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Long Noncoding RNA HOTAIR
Controls Cell Cycle by
Functioning as a Competing
Endogenous RNA in Esophageal

Squamous Cell Carcinoma®

Abstract

Recent studies have shown that long noncoding RNAs (IncRNAs) play pivotal roles in the initiation and progression of
cancer, including esophageal squamous cell carcinoma (ESCC). The IncRNA HOX transcript antisense RNA (HOTAIR)
was reported to be dysregulated and correlated with the progression of ESCC. However, the biological role and the
underlying mechanism of HOTAIR in the development of ESCC remain unclear. Herein, we found that HOTAIR was
aberrantly upregulated in ESCC cells and that HOTAIR depletion inhibited proliferation and led to G1 cell cycle arrest in
ESCC cells. Besides, we found that HOTAIR acted as an endogenous sponge to downregulate miR-1 expression by
directly binding to miR-1. Furthermore, HOTAIR overturned the effect of miR-1 on the proliferation and cell cycle profile
in ESCC cells, which involved the derepression of cyclin D1 (CCND1) expression, a target of miR-1. Taken together, our
study elucidated a novel HOTAIR /miR-1/CCND1 regulatory axis in which HOTAIR acted as a competing endogenous
RNA by sponging miR-1 and upregulated CCND1 expression, thereby facilitating the tumorigenesis of ESCC.
Investigation of this INcRNA/MIRNA/MRNA pathway may contribute to a better understanding of ESCC pathogenesis
and facilitate the development of IncRNA-directed therapy against this disease.
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Introduction
Esophageal cancer is one of the most common and lethal malignancies
in the word, with the disease ranking eighth by global occurrence and

Long noncoding RNAs (IncRNAs), which range in size from
several hundred base pairs to tens of thousands of base pairs with lack of
protein-coding capability, have recently attracted significant attention

sixth by global mortality rate among all cancer types [1]. Histologically,
esophageal squamous cell carcinoma (ESCC) and esophageal adeno-
carcinoma (EAC) comprise more than 90% of esophageal cancer [2].
ESCC is the most frequent subtype of esophageal cancer in Eastern
countries, causing more than 400,000 deaths each year [3]. Despite the
wide application of chemotherapy, radiation therapy, and, if
possible, esophagogastric resection, the overall survival (OS) for
ESCC remains unsatisfying, with reported 5-year OS rates of less
than 15% [4]. Therefore, it is imperative to quickly identify clinically
applicable biomarkers for ESCC prognosis and to understand the
crucial molecular mechanisms associated with this prevalent form of
cancer.

in delineating the complex mechanisms underlying malignant
processes such as carcinogenesis, invasion, metastasis, and drug
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resistance. Although only a small percentage of functional IncRNAs
have been well characterized to date, they have been shown to control
every level of the gene expression program, like chromatin
modification, transcription, and posttranscriptional processing [5].
The discovery of IncRNAs and the elucidation of the functions
revealed a novel biological pathway involved in the regulation of
gene expression in cancer. Recent studies have demonstrated that
several IncRNAs, such as HOTAIR [6], POU3F3 [4], PIncRNA-1
[7], etc., are aberrant in ESCC, opening up a potential avenue for
understanding the occurrence and development of ESCC.

Recently, a new regulatory circuitry has been identified in which
IncRNAs can cross-talk with mRNAs through competition for shared
miRNA-response elements. In this case, IncRNAs may function as
competing endogenous RNAs (ceRNAs), namely, miRNA sponges or
antagomirs, to downregulate the expression and activities of miRNAs,
thereby modulating the derepression of miRNA targets and imposing an
additional level of posttranscriptional regulation. The ceRNA-miRNA-
mRNA regulatory interactions maintain the overall activity and
functional balance of gene networks in a cell, and any perturbation of
this system may lead to pathological processes such as cancer [8]. Thus,
the complex mechanism underlying ceRNAs in cells is a fresh perspective
for researchers to explore the language of RNA molecules and gene
expression networks in tumorigenesis.

