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A B S T R A C T

Accumulating evidence indicates that CCL18 and the long non-coding RNA, HOTAIR, have critical roles in
cancer progression and metastasis, but the correlation between CCL18 and HOTAIR in esophageal squamous cell
carcinoma (ESCC) and their downstream molecular mechanisms remain unclear. Overexpression of CCL18 in
ESCC tissues was associated with a worse survival in patients with ESCC. CCL18 enhanced the invasiveness of
ESCC cells in a dose-dependent manner, whereas CCL18 knockdown inhibited their invasiveness. In particular,
CCL18 expression was positively associated with HOTAIR expression in ESCC tissues. Furthermore, CCL18 up-
regulated the expression of HOTAIR, and knockdown of HOTAIR alleviated the CCL18-induced invasiveness of
ESCC cells. HOTAIR may act as a competing endogenous RNA and could effectively becoming a sponge for miR-
130a-5p, thereby modulating the derepression of ZEB1 and promoting epithelial–mesenchymal transition in
ESCC. Our study suggests that CCL18 contributes to the malignant progression of esophageal cancer by upre-
gulating HOTAIR expression. HOTAIR overexpression may promote tumor invasiveness and progression in
ESCC, given that HOTAIR functions as a miR-130a-5p sponge, positively regulating ZEB1. This provides new
therapeutic targets for early diagnosis and treatment of ESCC.

1. Introduction

Esophageal squamous cell carcinoma (ESCC) is the main histo-
pathological subtype of esophageal cancer [1,2]. ESCC ranks eighth and
sixth in terms of incidence and mortality worldwide, respectively, be-
cause of its aggressiveness and therapeutic difficulties [3]. Every year,
approximately 300,000 people die because of esophageal cancer
worldwide [4]. Although advances in the diagnosis and treatment of
ESCC have increased the possibility of its treatment, ESCC is still largely
incurable due to its poor prognosis and recurrence, with a five-year
survival rate of 15–25% [5]. Therefore, the development of innovative,
targeted therapies is imperative and of great clinical significance.

It has been well established that the tumor microenvironment plays

an important part in cancer development and metastasis. Furthermore,
mechanistic studies have revealed that a variety of cytokines, including
chemokines, inflammatory factors, and growth factors, promote tumor
progression and metastasis in the tumor microenvironment [6,7].
Chemokine (C–C motif) ligand 18 (CCL18) is a major chemokine pro-
duced mainly by M2 macrophages and cancer cells; it plays a pivotal
role in the progression and metastasis of tumors [8–12]. Currently, the
role of CCL18 in cancer progression is controversial. CCL18 has been
reported to have an immunosuppressive role in ovarian cancer [13,14],
but it has been reported to be associated with prolonged survival in
patients with gastric cancer [11]. The role of CCL18 in the progression
of ESCC and its downstream signaling pathways remain elusive.

Long non-coding RNAs (lncRNAs), which are extensively
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transcribed from the mammalian genome, have gained widespread at-
tention in recent years. They are important and powerful regulators of
various biological activities and play a critical role in the progression of
a variety of diseases, including cancer [15–17]. Recently, a new reg-
ulatory mechanism has been identified in which lncRNAs and mRNAs
interact by competition for microRNA (miRNA) response elements. In
this case, lncRNAs may function as competing endogenous RNAs
(ceRNAs) and sponge miRNAs to regulate the derepression of miRNA
targets and impose an additional level of post-transcriptional regulation
[18]. The disequilibrium of ceRNAs and miRNAs can be critical for
tumorigenesis [19]. The lncRNA, Malat1, is overexpressed in gall-
bladder cancer; it promotes the development of gallbladder cancer via
its competitive binding with miR-206 to upregulate ANXA2 and KRAS
[20]. Similarly, lncRNA Unigene56159 promotes epithelial-mesench-
ymal transition (EMT) by acting as a ceRNA of miR-140–5p in hepa-
tocellular carcinoma cells [21]. Therefore, we believe that some
lncRNAs may also play role of ceRNAs, linking miRNAs and the post-
transcriptional network in ESCC. Hox transcript antisense intergenic
RNA (HOTAIR) is a 685-nt lncRNA; it is located in the Hoxc gene cluster
but represses the transcription of the Hoxd locus in foreskin fibroblasts
[22]. Being a novel regulator of tumorigenesis, HOTAIR was initially
found to promote invasiveness and metastasis in breast cancer [22].
HOTAIR is also associated with chromatin modifications and exhibits
pro-oncogenic activity in pancreatic cancer [23]. Moreover, its upre-
gulation was positively correlated with poor prognosis, tumor pro-
gression, and recurrence of gastrointestinal cancers such as colorectal
cancer, liver cancer, and gastrointestinal stromal tumors [24–28]. We
previously identified that HOTAIR is a novel diagnostic biomarker and
a prognostic marker for progression and survival in ESCC [29,30].
However, the mechanism underlying the HOTAIR-mediated regulation
of ESCC progression has not largely characterized. In the present study,
for the first time, we demonstrate that HOTAIR is upregulated by CCL18
and promotes tumor progression in ESCC via its involvement in the
CCL18 signaling pathway. Moreover, mechanistic analyses reveal that
HOTAIR may play a carcinogenic role in ESCC by acting as a ceRNA
that competes with ZEB1 for miR-130a-5p, thereby regulating ZEB1
expression. The present work provides the first evidence of the positive
correlation between CCL18/HOTAIR and the crosstalk between miR-
130a-5p, HOTAIR, and ZEB1, which promotes ESCC progression of
ESCC; it also provides new insights relevant to the treatment of ESCC.

