor samples excised
from mice that received miR-203 mimic compared with that of
the control group.

Discussion
Long noncoding RNAs play important roles in the regulation

of gene expression. A lncRNA HOTAIR, known to interact with
polycomb repressive complex, has been widely reported to
promote malignancy of different cancers (12, 27). Recent
studies also emphasize the critical role of miRNAs in various
processes including cell development, differentiation, prolifer-
ation, and apoptosis (28, 29). Dysregulation in the expression
of miRNA also plays key roles in a wide spectrum of physiologic
and pathologic processes (30, 31). Accruing data shows that
miRNAs can function as oncogene or tumor suppressor genes
(32), and play pivotal roles in various cancers (33). miR-203

Figure 2.

Effects of miR-203 overexpression in RCC cell lines. A, Overexpression of miR-203 in ACHN and Caki-1 cells when transfected with 10 nmol/L of miR-203 mimic
and its corresponding control for 72 hours. B and C, Cell viability of ACHN and Caki-1 cells after transfecting with miR-203 mimic and control. D, Graphical
representation of colony formation shows overexpression of miR-203 significantly decreased colony formation in ACHN and Caki-1 cells. E, Graphical
representation showing decrease in migration and invasion in both ACHN and Caki-1 cells after miR-203 overexpression compared with control treatment.
F and G, Both ACHN and Caki-1 cell lines show significant induction of apoptosis with respect to control after miR-203 overexpression. H, Cell-cycle analysis
shows G0–G1 arrest in both ACHN and Caki-1 cells with miR-203 overexpression. Values in the boxes are the average of three experiments � SE.

Role of miR-203–HOTAIR Interaction in EMT of RCC

www.aacrjournals.org Mol Cancer Ther; 17(5) May 2018 1065

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/5/1061/1857882/1061.pdf by guest on 19 M
ay 2023



has been shown to be a tumor suppressor in different cancers
(23, 24) by acting on multiple signaling pathways and targeting
various proteins (1, 25, 26, 34). Both HOTAIR and miR-203
have independent roles in the progression and metastasis of
cancer, but the exact mechanism of how they interact with each
other remains to be elucidated.

In this study, we focused on the role of miR-203 in the
regulation of lncRNA HOTAIR and elucidated the effect of their
interaction on downstream EMT and metastatic pathway in renal
carcinoma cells. Expression levels ofmiRNA-203 in RCC cell lines
and patient tumor samples was low compared with that of HK-2
cells or normal tissue samples, respectively. In contrast, HOTAIR
had higher expression levels in renal cancer cell lines and kidney
cancer clinical samples compared with their matched normal
tissues or normal cell line. ROC curve analysis confirms that
expressionof bothmiR-203 andHOTAIR candistinguishbetween
malignant and normal tissues, indicating their clinical signifi-
cance in RCC.

Mechanistic studies revealed that, overexpression of miR-203
impaired cell viability, colony formation, migration, invasion,
and initiated apoptosis along with induction of G0–G1 arrest in
RCC cell lines. Similarly, HOTAIR knockdown manifested same
functional changes mimicking the effects of miR-203 overexpres-
sion in renal cancer cells. These results confirm that overexpres-

sion of miR-203 and depletion of HOTAIR causes suppression of
RCC tumor growth and progression.

miRNAs exhibit their functional effects by regulating
gene expression either by binding to specific binding sites in
their target genes or by inhibiting gene translation (35).
We used the computational algorithm (RNA22) to find poten-
tial miR-203 binding sites in HOTAIR. Interestingly, expres-
sion of HOTAIR was found to be suppressed in ACHN and
Caki-1 cells overexpressing miR-203 suggesting a direct
involvement of miRNA-203 in HOTAIR regulation. Indeed,
luciferase reporter assay in ACHN and Caki-1 cells showed that
miR-203 binds to HOTAIR in a sequence-specific manner. This
fact was further confirmed by RIP assay analysis wherein
immunoprecipitated Ago2 showed increased fold enrichment
of HOTAIR with respect to IgG in miR-203–overexpressing
ACHN and Caki-1 cells compared with controls. These results
confirm a direct interaction between miR-203 and HOTAIR
in RCC.

Emerging lines of evidence suggest that the major obstacle in
the treatment of cancer is tumor recurrence andmetastasis. EMT, a
conserved embryologic genetic program, is a critical early event in
invasion and metastasis of cancer cells. During EMT, the expres-
sion of E-cadherin, referred to as the "caretaker" of the epithelial
phenotype, decreases, resulting in loss of cell–cell adhesion and

Figure 3.

