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One major reason for the failure of advanced colorectal can-
cer (CRC) treatment is the occurrence of chemoresistance to
fluoropyrimidine (FU)-based chemotherapy. Long non-coding
RNA HOTAIR has been considered as a pro-oncogene in
multiple cancers. However, the precise functional mechanism
of HOTAIR in chemoresistance is not well known. In this
study, we investigated the biological and clinical role of
HOTAIR in 5FU resistance in CRC. Our results showed that
HOTAIR negatively regulated miR-218 expression in CRC
through an EZH2-targeting miR-218-2 promoter regulatory
axis. HOTAIR knockdown dramatically inhibited cell viability
and induced G1-phase arrest by promoting miR-218 expres-
sion. VOPP1 was shown to be a functional target of miR-218,
and the main downstream signaling, NF-kB, was inactivated
by HOTAIR through the suppression of miR-218 expression.
Additionally, HOTAIR knockdown partially reversed 5FU
resistance through promoting miR-218 and inactivating NF-
kB signaling. Furthermore, HOTAIR restrained 5FU-induced
cytotoxicity on CRC cells through promotion of thymidylate
synthase expression. More importantly, high HOTAIR expres-
sion was associated with poor response to 5FU treatment. In
conclusion, we demonstrated that HOTAIR contributes to
5FU resistance through suppressing miR-218 and activating
NF-kB signaling in CRC. Thus, HOTAIR may serve as a prom-
ising therapeutic target for CRC patients.

INTRODUCTION
Colorectal cancer (CRC) is among the leading causes of mortality and
morbidity throughout the world. It is the third most common cancer
and the fourth most common cause of oncological deaths worldwide.1

Nearly a quarter of patients with CRC experience metastatic dis-
ease and receive standard chemotherapy regimens. However, most
of these patients eventually become chemoresistant and die of their
diseases.2 Therefore, it is essential to understand mechanisms of
chemoresistance as a first step in developing approaches to prevent
or reverse chemoresistance in patients who receive systemic therapy
for metastatic CRC.

5-Fluorouracil (5FU) is one of the mainstays of chemotherapeutic
regimens for metastatic CRC. It works by multiple mechanisms to
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create fluorinated nucleotides that are incorporated into DNA in
place of thymidine, thus inhibiting DNA replication and causing
cell death.3 Its use in combination with oxaliplatin and leucovorin
(FOLFOX) for metastatic CRC has led to response rates >50% and
median survival approaching 2 years.4 However, it is far from being
the perfect treatment. Nearly half of metastatic CRC patients are resis-
tant to 5FU-based chemotherapy.5,6 Although resistance mechanisms
have been extensively studied for this agent, therapies to target resis-
tance pathways have yet to be identified.

Long non-coding RNAs (lncRNAs), extensively transcribed from
the mammalian genome, have gained widespread attention in recent
years. They serve as important and powerful regulators of various
biological activities and play critical roles in the progression of a
variety of diseases, including cancer.7,8 lncRNA HOTAIR (Hox
transcript antisense intergenic RNA) is a 2,158 bp lncRNA located
in the HOXC gene cluster (12q13.13). HOTAIR trimethylates his-
tone H3 lysine-27 (H3K27me3) of the targeted gene locus with
the polycomb-repressive complex 2 (PRC2), which is composed of
EZH2, SUZ12, and EED and inhibits gene expression.9 Aberrant
HOTAIR expression is positively correlated with progression as
well as poor survival and prognosis of various types of cancers,
such as breast,10 gastric,11 and CRC.12 However, the potential
involvement of HOTAIR in the chemoresistance of CRC is not
well known.

The crosstalk between lncRNAs and microRNAs (miRNAs) has
recently been reported to contribute to the pathogenesis of diseases,
including cancer.13 As a broadly conserved miRNA, miR-218 is
considered to be a tumor suppressor gene in various carcinomas,
such as bladder cancer,14 gastric cancer,15 non-small-cell lung can-
cer,16 and CRC.17 Downregulation of miR-218 is a consequence
of the epigenetic silencing of its host genes, SLIT2 and SLIT3
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Figure 1. HOTAIR Negatively Regulated miR-218

Expression in CRC Cells

(A and B) qRT-PCR showed that HOTAIRwas upregulated

in CRC cell lines (A) and primary CRC tissues (B). (C and D)

miR-218 was downregulated in CRC cell lines (C) and

primary CRC tissues (D). (E) Spearman test indicated a

significantly negative correlation between HOTAIR and

miR-218 expression in primary CRC tissues. (F and G)

miR-218 was upregulated by siHOTAIR-1 (F), whereas it

was downregulated by pHOTAIR (G) in HT29 and SW480

cells. Error bars represent SD. *p < 0.05; **p < 0.01.
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promoters.18 A previous study demonstrated that EZH2 silenced
miR-218 by inducing the formation of heterochromatin in pancreatic
cancer,19 which indicated that the research on epigenetic regulation of
miR-218 and HOTAIR might be meaningful.

In our previous study, we identified the role of lncRNAMALAT1 and
miR-218 in CRC chemoresistance.20,21 On this basis, our further
investigation revealed that the suppression of miR-218 might be
mediated by HOTAIR in an EZH2-dependent manner. The enforced
HOTAIR expression promoted CRC cell viability and chemoresist-
ance through a miR-218/NF (nuclear factor)-kB pathway. Moreover,
HOTAIR expression was significantly increased and associated with
poor survival rate in CRC patients who experienced chemoresistance
to 5FU-based treatments.