2. Materials and methods

2.1. Tissue sample specimens

A total of 25 fresh primary ESCC samples and paired adjacent non-
tumorous tissues were obtained from the Sun Yat-Sen Memorial
Hospital, Sun Yat-Sen University, between January 2010 and December
2012. All cases were reviewed by a pathologist and histologically
confirmed as ESCC based on the histopathological evaluation. None of
the patients had undergone any local or systemic treatment before
operation. All samples were collected with informed consent, and this
study was approved by the Internal Review and the Ethics Boards of the
Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University.

2.2. Cell culture, treatment, and transfection

Five ESCC cell lines (ECA109, KYSE30, KYSE140 KYSE510, and TE-
1) and a normal esophageal squamous cell line (HEEC) were used in this
study. All cells were cultured in Dulbecco's modified Eagle's medium
(DMEM, Invitrogen) supplemented with 10% fetal bovine serum and
1% penicillin–streptomycin. For chemokine treatment, the ESCC cells
were exposed to CCL18 (Peprotech, Princeton, USA) for 1 h.

2.3. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using TRIzol (Invitrogen), according to the
manufacturer's instructions. Quantitative real-time polymerase chain
reaction (qRT-PCR) was performed with a Light Cycler 480 system
(Roche Diagnostics, Switzerland) using an SYBR Premix ExTaq kit
(Takara, Dalian, China). The oligonucleotide sequences of the qRT-PCR
primers are listed in Table 1.

2.4. Immunohistochemistry

Immunohistochemistry (IHC) assays were performed and quantified
as described in a previous report [27]. As previously described, two
independent observers assessed and scored the degree of im-
munostaining of the indicated proteins; the proportion of positively
stained tumor cells and the staining intensities were also scored. The
staining intensities and scores representing the proportion of positively
stained tumor cells were graded as: low (< 25%), medium (25–75%),
or high (> 75%).

2.5. ELISA measurements

To detect the secretion of CCL18, the cell supernatants were col-
lected and analyzed using a CCL18 ELISA kit (R&D Systems,
Minneapolis, Minnesota, USA), following the manufacturer's instruc-
tions.

2.6. SiRNA transfection

For short interfering RNA (siRNA) transfection, 5×105 cells/mL
were plated in serum-free medium and transfected with specific siRNA
duplexes using Lipofectamine 2000 (Invitrogen, USA) according to the
manufacturer's instructions. All siRNAs were purchased from
GenePharma (Shanghai, China). The oligonucleotide sequences of the
siRNAs are listed in Table 2.

2.7. Invasion assay

The invasiveness of ESCC cells was examined using 24-well Boyden
chambers (Corning, USA) with 8 μm inserts coated with fibronectin
(Roche) and Matrigel (BD Biosciences). Cells (105 cells/well) were
plated on the upper cell culture inserts with 0.2% bovine serum al-
bumin in serum-free DMEM; the same medium was added to the lower

Table 1
qRT-PCR primers.

Gene Primer sequence

ccl18 Forward: 5′-TGGCAGATTCCACAAAAGTTCA-3′
Reverse: 5′- GGATGACACCTGGCTTGGG-3′

HOTAIR Forward: 5′- GGTAGAAAAAGCAACCACGAAGC-3′
Reverse: 5′- ACATAAACCTCTGTCTGTGAGTGCC-3′

miR-130a-5p Forward: 5′-CCAGGGCTTTTCAAAAATGA-3′
Reverse: 5′-CCGATCCAATCTGTTCTGGT-3′

ZEB1 Forward: 5′-CCAGGGCTTTTCAAAAATGA-3′
Reverse: 5′-CCGATCCAATCTGTTCTGGT-3′

E-Cadherin Forward: 5′-TGAAGGTGACAGAGCCTCTGGA-3′
Reverse: 5′-TGGGTGAATTCGGGCTTGTT-3′

ZO-1 Forward: 5′-TGAACGCTCTCATAAGCTTCGTAA-3′
Reverse: 5′-ACCGTACCAACCATCATTCATTG-3′

N-Cadherin Forward: 5′-GCGCGTGAAGGTTTGCCAGTG-3′
Reverse: 5′-CCGGCGTTTCATCCATACCACAA-3′

Vimentin Forward: 5′-TGGCCGACGCCATCAACACC-3′
Reverse: 5′-CACCTCGACGCGGGCTTTGT-3′

Snail Forward: 5′- AAGATGCACATCCGAAGCCA-3′
Reverse: 5′-CAAAAACCCACGCAGACAGG-3′

Gapdh Forward: 5′-GAGTCAACGGATTTGGTCGT-3′
Reverse: 5′-GACAAGCTTCCCGTTCTCAG-3′
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chambers in the presence of phosphate-buffered saline (PBS) or CCL18.
After 12 h of culture at 37 °C, the invading cells were captured and
counted by crystal violet staining.