The HOX transcript antisense RNA (HOTAIR) is a ~2.2-kb
IncRNA expressed from the HOXC locus, which was discovered as a
repressor of the HOXD genes [9]. Subsequent studies suggested that
HOTAIR is significantly overexpressed in a variety of tumors and
associated with proliferation and metastasis of these tumors [10,11].
Clinically, overexpression of HOTAIR in primary tumors is identified
as a powerful outcome predictor for eventual metastasis and death
[12-14]. Recent papers have reported that HOTAIR was aberrantly
upregulated in ESCC and that HOTAIR expression was found to be an
independent prognostic factor in ESCC patients [15,16]. Nevertheless,
the overall biological function and molecular mechanism of HOTAIR
in ESCC carcinogenesis are far from being fully elucidated.

In this study, we determined HOTAIR levels in ESCC tissues and
cells and investigated the effect of HOTAIR on cell proliferation and
cell cycle of ESCC cells in vitro. Additionally, mechanistic analysis
revealed that HOTAIR may serve as a ceRNA to upregulate the
expression of CCND1 (cyclin D1) by competing for miR-1, thus
promoting cell proliferation and regulating cell cycle in ESCC cells.
These findings elucidated the first evidence for the cros-talk between
HOTAIR, miR-1, and CCND1, shedding new light on the diagnosis
and therapy for esophageal cancer.

Materials and Methods

Clinical Samples

Thirty-two pairs of ESCC tissues and the corresponding nontumor
fresh specimens were obtained from the First Affiliated Hospital of
Zhengzhou University. They were snap-frozen in liquid nitrogen and
stored at -80°C immediately after resection. The protocol was
approved by the Ethics Committee of Zhengzhou University, and all
patients provided written informed consent for the utilization of the
tissue samples in this study.

Cell Culture and Transfection

Six ESCC cell lines (KYSE30, KYSE140, KYSE150, KYSE180,
KYSE410, and KYSE510) were purchased from the German Culture
Collection (DSMZ, Braunschweig, Germany). Human normal
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esophageal epithelium cells (HEEpiC) were obtained from ScienCell
(Carlsbad, CA). These cells were grown in RPMI 1640 (Biowhittaker,
Walkersville, MD) supplemented with 10% fetal bovine serum
(HyClone, Logan, UT) at 37°C under 5% CO, and saturated moisture.

For investigating the role of HOTAIR, KYSE30 and KYSES10 cells
were transfected with either siRNAs targeting HOTAIR (si-HOTAIR)
or scrambled negative controls (si-NC; GenePharma, Shanghai, China).
For investigating the relationship between HOTAIR and miR-1,
HOTAIR ¢cDNA and miR-1 mimics (GenePharma) were cloned into
the mammalian expression vector pcDNA3.1 (Invitrogen, Carlsbad,
CA) individually or in combination, and then the vectors were
transfected into cells. For the function study of CCND1, KYSE30 and
KYSE510 cells were transfected with either si-CCND1 or si-NC. All
transfection reactions were performed by using Lipofectamine 2000
(Invitrogen) following the manufacturer's instructions.

RNA Isolation and Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)

Total RNA was extracted from cultured cells using the Trizol reagent
(Invitrogen, Carlsbad, CA) and reversely transcribed into ¢cDNAs by
using the Prime-Script one-step RT-PCR kit (TAKARA, Dalian, China).
HOTAIR and CCND1 expression levels were determined by using
PrimeScript RT-PCR kits (Takara Biochemicals, Kyoto, Japan), and
glyceraldehyde 3-phosphate dehydrogenase was used as an internal
control. The expression level of miR-1 was determined using TagMan
miRNA assay (Applied Biosystems, Foster City, CA), and U6 snRNA
was used as an endogenous control. All reactions were performed using
the 7000 Sequence Detection System (Applied Biosystems). Comparative
quantification was determined using the 27" method.

Cell Proliferation Assay

Cell growth viability was measured using a Cell Counting Kit-8
(CCKS8; Dojindo, Tokyo, Japan) following the manufacturer's
instructions. Briefly, cells were seeded in the 96-well plate, and cell
growth viability was detected every 24 hours. Absorbance was recorded

at450 nm by using a microplate reader (ELx 800; Bio-Tek Instruments
Inc., Winooski, VT).

Cell Cycle Analysis

The cells were harvested, washed with PBS, and fixed with 70%
ethanol at -20°C for 24 hours. The propidium iodide staining was
conducted by using the Cell Cycle and Apoptosis Analysis Kit
(Beyotime, Jiangsu, China). Then, cell cycle distribution was analyzed
by BD LSRII Flow cytometry system with FACSDiva software (BD
Biosciences, San Jose, CA).