RESULTS
HOTAIR Negatively Regulates miR-218 Expression in CRC Cells

First, we sought to determine the interaction between HOTAIR and
miR-218. HOTAIR was commonly considered as an oncogene in
several cancers. As expected, our results showed that it was signifi-
cantly increased in most CRC cell lines (Figure 1A). We also found
that HOTAIR was increased in 48 primary CRC tissues, compared
with adjacent tissues (Figure 1B). Consistent with our previous
research, miR-218 was sufficiently downregulated in CRC cells and
Molecular Thera
specimens (Figures 1C and 1D). Moreover,
the Spearman test indicated a significantly
negative correlation between HOTAIR and
miR-218 expression in primary CRC tissues
(Figure 1E). To investigate the potential role
of HOTAIR in CRC cells, we downregulated
its expression by transfection of siHOTAIR.
The results showed that HOTAIR expression
was significantly suppressed by siHOTAIR-1,
siHOTAIR-2, and siHOTAIR-3 (Figure S1A).
siHOTAIR-1 was selected for use in the
following experiments. After knockdown of
HOTAIR, miR-218 was significantly increased
in HT29 and SW480 cells (Figure 1F). On the
other hand, miR-218 was downregulated in
the aforementioned cell lines with HOTAIR
overexpression (Figures 1G and S1B). Thus,
we concluded that HOTAIR negatively regulated miR-218 in
CRC cells.

HOTAIR Was Associated with EZH2, which Subsequently

Suppressed miR-218 Expression

HOTAIR exerts its oncogenic role by functioning as a bridge to
recruit PRC2, thereby leading to gene methylation and chromatin
modifications.9 EZH2, a critical component of PRC2, is frequently
upregulated in CRC and possesses oncogenic properties in tumori-
genesis.22,23 In our study, EZH2 was upregulated in CRC tissues (Fig-
ure S2A). The small interfering RNAs (siRNAs) against EZH2 were
designed, and its expression was decreased by siEZH2-1 and
siEZH2-2 at both the RNA and protein levels (Figure S2B). Moreover,
the cell viability was suppressed by siEZH2-1 (Figure S2C). To inves-
tigate whether HOTAIR is associated with EZH2 in CRC, an RNA
immunoprecipitation (RIP) assay was performed, and the results
showed a significant enrichment of HOTAIR with EZH2 antibody
compared with the non-specific IgG (immunoglobulin G) antibody
in both HT29 and SW480 cells (Figure 2A).

Downregulation of miR-218 is a consequence of the epigenetic
silencing of their host genes, SLIT2 and SLIT3 promoters.18 Previous
studies have reported that SLTI3, consistent with miR-218-2 pre-
cursor, was silenced in pancreatic cancer and thyroid cancer.19,24
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Figure 2. HOTAIR Suppressed miR-218 Expression through an EZH2-miR-218-2 Promoter Regulatory Axis

(A) HOTAIR expression was significantly enriched by EZH2 antibodies in the immunoprecipitation assay. (B) SLIT3 and miR-218-2 were significantly downregulated in HT29

and SW480 cells, while SLIT2 and miR-218-1 were upregulated in HT29 cells, compared to normal FHC cells. (C and D) miR-218-2 (C) and its host gene, SLIT3 (D), were

significantly upregulated by siEZH2-1 and DZnep (3-deazaneplanocin), an EZH2 inhibitor, while miR-218-1 and SLIT2 were less responsive in HT29 cells. (E) The total miR-

218 expression was also upregulated by siEZH2-1 in CRC cells. (F) siEZH2-1 promoted the luciferase activity of themiR-218-2-Luc in HT29 cells. (G) ChIP analysis using anti-

EZH2 and anti-H3K27me3 was conducted on the miR-218-2 promoter. A significant enrichment was found by anti-EZH2 and anti-H3K27me3 in CRC cells but not in FHC

cells. (H) ChIP analysis also showed that the binding levels of EZH2 and H3K27-me3 on the miR-218-2 promoter was significantly decreased by siEZH2-1 or siHOTAIR-1 in

CRC cells. Error bars represent SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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In our study, we found that SLIT3 and miR-218-2 were significantly
downregulated in both CRC cells, while SLIT2 and miR-218-1 were
upregulated in HT29 cells (Figure 2B). Moreover, SLIT3 was also
found to be downregulated, whereas SLIT2 remained unchanged in
CRC tissues (Figure S2D). This suggests that the downregulation of
mature miR-218 in CRCmay be a consequence of epigenetic silencing
of SLIT3 promoter. As expected, miR-218-2 precursor and SLIT3
358 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
gene were significantly increased after knockdown of EZH2 with
si-EZH2-1 and DZnep, an EZH2 inhibitor, while miR-218-1
and SLIT2 were less responsive in HT29 cells (Figures 2C and 2D).
Additionally, mature miR-218 expression was also promoted by
si-EZH2-1 and DZnep in HT29 and SW480 cells (Figure 2E). Further,
the luciferase assay was also performed in HT29 cells. A 2,000-bp
sequence of miR-218-2 promoter was cloned into PGL3 luciferase
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reporter (miR-218-2-Luc), and the activity of the miR-218-2 pro-
moter was then validated in HT29 cells (Figure S2E). As expected,
the knockdown of EZH2 generated a higher luciferase activity of
miR-218-2-Luc compared with control (Figure 2F). These suggest a
unique function of EZH2 on miR-218-2 suppression in CRC. To
verify the definite regulatory role of HOTAIR-EZH2 complex on
miR-218, we used chromatin immunoprecipitation (ChIP) analysis
to determine the effect of HOTAIR-EZH2 complex on histone modi-
fication in the miR-218-2 promoter with an anti-EZH2 antibody and
an anti-H3K27me3 antibody in CRC cells. EZH2 and H3K27-me3
were frequently found at the miR-218-2 promoter of CRC cells but
not in FHC (human fetal normal colonic) cells (Figure 2G). The
binding level of EZH2 and H3K27-me3 was significantly decreased
by siEZH2-1 or siHOTAIR-1 in CRC cells (Figure 2H), suggesting
that the interaction of EZH2 and H3K27me3 on the miR-218-2 pro-
moter is specifically mediated by HOTAIR. In summary, we proved
that HOTAIR suppressed miR-218 expression through epigenetically
silencing SLIT3 by recruiting EZH2 in CRC.