2.8. In situ hybridization

In situ hybridization (ISH) of the lncRNA HOTAIR was performed as
described in a previous report [30]. Digoxigenin-labeled locked nucleic
acid probes for HOTAIR were purchased from Exiqon (USA).

2.9. Cell proliferation

Cell proliferation was analyzed using the CCK-8 assay, following the
manufacturer's instructions. ESCC cells were cultured in 96-well plates
and subjected to different treatments. After that, 10 μL of CCK-8 solu-
tion was added to each well, followed by further incubation for 2 h.
Absorbance at 450 nm was measured using a microplate reader
(Multiskan MK3, Thermo Fisher Scientific Inc., USA). The experiments
were performed in triplicate.

2.10. Western blot analysis

Protein extracts were first resolved by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis; the protein bands were then
transferred onto polyvinylidene fluoride membranes (Millipore,
Billerica, MA, USA), and probed with antibodies against E-cadherin
(Cat. No. sc-7870, Santa Cruz), vimentin (Cat. No. sc-66002, Santa
Cruz), ZO-1 (8193, CST), ZEB1 (3396, CST), or GAPDH (Cat. No. sc-
137179, Santa Cruz). Peroxidase-conjugated anti-mouse or rabbit an-
tibody (CST) was used as the secondary antibody, and the antigen-an-
tibody reaction was visualized by enhanced chemiluminescence assay
(Thermo).

2.11. Luciferase reporter assay

Human wild-type and mutant ZEB1 3ʹ-untranslated region (UTR)
sequences containing the putative binding sites of miR-130a-5p were
synthesized and inserted into the firefly luciferase reporter vector pmiR-
RB-Reporter™ (RiboBio Co. Ltd, China), and then validated by se-
quencing. Wild-type and mutant HOTAIR fragment containing the pu-
tative miR-130a-5p binding sites were synthesized and inserted into the
psicheck2 vector to generate luciferase reporter. The TE-1 cells were
transfected either with miR-mimics (RiboBio Co. Ltd) and pWT or with
miR-mimcs and pMut and either with miR-negative control (nc) and
pWT or with miR-nc and pMut. The cells were harvested after 24 h, and
the luciferase activity was assayed according to the dual luciferase re-
porter assay system (Promega, USA). The Renilla luciferase signal was
normalized to the firefly luciferase signal for each individual analysis.

2.12. Tumor mice xenograft

Tumor formation was studied by establishing a xenograft model.
BALB/c female nude mice (4–6 weeks old) were purchased from the
Animal Experiment Center of the Sun-Yat-Sen University. The usage
and treatment of the mice were approved by the Animal Care and Use
Committee of the Sun-Yat-Sen University. ECA109 cells infected with

Lv-miR-130a-5p inhibitor, Lv-Sc, Lv-ShHOTAIR, Lv-ShNC, or Lv-miR-
130a-5p + Lv-ShHOTAIR were injected subcutaneously into the dorsal
flank of the nude mice. Tumor volumes were measured and calculated
according to formula V = 0.5 × L2 (length)×W (width). The mice
were sacrificed 6 weeks after cell inoculation.

2.13. Statistical analysis

All statistical analyses were performed with the SPSS 19.0 software.
All data were expressed as the mean ± SD of three independent ex-
periments, in which each assay was performed in triplicate. Statistical
analysis was performed using ANOVA followed by student's t -test.
Kaplan–Meier survival curves were plotted, and log rank tests were
performed. Pearson's correlation and Spearman's correlation were used
to analyze the relationship among the expression levels of CCL18,
HOTAIR, and miR-130a-5p in the tissues. Significance was defined at
P < 0.05. Cutoff values for the high and low expression of the protein
of interest were chosen based on a measurement of heterogeneity using
the log-rank test with respect to overall survival.

3. Results

3.1. CCL18 expression in ESCC correlates with tumor invasiveness

To evaluate the expression status of CCL18 in ESCC tissues, we
detected CCL18 mRNA in 25 pairs of ESCC tissues and adjacent benign
esophageal tissues. The statistical analysis showed that the expression
levels of CCL18 mRNA in ESCC tissues were significantly higher than
those in non-cancerous esophageal tissues (P < 0.001, Fig. 1A). Like-
wise, the expression of CCL18 in patients with metastasis was sig-
nificantly higher than that in patients without metastasis (P < 0.01,
Fig. 1B). IHC analysis of CCL18 expression in ESCC tissues revealed that
CCL18-positive cells were scattered in the cytoplasm of cancer cells and
the tumor stroma of esophageal carcinoma tissues. Furthermore, the
expression of CCL18 was associated with the degree of differentiation of
the cancer cells; the higher the expression of CCL18, the lesser was the
degree of differentiated of the cancer cell (Fig. 1C). Kaplan–Meier
survival analysis also demonstrated that patients with low CCL18 ex-
pression had a significantly longer survival time than those with high
CCL18 expression (Fig. 1D, P=0.022), which was associated with poor
survival prognosis in patients with esophageal cancer.