Western Blot Analysis

The cultured cells were harvested and lysed using RIPA buffer
(Sigma-Aldrich, St. Louis, MO). The protein concentration was
quantified by using BCA Protein Assay Kit (Pierce Biotechnology
Inc., Rockford, IL). The equivalent amounts of protein were
separated by 10% SDS polyacrylamide gel electrophoresis and
transfected to prewetted PVDF membranes. The membranes were
then blocked in 5% nonfat milk for 1 hour and incubated with
antihuman CCND1 (Abcam, Cambridge, MA) and B-actin antibody
(Santa Cruz Biotech, Santa Cruz, CA) at 4°C overnight. On the
following day, the membranes were washed and incubated with
HRP-conjugated secondary antibody for 2 hours. Protein bands were
detected using ImageQuant LAS 4000 and ECL Plus detection
reagents (Santa Cruz Biotech).
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Luciferase Assay RNA Immunoprecipitation (RIP) Assay

Cells were cotransfected with either empty vector or miR-1 and RNA immunoprecipitaion assay was performed by using the
pMIR-Report Luciferase vector comprising 3'UTR of CCNDI1, Magna RIP RNA-Binding Protein Immunoprecipitation Kitand the
wild-type, or mutant HOTAIR fragment. At 48 hours posttransfection,  Ago2 antibody (Millipore, Billerica, MA) in accordance with the
cells were harvested, and luciferase activity was measured using the manufacturer's instructions. Briefly, KYSE30 cells were lysed in RIP

dual-luciferase reporter assay system (Promega, Madison WI). lysis buffer, and the cell lysate was coimmunoprecipitated with
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Figure 1. HOTAIR silencing inhibits cell proliferation and induces G1 cell cycle arrest in ESCC cells. (A) HOTAIR expression levels were
assessed in 32 pairs of ESCC tissues and the corresponding nontumor fresh specimens by gRT-PCR analysis. (B) The data obtained from
gRT-PCR show that, compared with HEEpiC, ESCC cells have a significantly high HOTAIR expression status, especially in KYSE30 and
KYSE510 cell lines. (C and D) The data obtained from CCK8 assay show that the knockdown of HOTAIR significantly inhibits ESCC cell
proliferation. (E and F) Flow cytometry analysis show that the percentage of G1 phase cells increases in the KYSE30 and KYSE510 cells
when they are introduced with si-HOTAIR. *P < .05, **P < .01, and ***P < .001.
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anti-Ago2 antibody. Normal mouse IgG was used as a negative
control, and anti-snRNP70 was used as a positive control. Then,
proteinase K was added to digest the proteins. Immunoprecipitated
RNA was isolated, and HOTAIR and miR-1 were detected by
gRT-PCR.

Immunobhistochemical Staining

The streptavidin-peroxidase staining method was performed to
detect the CCND1 expression in ESCC tissues. The sections from
tumor specimens were dewaxed in xylene and dehydrated with
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descending ethanol. After antigen retrieval in a microwave oven, the
sections were treated with 3% hydrogen peroxide for 15 minutes to
block the endogenous peroxide and rinsed with PBS. Then, the
samples were incubated with primary antibody anti-CCNDI1 (Sigma,
St. Louis, MO) at 4°C overnight and incubated with the secondary
antibody conjugated with biotin. After washing, the streptavidin-
peroxidase was added, and the blot was visualized by using
diaminobenzidine tetrahydrochloride. The counterstaining of the
samples was carried out by hematoxylin. The negative control was the
substitution of PBS for primary antibody. Staining intensity was
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Figure 2. HOTAIR suppresses miR-1 expression in ESCC cells. (A) The bioinformatics analysis shows that HOTAIR mRNA contains
binding sequences complementary to miR-1 seed regions. (B) Dual-luciferase reporter assay shows that overexpression of miR-1
significantly reduces the luciferase activity of the pMIR luciferase reporter containing the HOTAIR-WT but not the reporter containing the
HOTAIR-MUT. (C) RIP assay shows that Ago2 antibody precipitates the Ago2 protein from KYSE30 cell extracts (upper panel). The data
derived from gRT-PCR show that HOTAIR and miR-1 levels are both significantly high in Ago2 pellets relative to control IgG
immunoprecipitates (lower panel). (D) gRT-PCR assay shows that ESCC cells, especially KYSE30 and KYSE510 cells, have lower miR-1
level than HEEpIC. (E) The overexpression of HOTAIR suppresses miR-1 expression. (F) gRT-PCR assay shows that miR-1 expression was
downregulated in ESCC tissues compared with the corresponding nontumor specimens. (G) The correlation analysis shows a negative
correlation between HOTAIR and miR-1 expression levels in ESCC tissues (n = 32). **P <.01 and ***P < .001.
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assessed microscopically by two pathologists who were blinded to  percentage of the positively stained cells in 5 to 10 fields (0%-100%).
details regarding patient background as absent staining = score 0, The immunohistochemistry score was calculated by multiplying the
weak staining = score 1, moderate staining = score 2, and strong intensity score with the extent of staining as described previously
staining = score 3. The extent of staining was scored according to the  [17].
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Figure 3. HOTAIR relieves the inhibitory effects of miR-1 on ESCC cells. (A and B) CCK8 assays show that the increase of miR-1 level
significantly reduces cell viability in KYSE30 and KYSE510 cells, and the treatment of miR-1 + pcDNA-HOTAIR abolishes the inhibitory
effect induced by miR-1. (C and D) Flow cytometry analysis show that the increase of miR-1 level induces the G1 cell cycle arrest in KYSE30
and KYSEb10 cells; inversely, the treatment of miR-1 + pcDNA-HOTAIR relieves the G1 cell cycle arrest induced by miR-1. *P < .05
and **P <.01.
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Statistical Analysis

