Molecular Therapy

Nucleic Acids
Original Article

AMERICAN SOCIETY of
w GENE & CELL

el THERAPY

INCBRNA CCAT1 Acts as a MicroRNA-218
Sponge to Increase Gefitinib Resistance
iINn NSCLC by Targeting HOXAT

Xiang Jin,' Xiuhua Liu,! Zhen Zhang,” and Yinghui Guan'

!Department of Respiration, The First Hospital of Jilin University, Changchun 130021, China; 2PICU, The First Hospital of Jilin University, Changchun 130021, China

Long non-coding RNA (IncRNA) colon cancer-associated tran-
script-1 (CCAT1) has been reported to play important roles in
the development and progression of multiple human malig-
nancies. However, the functional role and molecular mecha-
nism of CCAT1 on gefitinib resistance in non-small cell lung
cancer (NSCLC) are largely unclear. The aim of this study is
to explore the roles of CCAT1 on gefitinib resistance in NSCLC
and to explore the underlying mechanisms. The quantitative
real-time PCR (qRT-PCR) analysis was to investigate the
expression pattern of CCAT1 in gefitinib-resistant NSCLC pa-
tient tissues and cell lines, and then the effects of CCAT1 on ge-
fitinib resistance of NSCLC in vitro and in vivo. Furthermore,
bioinformatics online program predictions and luciferase re-
porter assay were used to validate the association of CCAT1
and miR-218 in NSCLC cells. In this study, CCAT1 was
observed to be upregulated in gefitinib-resistant patient tissues
and cell lines. In vitro and in vivo experiments demonstrated
that CCAT1 knockdown impaired cell proliferation and pro-
moted the gefitinib-induced cell apoptosis. Furthermore, we
demonstrated that CCAT1 acts as a sponge for miR-218, and
verified that HOXALI is a novel target of miR-218. These results
suggest that CCAT1 may serve as a promising therapeutic target
for the treatment of epidermal growth factor receptor (EGFR)
plus NSCLC patients.

INTRODUCTION

Lung cancer is the leading cause of cancer-associated mortality world-
wide, of which more than 80% of cases are non-small cell lung cancer
(NSCLC)." Despite the sustained breakthroughs in the clinical diag-
nosis and treatment of lung cancer, mortality rates continue to rise.
Over the last few decades, epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitors (TKIs) have significantly improved
survival of patients with NSCLC.>* However, TKI resistance may be
an obstacle for NSCLC. Therefore, further studies are required to
determine the mechanisms of TKI resistance in NSCLC so that treat-
ment options can be improved and effective treatments selected for
individual patients with NSCLC.

Long non-coding RNA (IncRNA) is a category of endogenous non-

coding RNAs longer than 200 nt, which is a hotspot in current
research.’” Recently, several IncRNAs have been shown to act as
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important regulatory molecules that participate in cellular processes
and drug resistance in several types of cancers, including NSCLC.’
IncRNAs have various functions and complicated regulative mecha-
nisms, and take part in almost all physiological or pathological cyto-
biological characteristics, including apoptosis, cell proliferation, and
chemotherapy resistance.” Recently, IncRNAs have been demon-
strated to function as competing endogenous RNAs (ceRNAs) by
competitively binding common microRNAs (miRNAs).*>* IncRNA
colon cancer-associated transcript-1 (CCAT1), located on chromo-
some 8q24.21, was first identified as an oncogene in colorectal can-
cer.'’ The overexpression of CCAT1 was recently proven to activate
the initiation and progression in a variety of cancers.'' "> However,
the functional role and precise mechanisms of CCAT1 in TKI resis-
tance of NSCLC remain unclear.

RESULTS

CCAT1 Is Significantly Upregulated in Gefitinib-Resistant
NSCLC Cell Lines and NSCLC Patients

To determine the expression levels of CCAT1 in NSCLC, we analyzed
the lung squamous cell carcinoma (LUSC) and the lung adenocarci-
noma (LUAD) dataset from The Cancer Genome Atlas (TCGA) data-
base and found that the level of CCAT1 was significantly higher in 486
LUSC tissues than 338 normal tissues (p < 0.05; Figure 1A). Kaplan-
Meier survival analysis from TCGA datasets suggested that TCGA
expression is significantly associated with worse overall survival (OS)
(log rank test, p = 0.035; Figure 1B); however, TCGA expression is
not significantly associated with disease-free survival (DFS) (log rank
test, p = 0.24; Figure 1C). In addition, we performed the qRT-PCR anal-
ysis to measure the levels of CCAT1 in clinically enrolled NSCLC tissue.