To further confirm the increased expression of CCL18 in ESCC, we
detected the expression of CCL18 in the five ESCC cell lines (ECA109,
KYSE30, KYSE140 KYSE510, and TE-1) and HEECs by qRT-PCR and
ELISA. Compared with HEECs, the expression of CCL18 mRNA (Fig. 1E)
and protein (Fig. 1F) in all the types of ESCC cells increased.

Transwell chambers were used to examine the invasiveness of eso-
phageal cancer cells treated with recombinant CCL18. Compared to the
case for the PBS-treated cancer cells, treatment with recombinant
CCL18 (rCCL18, 5–20 ng/mL) enhanced the invasiveness of
ECA109 cells in a dose-dependent manner (Fig. 1G and H). To further
determine whether CCL18 contributes to the invasiveness of the cancer
cells, two CCL18-siRNAs were transfected into TE-1 cells to interfere
with the function of CCL18 (Supplementary Fig. S1, P < 0.01).
Transfection of TE-1 cells with either of the two CCL18-siRNAs also
reduced the number of invasive cancer cells (Fig. 1I). Collectively, these
data suggest that CCL18 promotes the process of malignant progression
in ESCC.

3.2. HOTAIR mediates CCL18-induced invasion of ESCC

Our previous work indicated that HOTAIR could be used as a
prognostic marker for ESCC progression and survival [29,30]. However,
whether HOTAIR is involved in CCL18 regulation and the subsequent
progression of ESCC remains unclear. To investigate the effect of HO-
TAIR in ESCC, we performed qRT-PCR to determine the levels of

Table 2
siRNA sequences.

Gene siRNA sequence

GFP siRNA 5′-GGCTACGTCCAGGAGCGCACCdTdT-3′
si CCL18-1 5′-ACAAGTTGGTACCAACAAATTdTdT-3′
si CCL18-2 5′-CCAGCATTCTCACTGTGAATTdTdT-3′
si ZEB1-1 5′-GGCAAGTGTTGGAGAATAAdTdT-3′
si ZEB1-2 5′-CCAGAAATACACAGGGTTAdTdT-3′
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Fig. 1. CCL18 expression in ESCC correlates with tumor invasiveness. (A) Relative expression of CCL18 in ESCC tissues (n = 25) in comparison with adjacent
benign esophageal tissues (n = 25). CCL18 expression was examined by qRT-PCR and normalized to GAPDH expression. (B) Relative expression of CCL18 in patients
with metastasis (n = 17) compared with those without metastasis (n = 8). (C) Representative images of CCL18 staining in adjacent benign esophageal tissues and
ESCC tissues with well, medium, and poor differentiation. (D) Kaplan–Meier survival curve of patients with ESCC with lower and higher CCL18 expression. (E and F)
qRT-PCR and ELISA for CCL18 expression in esophageal cancer cells (ECA109, KYSE30, KYSE140 KYSE510, and TE-1) and HEEC. (G and H) Transwell chamber assay
for ECA109 with rCCL18 at increasing concentrations (5–20 ng/ml). Bars indicate mean ± SD. (I) Transwell chamber assay for TE-1 transfected with either of the
two CCL18-siRNAs or GFP-siRNA. *P < 0.05, **P < 0.01, ***P < 0.001.
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HOTAIR in 25 ESCC tissues and 25 adjacent benign esophageal tissues.
HOTAIR expression was markedly higher in ESCC tissues than in non-
cancerous esophageal tissues (P < 0.001, Fig. 2A). Likewise, the ex-
pression of HOTAIR was much higher in patients with metastasis than
in those without metastasis (P < 0.05, Fig. 2B). The HOTAIR and
CCL18 expression levels were analyzed to detect the relationship be-
tween them. As shown in Fig. 2C, in 25 ESCC tissues, the expression
level of HOTAIR was positively associated with that of CCL18 (r= 0.62,

P=0.0009). To further examine whether ESCC tissues with high
CCL18 expression also showed high HOTAIR expression, we used ISH to
detect the expression of HOTAIR in the ESCC tissues. The results
showed that HOTAIR was highly expressed in ESCC tissues, but not in
adjacent benign esophageal tissues; the HOTAIR expression was related
to the expression of CCL18. It is noteworthy that the high expression of
CCL18 was significantly associated with HOTAIR positivity (Fig. 2D,
Supplementary Figs. S2A–B, r= 0.605, P < 0.001). To confirm