Binding of miR-203 to HOTAIR and effects of HOTAIR in RCC cell lines. A, Knockdown of HOTAIR after transfecting ACHN and Caki-1 cells with miR-203
mimic and control. B, Complimentary binding site for miR-203 in HOTAIR gene. Luciferase assays showing decreased reporter activity after cotransfection of
either wild-type HOTAIR or off-target part of HOTAIR with miR-203 mimic and control in renal cancer cells. C, RIP assay using Ago2 antibody and IgG antibody
(control) showing fold enrichment of HOTAIR to Ago2 with respect to IgG in miR-203–overexpressing ACHN and Caki-1 cells compared with their controls.
D, Reduced expression of HOTAIR in ACHN and Caki-1 cells after transfecting with 25 nmol/L HOTAIR siRNA. E, Graphical representation of colony formation shows
knockdown of HOTAIR significantly decreased colonies in ACHN and Caki-1 cells. F, Knockdown of HOTAIR shows decrease in cell proliferation of ACHN
and Caki-1 cells. G, Reduced migration and invasion in HOTAIR siRNA–transfected cells compared with control treatment. H and I, Both ACHN and Caki-1
cell lines show significant induction of apoptosis compared with control after knockdown of HOTAIR.
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increasedmigration (36). Inour study, thephenotypic effectswith
ectopic expression ofmiR-203were consistent with the inhibition
of EMT. Thus, we found thatmiR-203 overexpression in RCC cells
resulted in an increase in the epithelial markers E-cadherin and

claudin with a concomitant decrease in the mesenchymal marker
vimentin at both the mRNA and protein levels (Fig. 6E). In
addition, PTEN is one of the most frequently altered tumor
suppressor genes in cancer (37, 38). Inactivation of PTEN results

Figure 4.

Overexpression of miR-203 inhibits epithelial-to-mesenchymal transition and stemness in RCC. A–D, qRT-PCR analysis showing significant increase in the
mRNA levels of E-cadherin and claudin, and decrease in mRNA levels of vimentin. E,Western blot analysis showing protein levels of E-cadherin, claudin, vimentin,
and b-actin (control) in ACHN and Caki-1 cells after overexpression of miR-203. F, E-cadherin (red) and vimentin (green) immunostaining counterstained with
DAPI (blue) in ACHN and Caki-1 cells after transfections with miR-Control or miR-203 mimic, scale bar: 500 mm (right bottom). G, Western blot analysis
showing expression of stemness marker protein levels of KLF4, Nanog, and b-actin (control) in ACHN and Caki-1 cells after overexpression of miR-203.

Figure 5.

Overexpression of miR-203 induces tumor suppressor PTEN gene and its downstream effectors involved in proliferation and survival pathways. A, qRT-PCR
analysis shows overexpression of miR-203 induces PTEN, p27, and p21 expression in mRNA levels in ACHN (top) and Caki-1 (bottom). B, Immunoblot analysis
showing upregulation of PTEN, p21, and p27 protein levels, which are involved in renal cancer cell proliferation and survival.
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in upregulation of PI3K/AKT pathway that drives cancer progres-
sion to metastatic stage (39–45). We found induction of PTEN
after ectopic expression ofmiR-203 in both ACHNandCaki1 cells
resulting in cell-cycle arrest, increased apoptosis, and decreased
migration and invasion. Moreover, miR-203 mimic–mediated
induction of PTEN resulted in the induction of p21 and p27 in
ACHN and Caki-1 cells that are involved in cell survival, prolif-
eration, apoptosis, migration, and invasion (39, 40).

To examine the biological significance of decreased miR-203
expression, we also performed in vivo experiments using renal
cancer xenografts in nude mice model. Our results show that
ectopic miR-203 expression significantly attenuates tumor
growth and decreases expression of HOTAIR in nude mice
confirming the in vitro tumor suppressor effects of miR-203
in vivo.

In summary, our findings have revealed a novel role of
lncRNA HOTAIR–miR-203 interaction in regulating EMT and
metastasis in RCC. Expressions of both have clinical signifi-
cance in RCC as each of them can independently distinguish
malignant from normal tissues. Our study also identified
miR-203 as a regulatory miRNA that binds specifically to a
target site and attenuates HOTAIR expression in renal cancer
cells. In addition, miR-203–mediated regulation of HOTAIR
inhibited tumorigenic attributes of RCC cell lines. Thus, this
report envisages that miR-203 and HOTAIR may be useful in
RCC therapeutics.
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Figure 6.

Decrease in tumorigenicity in vivo by intratumoral delivery of miR-203 mimic. A, Tumor volume after intratumoral injection of control or miR-203 mimic into
established tumors (starting from day 11). Data represent the mean of each group and error bars are SEM. B, Pictures of tumors at the day of termination of
experiment (day 39). qRT-PCR analysis showing significant increase in the levels of miR-203 (C) and significant decrease of HOTAIR expression in excised
mouse tumor samples (D). E, Schematic representation showing knockdown of HOTAIR due to overexpression of miR-203 resulting in inhibition of
proliferation/survival/invasion and migration pathways.
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