HOTAIR Promoted Cell Viability by Downregulating miR-218

Expression

After transfection with siHOTAIR or pHOTAIR, cell viability was
evaluated, and the results showed that siHOTAIR suppressed cell
viability, while pHOTAIR promoted cell survival in CRC cells (Fig-
ure 3A). We then investigated the effect of miR-218 on CRC cell
viability. As shown in Figure 3B, miR-218 suppressed cell viability,
while anti-miR-218 induced a proliferative effect on cell viability.
Cell-cycle analysis indicated that siHOTAIR or ectopic miR-218
induced an increase in the percentage of cells in the G1 phase (Fig-
ure 3C). Next, the capacity of colony formation was assessed, and
the results showed that siHOTAIR-transfected cells displayed highly
suppressed colony formation (Figure 3D).

To evaluate the antagonistic effect of HOTAIR and miR-218 on cell
viability, miR-218 was transfected into the pHOTAIR stably infected
HT29 and SW480 cells. As shown in Figure 3E, miR-218 reversed the
proliferative effect induced by HOTAIR overexpression. On the other
hand, suppression of miR-218 significantly abrogated the growth
inhibition induced by HOTAIR knockdown. Furthermore, the cell
proliferation marker Ki-67 was detected by immunofluorescence
assay. Anti-miR-218 partially rescued the siHOTAIR-induced sup-
pression of Ki-67 expression in HT29 cells (Figure 3F), which was
also validated by western blot (Figure S3). These data suggest that
HOTAIR promotes CRC progression through suppressing miR-218
expression.

VOPP1Was Identified as a Direct Target ofmiR-218 in CRCCells

VOPP1 was predicted to be the functional target of miR-218 by
several bioinformatics programs, including TargetScan and miRanda
(Figure S4). qRT-PCR showed that VOPP1 was upregulated in CRC
tissues (Figure 4A), and a significantly negative correlation was found
between VOPP1 and miR-218 expression in 48 CRC tissues (Fig-
ure 4B). Overexpression of miR-218 decreased both VOPP1 mRNA
and protein expression in CRC cells (Figure 4C). Additionally, the
luciferase activity assay showed that miR-218 dramatically inhibited
the firefly luciferase activity of the mutant VOPP1-30 UTR, but not
that of the mutant VOPP1-30 UTR, in both HT29 and SW480 cells
(Figure 4D). More importantly, VOPP1 was significantly upregulated
by pHOTAIR at mRNA and protein levels (Figure 4E). These results
indicate that HOTAIR may regulate CRC progression, at least
partially, through the suppression of miR-218 and the activation of
VOPP1 expression.

NF-kB Signaling Was Activated by HOTAIR through the

Suppression of miR-218 Expression

After revealing the interaction between miR-218 and VOPP1, we
sought to elucidate whether miR-218 suppressed cell proliferation
by reducing VOPP1 expression. First, we silenced VOPP1 expression
using its specific siRNAs (siVOPP1), and the results revealed that it
was significantly suppressed at both the mRNA and protein levels
in HT29 cells (Figure S5A). Then, the siVOPP1-1 was used, and it
significantly attenuated cell growth and induced G1-phase arrest in
HT29 cells (Figures 5A and 5B). Moreover, VOPP1 knockdown
dramatically suppressed the enhanced cell growth induced by anti-
miR-218 (Figure 5C). We next determined whether VOPP1 over-
expression could reverse the suppressive effect of miR-218 in CRC
cells. An expression vector PcDNA-VOPP1, which encoded the
full-length coding sequence of VOPP1, was transfected into HT29
cells (Figure S5B). Intriguingly, reinforced expression of VOPP1
enhanced cell growth (Figure 5D). More importantly, the reinforced
expression of VOPP1 dramatically abrogated miR-218-induced cell
proliferation inhibition (Figure 5E).

VOPP1 has been well established as a key transcriptional regulator of
cell survival and the cell cycle through the activation of the NF-kB
signaling pathway,25,26 and our data validated that VOPP1 knock-
down significantly inactivated the NF-kB signaling pathway,
including the suppression of pathways involved in cell survival
(p65-NF-kB, pAkt, and pERK) and the cell cycle (E2F-1 and TS) (Fig-
ure 5F). Therefore, we questioned whether endogenous NF-kB
pathway activation was affected by ectopic expression of HOTAIR
and miR-218. As expected, the expression of p65-NF-kB, pAkt,
pERK, E2F-1, and TS was significantly decreased after knockdown of
HOTAIR, while they were upregulated by transfection of pHOTAIR,
indicating the positive regulation of HOTAIR on NF-kB signaling
(Figure 5G). On the other hand, the NF-kB signaling pathway was
inactivated by miR-218 overexpression and activated by inhibition
of miR-218 (Figure 5H). This indicated that NF-kB signaling was acti-
vated by HOTAIR through suppressing miR-218 expression in CRC.