Fig. 2. HOTAIR mediates CCL18-induced invasion of ESCC. (A) Relative expression of HOTAIR in ESCC tissues (n = 25) compared with adjacent benign
esophageal tissues (n = 25). HOTAIR expression was examined by qRT-PCR and normalized to GAPDH expression. (B) Relative expression of HOTAIR in patients
with metastasis (n = 17) compared with those without metastasis (n = 8). (C) Pearson correlation analysis of HOTAIR expression levels and CCL18 expression in
ESCC tissues. (D) HOTAIR expression in benign disease and ESCC tissues with low, medium, and high CCL18 expression, as assayed by in situ hybridization. (E and F)
Transwell chamber assay for TE-1 cells transfected with sh-HOTAIR or sh-Vector, and then exposed to CCL18. (G) Alterations in HOTAIR expression in HEEC,
ECA109, KYSE30, KYSE140, KYSE510, and TE-1 cells were determined by qRT-PCR after exposure to CCL18. *P < 0.05, **P < 0.01, ***P < 0.001.
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whether CCL18 regulates the expression of HOTAIR, we used qRT-PCR
to determine the levels of HOTAIR in cancer cells treated with CCL18.
The results showed that CCL18 could increase the HOTAIR expression
in various cancer cells (Fig. 2G). To investigate whether HOTAIR is
involved in the CCL18-mediated promotion of ESCC cell invasiveness, a
transwell chamber assay was performed to measure the invasiveness of
TE-1 cells. The cells were transfected with short hairpin RNAs (shRNAs)
for HOTAIR or mock-transfected (Supplementary Fig. S3, P < 0.01).
After exposure to CCL18, the invasiveness of mock-transfected TE-
1 cells increased, compared to that of the untreated cells. In contrast,
the invasiveness of sh-HOTAIR-transfected cells treated with CCL18
reduced significantly (Fig. 2E and F). These data suggest that reducing
the expression of HOTAIR in ESCC may alleviate the invasiveness of
esophageal cancer cells.

3.3. HOTAIR reduced the miR-130a-5p expression in ESCC

Our results demonstrated that HOTAIR mediates the CCL18-induced
invasion of ESCC cells. However, the downstream signaling of HOTAIR
in ESCC is still unclear. Recently, accumulating evidence has suggested
that non-coding RNAs may participate in ceRNA regulatory networks
[18]. To explore whether any miRNAs are involved in the regulation of
HOTAIR signaling and the ensuing metastasis of ESCC, we used the
Starbase V2.0 online program to search for miRNAs that showed
complementary base pairing with HOTAIR. We found 18 miRNAs with
such complementary sequences. To further validate whether these
miRNAs were regulated by HOTAIR in esophageal cancer cells, we
performed qRT-PCR to determine their levels in TE-1 cells transfected
with sh-Vector or sh-HOTAIR. Compared with the cancer cells trans-
fected with sh-Vector, the expression levels of all 18 miRNAs in the TE-
1 cells transfected with sh-HOTAIR, miR-130a-5p showed the greatest

fold change in response to HOTAIR knockdown (Fig. 3A). In addition, a
bioinformatics prediction tool indicated that there were complementary
sequences with miR-130a-5p seed regions in HOTAIR (Fig. 3B).
Therefore, we chose miRNA-130a-5p for the subsequent experiments.
In order to verify whether HOTAIR regulated the miR-130a-5p ex-
pression through the potential interaction at the putative miR-130a-5p
binding sites, the wild type of HOTAIR or mutant HOTAIR fragment
containing the putative miR-130a-5p binding sites was cloned into a
dual-luciferase reporter. The luciferase activity was analyzed after the
co-transfection of TE-1 cells with a miR-130a-5p mimic or scramble and
the HOTAIR-Wt or HOTAIR-Mut plasmids. The results showed that the
relative luciferase activity of the HOTAIR-Wt plasmid was significantly
suppressed after co-transfection with the miR-130a-5p mimic. In con-
trast, this effect was not detected in the plasmid carrying the HOTAIR-
Mut (Fig. 3C). This result demonstrates that the putative binding sites
are vital for the reciprocal repression of HOTAIR and mir-130a-5p. To
investigate the role of miR-130a-5p in ESCC, the expression of miR-
130a-5p in 25 ESCC tissue samples and 25 adjacent benign esophageal
tissue samples was detected by qRT-PCR. The results demonstrated that
the miR-130a-5p expression in ESCC tissues was significantly lower
than that in the adjacent paired tissue samples (Fig. 3D). To assess
whether HOTAIR functions as a molecular sponge for miR-130a-5p, we
analyzed the expression of HOTAIR and miR-130a-5p in 25 ESCC tissue
samples. We observed a negative correlation between the HOTAIR and
miR-130a-5p expression (Fig. 3E; r= 0.52, P=0.008). These results
suggest that HOTAIR may promote CCL18 signaling by acting as a
ceRNA for miR-130a-5p.