All experiments were repeated three independent times, and all
data were presented as mean + standard deviation. Statistical analyses

and plotting graphs were performed on the GraphPad Prism 5
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software (GraphPad Software Inc., San Diego, CA). The differences
between groups were examined by Student's 7 test, and the value of
*P < .05, **P < .01, or **P < .001 was considered statistically

significant.
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Results

The Knockdown of HOTAIR Repressed Proliferation and Led
to GI Cell Cycle Arrest in ESCC Cells

HOTAIR expression levels were assessed in 32 pairs of ESCC tissues
and the corresponding nontumor fresh specimens by qRT-PCR
analysis. We found that HOTAIR was obviously upregulated in ESCC
tissues compared with that in nontumor tissues (Figure 14). We next
examined the expression level of HOTAIR in six ESCC cell lines
(KYSE30, KYSE140, KYSE150, KYSE180, KYSE410, and KYSE510)
and human normal esophageal epithelium cell line HEEpiC by
gRT-PCR. As illustrated in Figure 1B, compared with HEEpiC, ESCC
cells had a significant high HOTAIR expression status, especially in
KYSE30 and KYSE510 cell lines. To understand the significance of
HOTAIR upregulation in ESCC cells, we transfected KYSE30 and
KYSE510 cells with si-HOTAIR or si-NC. Then, these cells were used
to perform proliferation and cell cycle distribution detection. The data
obtained from CCKS8 assay showed that the knockdown of HOTAIR
significantly inhibited ESCC cell proliferation (Figure 1, C and D).
Flow cytometry analysis showed that the percentage of G1 phase cells
increased in the KYSE30 and KYSE510 cells when they were
introduced with si-HOTAIR (Figure 1, £ and F).

HOTAIR Reduced miR-1 Expression in ESCC Cells

Many IncRNAs contain motif with sequence complementary to
miRNAs and have an inhibition effect on miRNAs expression and
activity, thereby playing a role in tumorigenesis and cancer progression.
To investigate whether HOTAIR has a similar mechanism in ESCC, we
performed the bioinformatics analysis of miRINA recognition sequences
on HOTAIR by the online software starBase v2.0. The bioinformatics
analysis showed that HOTAIR mRNA contained binding sequences
complementary to miR-1 seed regions (Figure 2A4). For further
confirmation, we performed the dual-luciferase reporter assay. We
subcloned the wild-type sequence of HOTAIR (HOTAIR-WT) or its
mutant sequence (HOTAIR-MUT) into the pMIR luciferase reporter
and then cotransfected with miR-1 mimics or miR-NC into KYSE30
and KYSES510 cells. The results showed that overexpression of miR-1
significantly reduced the luciferase activity of the pMIR luciferase
reporter containing HOTAIR-WT but not the reporter containing
HOTAIR-MUT (Figure 2B). It is well known that miRNAs may
modulate their targets through forming RNA-induced silencing
complex (RISC). Furthermore, recent data have shown that IncRNAs
can act as molecular sponges to modulate the miRNAs activity by
associating with RISC [17]. Therefore, we performed RIP assay on
KYSE30 cell extracts using antibodies against Ago2, a key component of
the RISC complex, to investigate whether both HOTAIR and miR-1
might be in the RISC complex. The results confirmed that the Ago2