HOTAIR Knockdown Partially Reversed 5FUResistance through

the Promotion of miR-218 and the Inactivation of NF-kB/TS

Signaling

We aimed to investigate whether the HOTAIR-miR-218 pathway
participates in the 5FU resistance in CRC. The CRC cell line HT29
that had acquired resistance to 5FU at the clinically relevant concen-
tration of 2 mg/mL (HT29 5FU-R [5FU-resistant] cells) was built and
validated (Figures S6A–S6E). Then, the HOTAIR and miR-218
Molecular Therapy: Nucleic Acids Vol. 8 September 2017 359
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Figure 3. HOTAIR Promoted Cell Viability by Downregulating miR-218 Expression

(A) CCK8 assay showed that siHOTAIR suppressed cell viability (left panel), while pHOTAIR promoted cell survival (right panel) in CRC cells. (B) miR-218 suppressed cell

proliferation, whereas anti-miR-218 promoted cell proliferation in CRC cells. (C) The cell-cycle analysis indicated that HOTAIR knockdown (upper panels) or miR-218

overexpression (lower panels) induced an increase in the percentage of cells in the G1 phase. (D) The representative pictures and statistical analyses of the colony formation

assay of LV-ShHOTAIR-infected CRC cells. (E) The co-transfection assay showed that miR-218 reversed the proliferative effect induced by HOTAIR overexpression (left

panel), while suppression of miR-218 significantly abrogated growth inhibition induced by HOTAIR knockdown (right panel). (F) The immunofluorescence of Ki-67 (stained

sections followed by counterstaining with DAPI) showed that anti-miR-218 partially rescued the siHOTAIR-induced suppression of Ki-67 expression in HT29 cells. Error bars

represent SD. *p < 0.05; **p < 0.01.
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expression were detected, and the results showed that HOTAIR
was upregulated while miR-218 was downregulated in 5FU-R cells
compared to parental cells (Figure 6A). To evaluate their potential
function in 5FU resistance, siHOTAIR-1 was transfected into
HT29 5FU-R cells. The cells became sensitive to 5FU after HOTAIR
360 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
knockdown, with only 60% of viable cells remaining after exposure to
2 mg/mL 5FU for 72 hr, while cells transfected with blank vectors
remained resistant to 5FU, with 91% of viable cells remaining (Fig-
ure 6B). Similarly, miR-218 mimics promoted 5FU-induced cell cyto-
toxicity, compared to negative control duplex (NC) (64% versus 93%,



Figure 4. VOPP1 Was Identified as a Direct Target of miR-218 in CRC Cells

(A) VOPP1 was upregulated in CRC tissues, compared to paired non-cancerous tissues. (B) The Spearman test indicated a significantly negative correlation between VOPP1

and miR-218 expression in 48 CRC tissues. (C) VOPP1 mRNA (lower panel) and protein (upper panel) expression levels were significantly suppressed by miR-218 in CRC

cells. (D) Luciferase activity assay showed that miR-218 dramatically inhibited the firefly luciferase activity of the mutant VOPP1-30 UTR, but not that of the mutant VOPP1-30

UTR, in both HT29 and SW480 cells. (E) VOPP1 mRNA (lower panel) and protein (upper panel) expression were suppressed by siHOTAIR-1, whereas they were upregulated

by pHOTAIR. Error bars represent SD. *p < 0.05; **p < 0.01.
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respectively) (Figure 6C). More importantly, anti-miR-218 partially
abrogated the enhanced susceptibility to 5FU induced by HOTAIR
knockdown (Figure 6D). These results indicate that HOTAIR inhibi-
tion may contribute to the 5FU-induced cytotoxicity through the pro-
motion of miR-218 in CRC cells.

Subsequently, we determined whether the VOPP1/NF-kB pathway
was involved in 5FU resistance. As expected, VOPP1 was upregu-
lated, and the NF-kB pathway was activated in HT29 5FU-R cells,
compared with parental cells (Figure 6E). However, NF-kB
signaling was inactivated after transfection with siHOTAIR-1 or
miR-218 in HT29 5FU-R cells (Figure 6F). VOPP1 knockdown
also inactivated NF-kB signaling in 5FU-R cells (Figure 6G), and
VOPP1 overexpression partially reversed the miR-218-induced
enhanced susceptibility to 5FU in the HT29 5FU-R subline (Fig-
ure 6H). Thus, we revealed that HOTAIR knockdown partially
reversed 5FU resistance through promoting miR-218 and inactivat-
ing NF-kB signaling.
HOTAIR Restrained 5FU-Induced Cytotoxicity on CRC Cells

through the Suppression of miR-218 and the Promotion of TS

After being transfected with pHOTAIR, HT29 cells were incubated
without 5FU or with a concentration gradient of 1, 1.5, 2, 3, and
6 mg/mL 5FU for 72 hr. Then, a dose-effect curve was constructed
based on the viability of cells. The graph demonstrated that
pHOTAIR transfection decreased the 5FU-induced cell cytotoxicity,
compared with the negative vector; however, co-transfection with
miR-218 mimics partially reversed this effect in both HT29 and
SW480 cells (Figures 6I and 6J). Furthermore, the median inhibitory
concentration (IC50) of 5FU on CRC cells was detected, and the
results indicated that the IC50 value of 5FU was 3.2 mg/mL and
2.3 mg/mL in non-transfected HT29 and SW480 cells, respect-
ively. However, the 5FU IC50 values increased to 5.8 mg/mL and
4.8 mg/mL when HOTAIR was overexpressed with pHOTAIR in
HT29 and SW480 cells, respectively, while these values in HT29
cells and SW480 cells co-transfected with HOTAIR and miR-218
were 4.2 mg/mL and 3.7 mg/mL, respectively. More importantly,
Molecular Therapy: Nucleic Acids Vol. 8 September 2017 361
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Figure 5. NF-kB Pathway SignalingWas Activated by

HOTAIR through the Suppression of miR-218

Expression

(A) Knockdown of VOPP1 suppressed the cell viability in

HT29 cells. (B) siVOPP1-1 induced G1-phase arrest in

HT29 cells. (C) siVOPP1-1 dramatically suppressed the

enhanced cell proliferation induced by anti-miR-218 in

HT29 cells. (D and E) Reinforced expression of VOPP1

could enhance cell growth (D) and further abrogate miR-

218-induced cell proliferation inhibition (E) in HT29 cells.