3.4. Effect of ZEB1 on the malignant progression of ESCC

To further investigate the molecular mechanisms whereby HOTAIR

Fig. 3. HOTAIR reduced the miR-130a-5p expression in ESCC. (A) qRT-PCR analysis of the effect of knocking down HOTAIR on miRNAs expression. (B)
Bioinformatics analysis revealed that HOTAIR contains binding sequences complementary to the seed region of miR-130a-5p. (C) miR-130a-5p mimics suppressed
the luciferase activity of the wild-type but not mutant of HOTAIR reporter in TE-1 cells. (D) qRT-PCR analysis of miR-130a-5p expression in 25 ESCC tissues. (E)
Pearson correlation analysis of HOTAIR expression levels and miR-130a-5p expression in ESCC tissues. *P < 0.05, **P < 0.01.
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and miR-130a-5p regulate ESCC cell invasion, targetscan was used to
carry out bioinformatics-based targeting prediction analysis, and ZEB1
was found to be a potential target of miR-130a-5p (Fig. 4A). To verify
that ZEB1 was a direct target of miR-130a-5p, the 3ʹ-UTR of ZEB1 with
wild-type or mutant seed sequence recognition sites was cloned into a
luciferase reporter. The luciferase activity was analyzed after the co-
transfection of TE-1 cells with a miR-130a-5p mimic or scramble and
the ZEB1 3ʹUTR-Wt or ZEB1 3ʹUTR-Mut plasmids. The results showed
that the overexpression of miR-130a-5p led to a marked decrease in the
luciferase activity of the plasmid carrying ZEB1 3ʹUTR-Wt, while no
significant changes in luciferase activity were observed in TE-1 cells
transfected with the ZEB1 3ʹUTR-Mut plasmid (Fig. 4B). To confirm
that miR-130a-5p regulates the expression of ZEB1, we examined the
expression of ZEB1 mRNA in ECA109 and TE-1 cells transfected with
miR-130a-5p mimics or a miR-130a-5p inhibitor (Supplementary Fig.
S4). We found that miR-130a-5p overexpression markedly decreased
the expression of ZEB1 in ECA109 and TE-1 cells, while the down-
regulation of miR-130a-5p increased the expression of ZEB1, compared
with the control group (Fig. 4C). Subsequently, we explored the role of
ZEB1 in ESCC. Two ZEB1-siRNAs were transfected into TE-1 cells to
interfere with the function of ZEB1 (Fig. 4D and E, Supplementary Fig.
S5). The effects of ZEB1 on the proliferation and invasion of ECA-109
and TE-1 were examined by the CCK-8 method using transwell cham-
bers. The results showed that compared with the control group, the
proliferation rate of ECA109 and TE-1 cells transfected with siRNAs

decreased. Transfection of ECA-109 with either of the two ZEB1-siRNAs
reduced the number of invasive cancer cells (Fig. 4F). Collectively,
these data suggest that ZEB1 may promote the process of malignant
progression in ESCC.

3.5. HOTAIR-induced reduction of miR-130a-5p expression inhibits
invasion and EMT in ESCC via the targeting of ZEB1

In order to further investigate the biological roles of HOTAIR, miR-
130a-5p, and ZEB1 in ESCC, a transwell assay was performed. The re-
sults showed that compared with the control group, the invasiveness of
ECA109 and TE-1 cells transfected with miR-130a-5p mimics de-
creased, but the invasiveness of cells transfected with miR-130a-5p
inhibitor increased. Furthermore, compared with the control group, the
invsiveness of ECA109 and TE-1 cells transfected with shHOTAIR de-
creased. However, co-transfection with shHOTAIR and miR-130a-5p
inhibitor rescued the inhibitory effect induced by HOTAIR knockdown.
Moreover, compared to the case for transfection with shHOTAIR and
miR-130a-5p inhibitor, the invasiveness of cells decreased following
transfection with siZEB1, shHOTAIR and miR-130a-5p inhibitor.
(Fig. 5A and B). ZEB1 is an important transcriptional regulatory factor
that regulates EMT in tumor cells. To explore whether HOTAIR and
miR-130a-5p were involved in the regulation of EMT in ESCC cells, we
performed qRT-PCR and western blotting to detect the expression of
EMT markers. We found that in ESCC cells transfected with shHOTAIR

Fig. 4. Effect of ZEB1 on the malignant progression of ESCC. (A) The binding sites of miR-130a-5p within the 3ʹ-UTR of ZEB1 were predicted by TargetScan. (B)
Overexpression of miR-130a-5p led to a markedly decreased in luciferase activity of ZEB1-WT, without any change in luciferase activity of ZEB1-Mut in TE-1 cells.
(C) ZEB1 expression was assessed by qRT-PCR when transfected with miR-130a-5p mimics or miR-130a-5p inhibitor in ECA109 and TE-1 cells. (D and E) Impact of
ZEB1 on ECA-109 and TE-1 cell proliferation. (F) Influence of ZEB1 on ECA-109 cell invasion. *P < 0.05, **P < 0.01.
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or miR-130a-5p mimics, the expression levels of epithelial cell markers
(E-cadherin and ZO-1) increased, while those of mesenchymal markers
(N-cadherin and Vimentin) and ZEB1 decreased. However, the inhibi-
tion of EMT induced by shHOTAIR was reversed by co-transfection with
a shHOTAIR + miR-130a-5p inhibitor (Fig. 5C and D). To further ex-
plore the effects of HOTAIR on ZEB1 function, we performed western
blotting to detect the expression of EMT markers. We found that the E-
cadherin expression decreased and Vimentin expression increased in

ESCC cells transfected with pcDNA3.1-ZEB1 (Supplementary Fig. S6).
Furthermore, HOTAIR knockdown markedly increased the expression
of E-cadherin and decreased the expression of Vimentin. However, the
inhibition of EMT induced by shHOTAIR was reversed by co-transfec-
tion with shHOTAIR + si-ZEB1 (Fig. 5E). These data suggest that
HOTAIR may act as an miR-130a-5p sponge to upregulate the expres-
sion of its target ZEB1, thereby promoting the progression of EMT in
ESCC.