Next, we performed a subcellular fractionation location assay to inves-
tigate CCAT1 location. The results suggested that the cytoplasm loca-
tion for CCAT1 mainly existed in PC9 cells (Figure 1D). Consistent
with the above results, QPCR assay stated that CCAT1 expression
was highly observed in the NSCLC samples compared with the normal
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Table 1. Correlation between CCAT1 Expression and Clinicopathologic
Characteristics of NSCLC Patients

CCAT1

Overall (n = 52) Low (n = 26) High (n = 26) p
Sex
Male 31 17 14 0.572
Age
>60y 28 12 16 0.404
Differentiation
Poor 18 4 14 0.007
Tumor Size
>4 15 3 12 0.013
Lymphatic Metastasis
Positive 12 2 10 0.018
TNM Stage
II + IV 10 1 9 0.011

adjacent lung tissue. Furthermore, we discovered that CCAT1 expres-
sion was upregulated in the NSCLC patients who were diagnosed with
gefitinib resistance (N = 28) compared with those who were sensitive to
the gefitinib chemotherapy (N = 24) (p < 0.001; Figure 1E). We further
examined the different expression levels of CCAT1 in NSCLC cell lines
and found that CCAT1 expression was enhanced in all NSCLC cells
compared with that in 16HBE cells (p < 0.01). Among these NSCLC
cells, the expression of CCAT1 was significantly higher in the gefiti-
nib-resistant cell lines, HCC827GR and PCIGR (p < 0.001; Figure 1F).
The correlations between CCAT1 expression and clinical pathological
characteristics of NSCLC were investigated using univariate and multi-
variate analysis. Lower CCAT1 expression in NSCLC tissues occurred
much more often in patients with more malignant behaviors, including
tumor size, high TNM stage, and poor differentiation (p < 0.05; Table
1), but excluding age, sex, and lymphatic metastasis. Those results pro-
vided initial evidence that CCAT1 might be involved in the genesis and
progression of NSCLC, but not in metastasis. Those results suggested
that CCAT1 might play a role in genesis and gefitinib resistance of
NSCLC, and higher levels of CCAT1 might be predictive of unfavorable
prognosis in NSCLC.

CCAT1 Inhibited the Proliferation Ability and Advanced Cell
Apoptosis of NSCLC In Vitro

To elucidate the mechanism of CCAT1 function, we assessed the ef-
fect of CCAT1 on several biologic properties of NSCLC cells in vitro.
First, plasmid-mediated overexpression was used for exogenously
manipulating the expression of CCAT1 in HCC827 and PC9 cells
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(p < 0.01; Figures 2A and 2B), and we used lentivirus (LV)-anti-
CCAT1-mediated knockdown to interfere with CCAT1 expression
in HCC827GR and PCIGR cells (p < 0.01; Figures 2C and 2D).
Then we examined cellular proliferation by Cell Counting Kit-8
(CCK-8) assays, cell cycle by propidium iodide (PI), and cell
apoptosis by Annexin V-fluorescein isothiocyanate (FITC) and PIL
CCAT1 silencing suppressed the proliferation of HCC827GR and
PCIGR cells in the presence of 1 uM gefitinib (p < 0.01; Figures 3A
and 3B), implying that CCAT1 promotes proliferation in gefitinib-
resistant cells. However, after overexpression of CCAT1, the growth
rates of HCC827 and PC9 cells were significantly increased compared
with the control group (p < 0.01; Figures 3C and 3D).

In the presence of 1 uM gefitinib, silencing of CCAT1 promoted the
gefitinib-induced cell apoptosis of HCC827GR and PCIGR cells (p <
0.01; Figure 3E). However, cell apoptosis assays revealed that
following CCAT1 overexpression, the apoptosis of HCC827 and
PC9 cells in the presence of 1 pM gefitinib was significantly decreased
compared with the control group (p < 0.01; Figure 3F). We proved
that knockdown of CCAT1 caused significant G1 phase cell-cycle ar-
rest of HCC827GR and PCIGR cells in the presence of 1 pM gefitinib
(p <0.01; Figures 4A and 4B). Enhanced CCAT1 expression increased
the S phase percentage and decreased GO/G1 phase percentage of
HCC827 and PC9 cells in the presence of 1 uM gefitinib (p < 0.01; Fig-
ures 4C and 4D). Collectively, these results demonstrated that CCAT1
promotes NSCLC cell growth by enhancing cellular proliferation and
cell-cycle progression, while reducing apoptosis.