(F) siVOPP1-1 inactivated NF-kB signaling, including the

suppression of pathways involved in cell survival (p65-

NF-kB, pAkt, pERK) and the cell cycle (E2F-1 and TS). (G)

The NF-kB signaling was significantly suppressed by

HOTAIR knockdown, while it was activated by transfection

of pHOTAIR. (H) miR-218 induced the inactivation of

NF-kB signaling, whereas anti-miR218 induced the acti-

vation of the NF-kB signaling pathway. Error bars repre-

sent SD. *p < 0.05; **p < 0.01.
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immunofluorescence and western blot analyses showed that TS pro-
tein was suppressed in HT29 cells after the treatment of 2 mg/mL 5FU
for 72 hr. However, the suppression level of TS was relived when the
cells were transfected with pHOTAIR or anti-miR-218 before 5FU
treatment (Figures 6K and S6F). To conclude, HOTAIR exerts its
chemoresistant role through targeting TS enzyme.

A High HOTAIR Expression Level Is Associated with Poor

Response to First-Line 5FU Treatment in CRC Patients

We attempted to explore the clinical value of HOTAIR in 152 CRC
patients receiving 5FU based treatment. qRT-PCR analysis showed
that the HOTAIR expression level was much higher in CRC tissues
from patients who did not respond to 5FU treatment than those
frompatientswho experienced response to chemotherapy (Figure 7A).
To evaluate the role of HOTAIR in distinguishing between the
responding and non-responding patients, ROC curve analysis was
performed, and these patients were stratified into a low-HOTAIR-
expression group (n = 56) and a high-HOTAIR-expression group
(n = 96), with an established cutoff value (4.01) (Figure S7). The
362 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
area under the curve (AUC) and the diag-
nostic sensitivity and specificity reached 0.716,
81.58%, and 55.26% with the established cutoff
value, respectively. The proportion of patients
not responding to chemotherapy was signifi-
cantly higher in the high-HOTAIR-expression
group than in the low-expression group (Fig-
ure 7B). Clinicopathologic factors were then
analyzed, and the high-HOTAIR-expression
group showed a less differentiated histology,
larger tumor size, and enhanced distant metas-
tasis, compared to the low-HOTAIR-expression
group (Table 1). Additionally, 80 of the 152
patients were successfully exposed to a Kaplan-
Meier survival analysis, and the results indicated
that high HOTAIR expression was associated with poor overall
survival (OS) and recurrence-free survival (RFS) in CRC patients
(Figure 7C). Furthermore, we performed Cox regression univariate/
multivariate analysis to identify whether HOTAIR or any other
clinical parameter was an independent indicator for the OS of CRC
patients who received 5FU-based chemotherapy. The results indicated
that HOTAIR expression level and distant metastasis status main-
tained their significance as independent prognostic factors for OS of
CRC patients receiving 5FU treatment (Table S1).

DISCUSSION
In clinical situations, acquired drug resistance and enhanced metas-
tasis frequently follow chemotherapeutic regimens, leading to treat-
ment failure in tumor patients. Despite the extensive research on
chemoresistance, the detailed mechanism underlying this phe-
nomenon remains unclear. lncRNA HOTAIR has been documented
as playing a role in the epigenetic regulation of gene transcription in
breast cancer9 and, subsequently, in CRC.27 In our present study, we
found that HOTAIR knockdown suppressed cell viability and
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reversed 5FU resistance, while overexpression of HOTAIR promoted
cell viability and 5FU resistance in CRC.Moreover, the pro-resistance
function of HOTAIR was achieved through the epigenetic silence
of miR-218 and the upregulation of VOPP1 expression, and sub-
sequently, the activation of the NF-kB/TS pathway (Figure 7D).
Most importantly, we demonstrated that high HOTAIR expression
was positively associated with poor chemotherapy response in CRC
patients receiving 5FU-based chemotherapy.

HOTAIR is an lncRNA frequently overexpressed in solid tumors and
associated with cancer cell growth and migration.28,29 It is reported
that HOTAIR could promote migration and epithelial-mesenchymal
transition by inhibiting miR-331-3p and miR-7.30,31 On the other
hand, HOTAIR can inhibit IkBa (an inhibitor of NF-kB), which, in
turn, induced HOTAIR expression through the SETDB1/STAT3
signaling pathway.31 In addition, emerging evidence has demon-
strated that HOTAIR is a chemotherapeutic target and promotes
chemoresistance in various malignancies, including gastric cancer,32

bladder cancer,33 and glioblastoma.34 However, the specific role of
this important lncRNA in the drug resistance of CRC is not fully
understood. In this study, we determined that HOTAIR expression
was significantly increased in the HT29 5FU-R cells compared with
the parental cells. Moreover, after knockdown of HOTAIR, the 5FU
resistance was sufficiently reversed with the significantly decreased
proliferation and invasion ability, and increased apoptosis rate; over-
expression of HOTAIR showed opposite regulative effects. These
results indicated that HOTAIR might contribute to the 5FU-induced
chemoresistance in CRC cells.

Previous research has found that HOTAIR negatively regulated the
expression of miRNAs mainly by functioning as a competing endoge-
nous RNA (ceRNA) sponge, such as miR-145 and miR-331-3p in
breast and gastric cancer, respectively.35 In contrast to these studies,
our work identified that HOTAIR could epigenetically suppress
miR-218 expression through EZH2 in CRC cells. Downregulation of
miR-218 is a consequence of the epigenetic silencing of its host genes;
however, the underlying mechanism is unclear. Li et al.,19 Fu et al.,36

and Guan et al.24 found that miR-218 was downregulated due to the
epigenetic silencing of miR-218-2 and its host gene, SLIT3, in pancre-
atic, liver, and thyroid cancer patients, while Yu et al.37 andYang et al.38

demonstrated that the downregulation of miR-218 is induced by the
silencing of miR-218-1 and SLIT2 in prostate cancer and esophageal
cancer. Here, we demonstrated for the first time that HOTAIR acted
as a bridge to recruit EZH2, which subsequently suppressed miR-
Figure 6. HOTAIR Contributes to 5FU Resistance through the Suppression of m