Fig. 5. HOTAIR-induced reduction of miR-130a-5p expression inhibits invasion and EMT in ESCC via the targeting of ZEB1. (A) Transwell assay showed the
invasion ability of ECA109 and TE-1 cells transfected with shVector, shHOTAIR, miR-130a-5p mimics, miR-130a-5p inhibitor, shHOTAIR + miRNA inhibitor and
siZEB1+ shHOTAIR + miRNA inhibitor. (B) cell invasion analysis. (C) E-Cadherin, ZO-1, N-Cadherin, ZEB1 and Vimentin expression in TE-1 cells transfected with
shHOTAIR or miRNA-130a-5p mimics or shHOTAIR + miRNA-130a-5p inhibitor was analyzed by qRT-PCR. (D) E-Cadherin, ZO-1, ZEB1 and Vimentin expression in
TE-1 cells transfected with shHOTAIR or miRNA-130a-5p mimics or shHOTAIR + miRNA-130a-5p inhibitor was analyzed by Western blot. (E) E-Cadherin and
Vimentin expression in TE-1 cells transfected with shHOTAIR or pcDNA3.1-ZEB1 or shHOTAIR + ZEB1 was analyzed by Western blot. *P < 0.05, **P < 0.01.
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3.6. HOTAIR demonstrates an oncogenic activity in part through negative
regulation of miR-130a-5p in vitro and vivo

In order to investigate the biological roles of HOTAIR and miR-
130a-5p in ESCC, we employed gain-of-function and loss-of-function
approaches. Compared with the control group, the proliferation of
ECA109 and TE-1 cells transfected with miR-130a-5p mimics de-
creased, while the cell proliferation increased following the transfection
with miR-130a-5p inhibitor. Furthermore, ECA109 and TE-1 cells
transfected with shHOTAIR showed reduced cell proliferation com-
pared with the control group. However, co-transfection with shHOTAIR
and miR-130a-5p inhibitor rescued the inhibitory effect induced by
HOTAIR knockdown. These results imply that the oncogenic activity of
HOTAIR may occur partly through the negative regulation of miR-130a-
5p (Fig. 6A and B).

We verified these findings in vitro using an in vivo xenograft model.
TE-1 cells stably infected with Lv-shHOTAIR, Lv-miR-130a-5p inhibitor,
or shHOTAIR + Lv-miR-130a-5p were subcutaneously injected into the
dorsal flank of nude mice. After 6 weeks, the nude mice were sacrificed,
and the tumor tissues were removed and weighed. Compared with the
control group, the volume and size of tumors from mice in the
shHOTAIR group and the shHOTAIR + Lv-miR-130a-5p group de-
creased significantly, while the shHOTAIR + Lv-miR-130a-5p group
had a stronger anti-cancer effect. In contrast, the volume and size of
tumors from mice in the Lv-miR-130a-5p inhibitor group markedly
increased (Fig. 6C and D).

4. Discussion

Chemokines in the tumor microenvironment play important roles in
cancer development [31–33]. In particular, CCL18 has a pivotal role in
tumor progression and metastasis. However, the role of CCL18 in ESCC
remains unclear. In this study, we demonstrated that CCL18 was
overexpressed in ESCC tissues and cells and was associated with worse
survival in patients with ESCC. Moreover, CCL18 enhanced the invasion
of cancer cells in a dose-dependent manner, and knockdown of CCL18

could inhibit cancer cell invasiveness. These findings suggest that
CCL18 plays a vital role in the progression and metastasis of ESCC.

CCL18 was primarily expressed in monocytes, macrophages, and
dendritic cells [34–36]. Notably, IHC analysis of human pancreatic
ductal adenocarcinoma and prostate cancer samples has revealed that
CCL18 was expressed in both epithelial tumor cells and macrophages
[37,38]. Although the level of CCL18 in body fluids has been shown to
be increased in patients with lung cancer, bladder cancer, and ovarian
cancer, the origin of CCL18 in these patients was not determined
[14,39,40]. The results of the present study showed that the expression
of CCL18 was upregulated in ESCC cells compared with that in HEECs.
Furthermore, IHC analysis showed that CCL18 was highly expressed in
the cytoplasm of ESCC cells. These results suggest that CCL18 at least
partially plays an autocrine role in ESCC.

Although the functions of CCL18 have been reported in many can-
cers, its downstream signaling pathways remain uncertain. To date,
three receptors have been proposed for CCL18: PITPNM3, GPR30 (G
protein-coupled receptor 30), and CCR8 [12,41,42]. With regard to
PITPNM3, it has been reported that PITPNM3-CCL18 binding induces
Pyk2-and Src-mediated signaling, thus enhancing the metastasis of
breast cancer [12]. Further characterization of downstream signaling
pathways will enable people to gain a better understanding of the
physiological role of CCL18 in ESCC. Our previous study identified that
HOTAIR was a novel diagnostic biomarker, as well as a prognostic
marker for progression and survival in ESCC [29,30]. Here, we ascer-
tained whether CCL18 could promote ESCC by regulating the expres-
sion of HOTAIR, which has oncogenic functions. Our results confirmed
that the expression of HOTAIR in ESCC tissues is significantly higher
than that in non-cancerous esophageal tissues, and it is positively as-
sociated with the expression of CCL18 in ESCC tissues. In addition,
HOTAIR expression was upregulated by CCL18 in ESCC cells, and
HOTAIR knockdown alleviated the CCL18-induced invasiveness of
ESCC cells. These data suggest that HOTAIR is an important part of the
CCL18 regulatory network; it may mediate the CCL18-induced inva-
siveness of ESCC cells.