Knockdown of CCAT1 Enhances Gefitinib Sensitivity In Vivo

To evaluate the function of CCAT1 in gefitinib resistance in vivo, we
first generated a stable CCAT1 knockdown cell line by transfecting
PCIGR cells with a LV-anti-CCAT]1 vector to downregulate CCAT1
expression. Then we implanted these infected PCIGR cells into
nude mice. LV-si-CCAT1 decreased tumor volumes and weights
compared with the LV-si-NC plus gefitinib group, and there was no
significance of tumor volumes and weights between the LV-si-
CCAT1 group and LV-si-NC group without gefitinib treatment (Fig-
ures 5A and 5B). Consistent with this, LV-si-CCAT1 plus gefitinib
decreased the percentage of proliferating Ki67-positive cells compared
with the LV-si-NC plus gefitinib group (Figure 5C). These findings
suggested that CCAT1 could modulate gefitinib sensitivity in vivo.

CCAT1 Functioned as a Molecular Sponge of miR-218 in NSCLC
Cells

Up to now, accumulating evidence indicated that IncRNAs exerted
the function by interacting with miRNAs. Therefore, we examined

Figure 1. CCAT1 Is Significantly Upregulated in Gefitinib Resistant NSCLC Cell Lines and NSCLC Patients

(A) CCAT1 expression in lung cancer and normal samples from the TCGA RCC dataset. (B) Kaplan-Meier analyses of the correlations between CCAT1 expression and OS of
lung cancer patients from the TCGA RCC dataset. (C) Kaplan-Meier analyses of the correlations between CCAT1 expression and progression-free survival (PFS) of lung
cancer patients from the TCGA RCC dataset. (D) After nuclear and cytosolic separation, RNA expression levels were measured by gRT-PCR. GAPDH was used as a cytosolic
marker, and U6 was used as a nuclear marker. The results suggested that the cytoplasm location for CCAT1 mainly existed in PC9 cells. (E) Relative expression of CCAT1 in
the gefitinib-sensitive group and gefitinib-resistant group in NSCLC patients. (F) Relative expression of CCAT1 in a panel of NSCLC cell lines. All tests were performed at least

three times. Data were expressed as mean + SD. ***p < 0.001; **p < 0.01.
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A B Figure 2. Knockdown and Overexpression of CCAT1
_ Hecs27 N Pee in NSCLC Cells
& 154 E 201 ek (A) Plasmid-mediated CCAT1 overexpression in HCC827
§ 3 cells. (B) Plasmid-mediated CCAT1 overexpression in PC9
. g 157 cls. (G) LV-anti-GCAT1-mediated CCATT knockdown in
'% G HCC827GR cells. (D) LV-anti-CCAT1-mediated CCAT1
g @ 1% knockdown in PCI9GR cells. All tests were performed at
% 54 % s least three times. Data were expressed as mean + SD.
° 2 q 0 < 0.001; **p < 0.01.
“ & & NS
< NSCLC patients. The expression of miR-218
was obviously decreased in gefitinib-resistant
A D cells compared with that in gefitinib-sensitive
- HCC827GR PC9GR cells, indicating the opposite result to CCAT1
E 1.2 < 121 expression. Subsequently, the effect of CCAT1
o S sl on miR-218 expression was also observed in
g E - NSCLC cells. The results manifested that knock-
@ 2 down or overexpression of CCAT1 significantly
5 o 067 affected miR-218 expression (Figures 7A and
E %04- %k 7B). Moreover, we performed antagonist effects
£ 2 02 experiments by cotransfecting HCC827GR and
2 ﬁ 0.04 PCIGR cells with a LV-anti-CCAT1 vector and
& & miR-218 inhibitor. Results revealed that the
@ 6\'00 inhibitory action of the LV-anti-CCAT1 vector

the potential miRNAs associated with CCAT1, and miR-218 was
predicated to be the possible miRNA targeting CCAT1 from

miRTarBase  (http://mirtarbase.mbc.nctu.edu.tw/php/search.php),
microRNA.org (http://www.microrna.org/microrna/microrna/
getMirnaForm.do), TargetScan (http://www.targetscan.org/vert_

71/), and mirDIP (http://ophid.utoronto.ca/mirDIP/). As shown in
Figure 6A, miR-218 harbor the complementary binding sequence of
CCATI. In order to further validate the interaction, CCAT1 sequence
containing the putative or mutated miR-218 binding site was cloned
into the downstream of luciferase reporter gene, generating wild-type
(WT)-CCAT1 or MUT-CCAT]I luciferase reporter plasmids. Then
the effect of miR-218 on WT-CCAT1 or MUT-CCAT]1 luciferase re-
porter systems was determined. The results showed that miR-218
mimic considerably reduced the luciferase activity of the WT-
CCAT1 luciferase reporter vector compared with negative control,
whereas miR-218 mimic did not pose any impact on the luciferase ac-
tivity of MUT-CCAT1-transfected cells (p < 0.01; Figure 6B). In a
further RNA immunoprecipitation (RIP) experiment, CCATI and
miR-218 simultaneously existed in the production precipitated by
anti-AGO2 (p < 0.01; Figure 6C), suggesting that miR-218 is
CCAT1-targeting miRNA. These outcomes indicated that the inter-
action of CCAT1 and miR-218 was realized by the putative binding
site.