(A) qRT-PCR showed that HOTAIRwas upregulated, whilemiR-218 was downregulated

mimics (C) promoted 5FU-induced cell cytotoxicity in HT29 5FU-R cells. (D) The enhanc

HT29 5FU-R cells. (E) VOPP1 was upregulated, and the NF-kB pathway was activa

dramatically inactivated by transfection with siHOTAIR-1 or miR-218 in HT29 5FU-R c

(H) Ectopic expression of VOPP1 reversed the miR-218-induced enhanced susceptibilit

decreased viable cells, compared to the negative vector; however, co-transfection w

(K) Immunofluorescence analysis showed that 5FU treatment suppressed the expression

the cells were transfected with pHOTAIR or anti-miR-218. Error bars represent SD. *p
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218-2 expression through directly targeting its promoter in CRC.
This regulatory pattern is dramatically different from the traditional
role of lncRNA as an miRNA sponge. Thus, our present study deter-
mined a novel upstream regulatory pattern of miR-218, which might
explain how HOTAIR confers a chemoresistant function in CRC.

Generally, miRNAs negatively regulate their mRNA target in a
sequence-specific binding manner.13 In this study, VOPP1 was iden-
tified as a direct functional target of miR-218 in CRC, which has been
previously reported in gastric cancer39 and glioma.26 VOPP1 was
reported to be involved in the regulation of NF-kB transcription
activity and contribute to apoptosis resistance. Activation of NF-kB
translocation increased cell-cycle progression and downregulated
the transcriptional factor E2F-1,40 which activated the transcription
of multiple enzymes, including TS, the critical target for 5FU treat-
ment.41 This was further reaffirmed in our study. A previous report
demonstrated a close positive correlation between TS and E2F-1
expression in primary CRC tissues.42 Based on these observations,
we hypothesized that HOTAIR and miR-218 can inhibit NF-kB
translocation by inducing cell viability and downregulating TS in
CRC cells. Consistent with our expectations, the expression of
NF-kB-p65, E2F-1, pERK, pAKT, and TS were significantly decreased
after knockdown of HOTAIR, while they were upregulated by trans-
fection of pHOTAIR. Moreover, the NF-kB signaling was inactivated
by miR-218 overexpression and activated by inhibition of miR-218.
Collectively, our results revealed that HOTAIR enhanced CRC carci-
nogenesis through the suppression of miR-218 expression and the
activation of NF-kB signaling.

5FU exerts antitumor activity by inducing a state of thymidylate defi-
ciency and creating imbalances in the nucleotide pool, which leads to
impaired DNA replication, transcription, and repair and subsequent
cell death.43 However, 5FU resistance has been frequently observed. It
is reported that a large proportion of an injected doseof 5FU is degraded
by the extracellular enzyme dihydropyrimidine dehydrogenase,
inducing 5FU resistance.44 Moreover, 5FU is a prodrug that requires
several intracellular enzymatic steps before it is converted to its other
active metabolites, such as fluorodeoxyuridine (FUDR) and fluoro-
deoxyuridine monophosphate (FUDR-MP). FUDR-MP is the primary
active metabolite that inhibits the enzyme TS, a key enzyme in the cre-
ation of the DNA nucleotide thymidine.45 Inhibition of TS prevents
conversion of deoxyuridine monophosphate (dUMP) to deoxythymi-
dine monophosphate (dTMP), which, in turn, impairs DNA synthesis
in the S phase of the cellular replication cycle.3 In addition, thymidine
iR-218 and the Activation of NF-kB/TS Signaling

in HT29 5FU-R cells, compared to parental cells. (B andC) si-HOTAIR (B) or miR-218

ed susceptibility to 5FU induced by siHOTAIR-1 was abrogated by anti-miR-218 in

ted in HT29 5FU-R cells, compared with parental cells. (F) NF-kB signaling was

ells. (G) VOPP1 knockdown also inactivated NF-kB signaling in HT29 5FU-R cells.

y to 5FU in HT29 5FU-R subline. (I and J) HOTAIR transfection was followed by less

ith miR-218 mimics partially reversed this effect in HT29 (I) and SW480 cells (J).

of TS protein in HT29 cells. However, this suppression was significantly relived when

< 0.05; **p < 0.01.



Figure 7. A High HOTAIR Expression Level Is

Associated with Poor Response to First-Line 5FU

Treatment in CRC Patients

(A) qRT-PCR showed that HOTAIR expression was signif-

icantly increased in CRC patients showing response to 5FU

treatment, compared to patients showing no response.

(B) The proportion of patients showing response to 5FU

treatment is significantly lower in the high-HOTAIR-

expressing group than in the low-HOTAIR-expressing

group. (C) Kaplan-Meier survival analysis showed that

patients with high HOTAIR expression were associated

with poor OS and RFS. (D) Proposed model of HOTAIR

function in regulating CRC cell viability and as a promoter to

5FU resistance.
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phosphorylase (TP) is an intracellular enzyme that can reversibly
convert 5FU to FUDR,46 while thymidine kinase (TK) converts
FUDR to FUDR-MP, and orotate phosphoribosyl transferase (OPRT)
may also be required for the activation of 5FU to FUDR-MP.47 It has
been shown that the expression and activity of TP, TK, and OPRT
are critical regulators for 5FU resistance and correlate with the sensi-
tivity of CRC cells to the cytotoxic effects of 5FU.48 Another inherent
mechanism of resistance to 5FU is microsatellite instability (MSI)
or replication error (RER+). It is reported that sporadic mutations in
mismatch repair (MMR) genes (MLH1, MSH2, PMS1, and PMS6)
Molecular Ther
leading to MSI occur in 10%–20% of CRCs.49 In
addition, interference of pathways involved in
5FU-induced apoptosis may also have resulted
in resistance. Currently, the correlation between
lncRNA HOTAIR expression and those enzymes
involved in 5FU resistance is yet to be known. In
this study, we revealed that HOTAIR promoted
TS enzyme expression and restrained 5FU-
induced cell cytotoxicity inCRCcells, while this ef-
fect was reversed when cells were co-transfected
with miR-218 mimics. The IC50 value for 5FU
was dramatically upregulated withHOTAIR over-
expression. These data strongly support the notion
that HOTAIR promoted 5FU resistance through
the suppression of miR-218 and the activation of
the NF-kB/TS pathway.