The Role of HOTAIR in ESCC  Ren et al. 495

antibody precipitated the Ago2 protein from KYSE30 cell extracts
(Figure 2C, upper panel). Moreover, HOTAIR and miR-1 levels in
immunoprecipitates were determined by qRT-PCR. As expected,
HOTAIR and miR-1 levels were both significantly high in Ago2 pellets
relative to control IgG immunoprecipitates (Figure 2C, lower panel).
Accordingly, these results suggest that HOTAIR is present in
Ago2-containing RISC, likely through association with miR-1, which
was consistent with bioinformatic analysis and luciferase assays. Next,
we determined miR-1 expression in six ESCC cell lines and human
normal esophageal epithelium cells HEEpiC. As shown in Figure 2D,
the decrease of miR-1 level was very evident in ESCC cells compared
with HEEpiC, especially in KYSE30 and KYSE510 cell lines, which
showed an opposite result to HOTAIR expression. Furthermore, we
cloned HOTAIR ¢DNA into pcDNA3.1 vector and cotransfected into
KYSE30 and KYSE510 cell cells with miR-1 mimics, and then detected
miR-1 expression by gRT-PCR. As shown in Figure 2E, the
overexpression of HOTAIR resulted in the decrease of miR-1
expression. Then, we correlated HOTAIR expression with the presence
of miR-1 in ESCC tissues. As expected, miR-1 expression was also
downregulated in ESCC tissues, and a negative correlation was observed
between HOTAIR and miR-1 expression levels in ESCC tissues (=
-0.6852, P<.0001; Figure 2, Fand G). Taken together, these data
revealed that HOTAIR can decrease miR-1 expression.

HOTAIR Relieved the Inhibitory Effects of miR-1 on ESCC Cells

In view of the inhibitory effect of HOTAIR on miR-1 expression in
ESCC cells, we further investigated whether HOTAIR had the same
effect on the function of miR-1. We performed cell proliferation
detection and found that the increase of miR-1 level significantly
reduced cell viability in KYSE30 and KYSES10 cells. However, the
treatment of miR-1 + pcDNA-HOTAIR abolished the inhibitory effect
induced by miR-1 (Figure 3, A and B). In addition, we also performed
the detection of cell cycle profile. The results showed that the increase of
miR-1 level induced the G1 cell cycle arrest in KYSE30 and KYSE510
cells and that the treatment of miR-1 + pcDNA-HOTAIR relieved the
GI1 cell cycle arrest induced by miR-1 (Figure 3, C and D). These data
showed that miR-1, acting as a tumor suppressor gene, inhibits cell
proliferation and induces G1 cell cycle arrest in ESCC cells, whereas
HOTAIR can overturn these inhibitory effects.

HOTAIR Worked in ESCC Cells by Controlling the miR-1
Target, CCND1

We further investigated the molecular mechanisms by which
HOTAIR and miR-1 exert regulatory effects on ESCC cell proliferation
and cell cycle distribution. We performed bioinformatics-based target
prediction analysis by TargetScan and found that CCND1 is a potential
target of miR-1 (Figure 44). Then, dual-luciferase reporter assay was