In several epidemiological studies, lncRNA, HOTAIR, has been

Fig. 6. HOTAIR demonstrates an oncogenic activity in part through negative regulation of miR-130a-5p in vitro and vivo. (A–B) CCK-8 assay showing the
proliferation ability of ECA109 and TE-1 cells transfected with shVector, shHOTAIR, miR-130a-5p mimics, miR-130a-5p inhibitor, and shHOTAIR + miRNA in-
hibitor. (C–E) In vivo tumor xenograft study. (C) Excised TE-1 tumor. (D) Tumor volume was calculated every 7 days after injection. (E) Weight of excised tumor.
*P < 0.05, **P < 0.01.
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found to play a role in the epigenetic regulation of gene transcription
[23,43]. Our data indicated that HOTAIR could be regulated by CCL18
and function as an oncogene in ESCC. However, the downstream mo-
lecular mechanisms underlying the role of HOTAIR in the occurrence
and development of ESCC remain unclear. In recent years, significant
progress has been made with regard to the research on lncRNA. Mul-
tiple studies have demonstrated that some specific endogenous lncRNAs
can act as ceRNAs to interfere with miRNA pathways [44,45]. Inspired
by the ceRNA regulatory network and emerging evidence that lncRNAs
may participate in this regulatory circuitry, we hypothesized that HO-
TAIR might target miRNAs in ESCC. To test this hypothesis, we sear-
ched for potential miRNAs that interact with HOTAIR. Starbase 2.0 was
used to predict a total of 18 potential miRNAs that could interact with
HOTAIR. The detction of miRNAs silenced by HOTAIR in ESCC cells
using qRT-PCR showed that the upregulation rate of miR-130a-5p was
highest. Moreover, in ESCC, the expression of miR-130a-5p was in-
versely correlated with HOTAIR expression. Furthermore, based on a
luciferase reporter assay, we found that miR-130a-5p was a direct
target of HOTAIR. miR-130a-5p has been shown to be a prognostic
marker for inhibiting the proliferation and invasion of cancer cells
[46,47]. In this regard, we further explored the role of miR-130a-5p in
ESCC. Our results demonstrated that an miR-130a-5p inhibitor en-
hanced cell proliferation and invasion, whereas HOTAIR knockdown
reversed the effects induced by the miR-130a-5p inhibitor. Further in
vivo studies revealed that in mice inoculated with TE-1 cells transfected
with miR-130a-5p, tumor growth was inhibited. When TE-1 cells were
co-transfected with shHOTAIR and miR-130a-5p, the inhibition was
stronger. Collectively, these results are consistent with our hypothesis,
indicating that HOTAIR may promote ESCC growth and invasiveness by
sponging miR-130a-5p. LncRNA-miRNA-mRNA crosstalk forms a net-
work that plays vital roles in human diseases [48]. In this study, we
performed bioinformatics analysis and luciferase reporter assays and
found that ZEB1 wss a direct target of miR130a-5p. We evaluated the
expression of ZEB1 in ESCC cells with miR-130a-5p overexpression or
knockdown and found that miR-130a-5p overexpression led to the
downregulation of ZEB1. Meanwhile, we found that HOTAIR knock-
down inhibited ZEB1 expression, and this inhibitory effect could be
reversed by the co-transfection of the cells with the miR-130a-5p in-
hibitor. ZEB1 is a novel molecule and key transcription factor in the
EMT process [49]. Our data showed that HOTAIR could regulate the
expression of ZEB1 via the sponging of miR-130a-5p. We hypothesized
that HOTAIR and miR-130a-5p were involved in the regulation of EMT
in ESCC cells; thus, we detected the expression of EMT markers by
western blotting. We found that in ESCC cells transfected with shHO-
TAIR or miR-130a-5p mimics, the expression levels of epithelial cell
markers (E-cadherin and ZO-1) increased, whereas the expression of
mesenchymal markers (N-cadherin and vimentin) decreased. However,
the shHOTAIR-induced inhibition of EMT was reversed by co-trans-
fection with a shHOTAIR + miR-130a-5p inhibitor. These data suggest
that HOTAIR may act as a sponge for miR-130a-5p to upregulate the
expression of its target ZEB1, thereby promoting the progression of
EMT in ESCC.

In summary, our study suggests that CCL18 may contribute to the
malignant progression of esophageal cancer by upregulating HOTAIR
expression. Moreover, HOTAIR overexpression may promote tumor
invasiveness and progression in ESCC, given that HOTAIR functions as a
miR-130a-5p sponge to positively regulate ZEB1 expression. Thus, our
findings not only provide new insights into the role of CCL18/HOTAIR
and their downstream pathways in the development of ESCC, but also
offer new potential therapeutic targets for the early diagnosis and
treatment of ESCC. One potential limitation of this study is that the
sample size is small. Thus, we will carry out future studies with larger
sample sizes to ensure the accuracy of our results.
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