Finally, we explored the clinical prognostic
and chemotherapeutic significance of HOTAIR
in patients who received standard 5FU-based
treatment.HOTAIRwas reported to act as a prog-
nostic circulating marker and potential therapeu-
tic target in patients with tumor diseases,50 while
its chemotherapeutic value has rarely been
discussed in clinical research. In this study, we
found that high HOTAIR expression was nega-
tively associated with 5FU-based chemotherapy
response and positively associated with shorter
OS and RFS in CRC patients receiving 5FU-based
therapy. This is of considerable therapeutic significance due to the dis-
covery of a HOTAIR inhibition method that may provide a new treat-
ment strategy for improving the chemosensitivity. In the future, a
study with a large cohort of samples based on amulti-center, random-
ized controlled trial is needed to further identify the potential clinical
applications of HOTAIR in CRC patients.

In conclusion, our integrated approach demonstrated, for the first
time, that HOTAIR contributes to CRC tumorigenesis and 5FU resis-
tance through downregulation of miR-218 and activation of NF-kB
apy: Nucleic Acids Vol. 8 September 2017 365
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Table 1. Association of HOTAIR Level andClinicopathologic Factors in CRC

Patients Receiving 5FU-Based Treatment

Total na

na (%) for

p Value
High HOTAIR
expression

Low HOTAIR
expression

Gender

Male 105 64 (42.1) 41 (27.0)
0.469

Female 47 32 (21.1) 15 (9.8)

Age and Year

Median 62 59
0.893

Range 34–85 26–79

Tumor Differentiation

Well 30 13 (8.6) 17 (11.2)

0.006bModerate 71 43 (28.3) 28 (18.4)

Poor 51 40 (26.3) 11 (7.2)

Dukes’ Stages

I and II 67 38 (23.0) 29 (19.1)
0.144

III and IV 85 58 (38.1) 27 (17.8)

Lymph Node Metastasis

Absent 76 45 (29.6) 31 (20.4)
0.313

Present 76 51 (33.6) 25 (16.4)

Distant Metastasis

Absent 116 67 (44.1) 49 (32.2)
0.013b

Present 36 29 (19.1) 7 (4.6)

5FU-Based Chemotherapy

FOLFOXc 87 55 (36.2) 32 (21.0)

0.203FOLFIRId 44 31 (20.4) 13 (8.6)

5FU/LVe 21 10 (6.6) 11 (7.2)

Tumor Size

Small (<3 cm) 106 59 (38.8) 47 (31.0)
0.004b

Large (R3 cm) 46 37 (24.3) 9 (5.9)

aNumber.
bStatistically significant difference.
cFOLFOX, 5FU + oxaliplatin + leucovorin.
dFOLFIRI, 5FU + leucovorin + irinotecan.
e5FU/Lv, 5FU + leucovorin.
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signaling. This lncRNA directly recruits EZH2 and suppresses miR-
218 by binding to its promoter, which provides a mechanistic founda-
tion for the aberrant VOPP1 activation in CRC. This pro-resistant
role of HOTAIR was further validated in an independent set of
CRC patients who received standard 5FU treatment. Thus, HOTAIR
may be a novel prognostic biomarker and therapeutic target in CRC
patients. Suppression of HOTAIR could be a future direction for
enhancing chemosensitivity to 5FU-based chemotherapy regimens.

MATERIALS AND METHODS
Clinical Samples

For clinical parameter analysis, 48 CRC tissues and paired non-
cancerous tissues were collected at the Qilu Hospital of Shandong
366 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
University between 2009 and 2011. For chemo-response study,
152 primary tissues were collected from the patients who received
standard 5FU-based chemotherapy at the Qilu Hospital of Shan-
dong University between 2009 and 2011. All the patients were
pathologically confirmed, and the clinical samples were collected
before chemotherapy was started. Tumor response was confirmed
through computed tomography and evaluated according to
Response Evaluation Criteria in Solid Tumors (RECIST) criteria
as complete response (CR), partial response (PR), stable disease
(SD) and progressive disease (PD). Among those 152 patients
receiving 5FU-based treatment, 76 showed response (CR and
PR), and 76 showed no response (SD and PD). OS was defined
as the duration from inclusion to death of any cause, and RFS
was defined as the duration from inclusion to recurrence of disease
or death of any cause. All patients received a standard follow-up
with computed tomography of the abdomen after surgery. Written
informed consent was obtained from all patients according to the
guidelines approved by the Ethics Committee of the Qilu Hospital
of Shandong University.

Cell Culture

The human CRC cell lines HT29, SW480, and FHC cells were
obtained from the Type Culture Collection of the Chinese Academy
of Sciences in 2014. CRC cell lines were maintained in RPMI 1640
(Thermo Fisher Scientific) containing 10% FBS (fetal bovine serum)
(Sigma-Aldrich), 100 U/mL penicillin, and 100 g/mL streptomycin
(Life Technologies) at 37�C in 5% CO2 and 95% air. Normal colon
FHC cells were grown in DMEM/F12 medium (DMEM/Nutrient
Mixture F-12) with 10% FBS, 10 ng/mL cholera toxin, 5 mg/mL trans-
ferrin, 5 mg/mL insulin, 100 ng/mL hydrocortisone, and an additional
10 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) at 37�C in 5% CO2 and 95% air. The cell lines passed the
DNA profiling test (short tandem repeat [STR]).