Figure 4. HOTAIR works in ESCC cells by controlling the miR-1 target, CCND1. (A) Bioinformatics-based target prediction analysis shows
that CCND1 is a potential target of miR-1. (B) Dual-luciferase reporter assay shows that the increase of miR-1 level reduces the luciferase
activity of the pMIR luciferase reporter containing CCND1-WT, but not mutant reporter, and the treatment of miR-1 + pcDNA-HOTAIR
restores the luciferase activity of the pMIR luciferase reporter containing CCND1-WT, but not mutant reporter, as compared with miR-1
and miR-1 + pcDNA-NC groups. (C and D) gRT-PCR and Western blot assay show that ESCC cells, especially KYSE30 and KYSE510 cells,
have a higher level of CCND1 mRNA and protein than HEEpiC. (E) The immunohistochemistry shows that CCND1 levels in high-HOTAIR
ESCC tissues were significantly higher than those in low-HOTAIR ESCC tissues. (F) The correlation analysis shows that CCND1 levels
were positively correlated with HOTAIR expression in ESCC tissues. (G) The correlation analysis shows that CCND1 levels were inversely
correlated with miR-1 expression in ESCC tissues. (H and |) Overexpression of miR-1 or knockdown of HOTAIR in KYSE30 cells markedly
induces the expression of CCND1T mRNA and protein expression, and the treatment of miR-1 + pcDNA-HOTAIR regains the expression of
CCND1 mRNA and protein. *P < .05, **P < .01, and ***P < .001.
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performed to identify whether the 3'UTR of CCND1 mRNA is a
binding target of miR-1. The wild-type 3'UTR of CCNDI
(CCND1-WT) or the corresponding mutant type was subcloned
into the pMIR luciferase reporter and cotransfected with miR-NC,
miR-1 mimics, miR-1 + pcDNA-HOTAIR, or miR-1 + pcDNA-NC
into KYSE30 cells. The results showed that the increase of miR-1 level
reduced the luciferase activity of the pMIR luciferase reporter
containing CCND1-WT but not mutant reporter, confirming that
CCNDI1 was a target of miR-1. However, the treatment of miR-1 +
pcDNA-HOTAIR restored the luciferase activity of the pMIR
luciferase reporter containing CCND1-WT but not mutant reporter
as compared with miR-1 and miR-1 + pcDNA-NC groups (Figure 4B).

Next, we detected the expression of CCND1 mRNA and protein in six
ESCC cell lines and human normal esophageal epithelium cell line
HEEpiC by qRT-PCR and Western blot. As shown in Figure 4, C
and D, the increase of CCND1 mRNA and protein level was very obvious
in ESCC cells compared with HEEpIiC, especially in KYSE30 and
KYSE510 cell lines, which showed an opposite result to miR-1 expression
and a same result to HOTAIR expression. We also detected the CCND1
protein levels in ESCC tissues with low and high HOTAIR expression,
and the median value of HOTAIR level was used to distinguish the two
groups. As shown in Figure 4, CCND1 levels in high-HOTAIR ESCC
tissues were significantly higher than that in low-HOTAIR ESCC tissues.
Moreover, CCND1 levels were positively correlated with HOTAIR
expression in ESCC tissues (= 0.5848, P = .0004; Figure 4F). However,
CCND1 levels were inversely correlated with miR-1 expression in ESCC
tissues (r = -0.6481, P < .0001; Figure 4G).

In addition, we detected the expression of CCND1 mRNA and
protein in KYSE30 cells transfected with miR-NC, miR-1 mimics,
miR-1 + pcDNA-HOTAIR, miR-1 + pcDNA-NC, si-HOTAR, or
si-NC using qRT-PCR and Western blot. As shown in Figure 4, H and
I, overexpression of miR-1 or knockdown of HOTAIR in KYSE30 cells
markedly induced the expression of CCND1 mRNA and protein
expression. However, the treatment of miR-1 + pcDNA-HOTAIR
regained the expression of CCND1 mRNA and protein. These results
showed that HOTAIR regulates the derepression of CCND1 by
binding miR-1.

The CCNDI Silencing Inhibited Proliferation and Led to G1
Cell Cycle Arrest in ESCC Cells

To further investigate whether HOTAIR and miR-1 affected ESCC
cell growth by regulating the expression of CCNDI, we silenced
CCNDI1 expression in KYSE30 and KYSE510 cells (data not shown)
and then performed cell proliferaton and cell cycle distribution
detection. The results showed that the knockdown of CCNDI
inhibited cell proliferation and induced G1 cell cycle arrest in YSE30
and KYSE510 cells (Figure 5, A-D). Taken together, these results
elucidate a novel HOTAIR-miR-1-CCND1 pathway regulatory axis in
which HOTAIR regulates the derepression of CCND1 by binding
miR-1, therefore facilitating the tumorigenesis of ESCC (Figure 5E).