Development of 5FU-R CRC Cell Lines

The HT29 5FU-R CRC cells were established as described in the Sup-
plemental Materials and Methods.

RNA Oligoribonucleotides and Cell Transfection

The siRNAs that specifically target human HOTAIR, EZH2, and
VOPP1 (vesicular, overexpressed in cancer, prosurvival protein 1)
mRNAs were designated as siHOTAIR, siEZH2, and siVOPP1,
respectively. The coding sequence of VOPP1 was amplified, cloned
into PCDNA3.1 vector, and then named PcDNA-VOPP1. The
lentivirus vector containing HOTAIR short-hairpin RNA (LV-
ShHOTAIR) was amplified and cloned by GeneChem. The full-length
HOTAIR overexpression plasmid (pHOTAIR) was also purchased
from GeneChem. The NC for both miRNA mimics and siRNA,
as well as the single-standard negative-control RNA for miRNA in-
hibitors (anti-NC), was not homologous to any human genome
sequences. All RNA oligoribonucleotides were purchased from Ribo-
Bio. The sequences are listed in Table S2. The transfection of RNA
oligoribonucleotides and plasmid was performed using Lipofect-
amine 2000 (Invitrogen), as previously described.20
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RNA Extraction, Reverse Transcription, and qRT-PCR

Total RNA was isolated from primary tumors or CRC cell lines
using TRIzol reagent (Invitrogen). For miR-218 quantification, the
cDNA was synthesized from 200 ng extracted total RNA using the
PrimeScript RT Reagent Kit (TaKaRa Bio) and amplified by qRT-
PCR with a SYBR Premix Ex Taq Kit (TaKaRa Bio). U6 was used
for normalization. For lncRNA and mRNA detection, RNA was
reverse-transcribed with a random primer using a TaKaRa Reverse
Transcription Kit and amplified with the SYBR Green Kit (TaKaRa
Bio) on an ABI PRISM 7500 Sequence Detection System (Applied
Biosystems) with the housekeeping gene GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) as internal control. The 2�DDCt method
was used to determine the relative quantification of gene expression
levels. The primer sequences are shown in Table S2.

Cell Viability, Cell-Cycle, and Colony Formation Assays

These assays were performed as described in the Supplemental Mate-
rials and Methods.

Dual-Luciferase Reporter Assays

The luciferase reporter assay was performed as described in the Sup-
plemental Materials and Methods.

RIP and ChIP

RIP was performed using the Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore). The RNAs were immunopre-
cipitated using anti-EZH2 (Cell Signaling Technology) antibody.
Final analysis was performed using qRT-PCR and shown as fold
enrichment of HOTAIR. The RIP RNA fraction Ct value was normal-
ized to the input RNA fraction Ct value. ChIP was performed
using the EZ ChIP Chromatin Immunoprecipitation Kit (Millipore),
according to the manufacturer’s protocol. Briefly, cross-linked chro-
matin was sonicated into 200-1,000-bp fragments. The chromatin was
immunoprecipitated by using anti-EZH2 (Cell Signaling Technology)
and anti-H3K27me3 (Millipore) antibodies. qRT-PCRwas conducted
to detect the relative enrichment of the miR-218-2 promoter. Primers
are listed in Table S2.

Immunofluorescence Analysis

HT29 cells were grown to 40% to 50% confluence and then trans-
fected with 100 nM of si-HOTAIR or anti-miR-218. After 48 hr of
incubation, the cells were fixed with 4% paraformaldehyde and per-
meabilized in 0.2% Triton X-100 (Sigma-Aldrich) for 20 min. The
cells were then blocked with 10% goat serum in PBS for 1 hr. Cells
were incubated with primary anti-Ki-67 (Santa Cruz Biotechnology)
or anti-thymidylate synthase (TS; Abcam) overnight at 4�C and then
incubated with the appropriate rhodamine-conjugated secondary
antibody for 1 hr. The cells were then washed and incubated with
DAPI (Invitrogen) for nuclear staining. The slides were visualized
for immunofluorescence with a laser-scanning Olympus microscope.

Antibodies and Western Blot

A total of 25 mg protein from each sample was separated on 10%
Bis-Tris polyacrylamide gel through electrophoresis and then
blotted onto PVDF (polyvinylidene fluoride) membranes (Milli-
pore). Blots were immunostained with primary antibodies,
including rabbit anti-EZH2 (Cell Signaling Technology), anti-
VOPP1 (Santa Cruz), anti-Ki-67 (Santa Cruz), anti-p65-NF-kB
(Cell Signaling Technology), anti-E2F-1 (Cell Signaling Technol-
ogy), anti-pAKT (Phospho-Thr308; Cell Signaling Technology),
anti-pERK (Phospho-Thr980; Cell Signaling Technology), anti-TS
(Abcam), and anti-b-actin (Cell Signaling Technology) at 4�C over-
night and with secondary antibody at room temperature for 1 hr.
Immunoblots were visualized using Immobilon Western Chemilu-
minescent HRP Substrate (Millipore). b-actin was used as the in-
ternal control.

Statistical Analysis

For CRC versus normal cell lines and CRC tissue versus adjacent
non-tumor tissue, differences in mean expression were determined
using Student’s t test. The survival curves of CRC patients were
estimated via the Kaplan-Meier method, and the difference in sur-
vival curves was estimated using log-rank testing. Receiver oper-
ating characteristic (ROC) curves were established to evaluate the
potential value of HOTAIR in discriminating responding patients
from non-responding patients. The correlation analysis was evalu-
ated using the Spearman test. The results were considered statisti-
cally significant at p < 0.05. Error bars in figures represent SD.
Statistical analyses were performed with GraphPad Prism (v5.01)
software.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Materials and
Methods, seven figures, and two tables and can be found with this
article online at http://dx.doi.org/10.1016/j.omtn.2017.07.007.
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