Discussion

In this study, we measured the profile of HOTAIR in 32 paired
cancerous and noncancerous tissue samples, as well as 6 ESCC cell lines
and a normal esophageal epithelium cells (HEEpiC). Then, we tested
the function of HOTAIR in ESCC cells by performing loss-of-function
approaches. The data showed that HOTAIR was upregulated in ESCC
tissues and cells. Furthermore, HOTAIR depletion suppressed cell
proliferation and induced cell cycle arrest in KYSE30 and KYSE510
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Figure 5. CCND1 silencing inhibited proliferation and led to G1 cell
cycle arrest in ESCC cells. (A and B) The knockdown of CCND1
inhibits cell proliferation in YSE30 and KYSE510 cells. (Cand D) The
knockdown of CCND1 induces G1 cell cycle arrest in YSE30 and
KYSE510 cells. (E) Model diagram indicating the regulation
mechanism of HOTAIR in ESCC. *P < .05.

cells 7n vitro. These results were in line with the recent evidence that
high expression level of HOTAIR was associated with proliferation,
colony formation, and migratory capacity of ESCC cells [15,16]. Our
findings indicate that HOTAIR acts as an oncogene or exerts an active
role to modulate multiple oncogenic properties in ESCC cells,
providing a novel prognostic marker and therapeutic target for ESCC.

Recently, the IncRNA-miRNA-mRNA regulatory network has been
widely identified, where IncRNA functions as ceRNA to interfere with
miRNAs at posttranscriptional level, thus leading to derepression of
miRNA target genes [18]. For example, HOTAIR may function as a
ceRNA to block the expression of miR-331-3p and induce activation of
its target gene HER2 in gastric cancer [19]. Moreover, IncRNA
PTEN-PI could sponge miR-19b and miR-20a, thereby modulating
derepression of PTEN tumor suppressor in various malignancies
including prostate cancer, glioblastoma, and melanoma, and the
deregulation in this network induces tumorigenesis [20,21]. Based on
these findings, we speculated that IncRNA HOTAIR may participate in
this system and act as a ceRNA in ESCC, and searched for potential
interactions between HOTAIR and miRNA. To confirm this
speculation, we performed bioinformatic analysis, RIP, and luciferase
assays. As expected, we found that HOTAIR contains complementary
base pairing with miR-1 and could directly bind to the predicted
miRNA-response element of miR-1. In addition, results from
gRT-PCR analysis showed that miR-1 expression was inversely


image of Figure 5
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correlated with HOTAIR level in ESCC tissues and cells. Moreover,
ectopic overexpression of miR-1 could inhibit cell proliferation and
induce cell cycle arrest in ESCC cells, whereas HOTAIR overturned
these inhibitory effects of miR-1 on ESCC cells. Thus, HOTAIR may
serve as an endogenous sponge to inhibit both the expression and
function of miR-1.

Using online tools, we found CCNDI1 was a potential target of
miR-1. So, we next focused on CCNDI1 to investigate whether
HOTAIR-related function of miR-1 could result in the derepression of
its mRNA targets. CCND1, which belongs to the family of D-type
cyclin, is a common oncogene of human cancers, including breast cancer,
lymphomas, gliomas, nasopharyngeal carcinoma, etc. [22-24]. CCND1
exerts carcinogenic action by promoting G1-S progression to regulate cell
cycle [25]. In ESCC, elevated levels of CCNDI1 have been identified and
predicate an unfavorable overall survival of surgically treated esophageal
cancer patients [26,27]. Here, we observed that there were an inverse
correlation between the levels of CCND1 mRNA or protein expression
and the levels of miR-1 expression in ESCC tissues and cells, and a
positive correlation between CCND1 and HOTAIR expression. Then,
luciferase assays confirmed that CCND1 was a direct target of miR-1 and
that HOTAIR could abate the miR-1-induced repressing activity on
3’-UTR of CCNDI, as well as mRNA and protein levels of HOTAIR.
Moreover, CCND1 deletion could inhibit cell proliferation and G1-S
transition i vitro. Therefore, CCND1 may coexpress with HOTAIR in
ESCC cells, and the HOTAIR-miR-1-CCND1 regulatory network
might be biologically significant in ESCC tumorigenesis.

All together, the findings presented in this study highlights that
HOTAIR was determined as an oncogene by promoting proliferation
and G1-S progression in ESCC cell lines. Mechanistic analysis
revealed a HOTAIR-miR-1-CCND1 pathway regulatory network in
which HOTAIR modulated the derepression of CCND1 by directly
sponging miR-1, thereby promoting ESCC tumorigenesis. Moreover,
identification the ceRNA activity of HOTAIR undoubtedly allows us
to better understand the pathogenesis and development of ESCC and
provides an IncRNA-directed target for this deadly disease.
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