We next identified the expression of miR-218 in NSCLC patient tis-
sues and cell lines, and explored its tumor-suppressing effect. As
shown in Figures 6D and 6E, miR-218 showed lower expression in ge-
fitinib-resistant NSCLC patients compared with gefitinib-sensitive

on proliferation could be partially reversed by

the miR-218 inhibitor (Figures 7C and 7D).
Collectively, these data indicate that the CCAT1/miR-218 pathway
contributes to gefitinib resistance in gefitinib-resistant cell lines that
overexpress CCAT1.

CCAT1 Induces the Expression of HOXA1 by Sponging miR-218

The downstream mechanism of the circEIF4G2/miR-218 axis was
further investigated. Following in silico prediction analysis, HOXA1
was identified to be a potential target of miR-218 (Figure 8A). To
examine the association between miR-218 and HOXA1, we per-
formed dual-luciferase reporter assay, and the data suggested that
transfection with miR-218 mimic significantly suppressed the lucif-
erase activity of HOXA1-WT plasmid compared with the negative
control; however, the luciferase activity of HOXA1-MUT plasmid
was not affected (Figure 8B). We examined HOXA1 expression in
NSCLC tissues and cell lines. The results of immunohistochemistry
(IHC) showed that HOXA1 expression in gefitinib-resistant NSCLC
patient tissues was significantly upregulated compared with that in
gefitinib-sensitive NSCLC patient tissues (p < 0.01; Figure 8C). The
expression of HOXA1 was obviously increased in gefitinib-resistant
cells compared with that in gefitinib-sensitive cells (p < 0.01; Fig-
ure 8D). Subsequently, we explored whether CCAT1 regulated
HOZXAT1 expression in NSCLC cells. As expected, CCAT1 knockdown
decreased the mRNA expression of HOXA1 in PCIGR cells, whereas
miR-218 inhibitor could restore this inhibition (p < 0.01; Figure 8E).

DISCUSSION
Lately, increasing evidence has demonstrated that IncRNAs were
generally dysregulated in various cancers and involved in cancer
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A B Figure 3. CCAT1 Inhibited the Proliferation Ability and
1.5+ T 1.5+ e Advanced Cell Apoptosis of NSCLC In Vitro o
3 = Si-CCAT a s ELEEHT - (A) CCK-8 a§say showed that CCAT1 knockdown inhibited
I3 * % % growth rate in HCC827GR cells. (B) CCK-8 assay showed
ha '//>/*/*-’/| 8 1.01 * that CCAT1 knockdown inhibited growth rate in PCIGR
> > cells. (C) CCK-8 assay showed that CCAT1 overexpression
E 0.54 § 0.5- promoted growth rate in HCC827 cells. (D) CCK-8 assay
z : showed that CCAT1 overexpression promoted growth rate
3 3 in PC9 cells. (E) Knockdown of CCAT1 increased the gefi-
0.0 : x p.n x =8 0."0 A p g L tinib-induced cell apoptosis gf HCC827GR and PQQQR
HCC827GR PCIGR cells. (F) CCAT1 overexpression decreased the gefitinib-
induced cell apoptosis of HCC827 and PC9 cells. All tests
were performed at least three times. Data were expressed
as mean = SD. **p < 0.001; **p < 0.01.
(o3 D
151 = ccam *ok %1« ccam ok
g = NC g - NC x function of CCATI1 in gefitinib resistance in
8 1.0 T g 1.0 NSCLC has not been investigated.
z N
T 0.5- S 05 It was reported that CCAT1 increased CDDP
; ././ % resistance in NSCLC cell lines by targeting
o ' . ' . © 5 ‘ ‘ ' SOX4."” In nasopharynx cancer, CCAT1 modu-
0 2 48 72 96 0 24 48 72 96  lates paclitaxel sensitivity via the miR-181a/
HCC827 PC9 CPEB2 axis.”” CCAT1 was also shown to act as
E F an oncogene and promoted chemoresistance in
Wl HCC827GR B HCCs27 docetaxel-resistant LUAD cells.”’ In the present
25- & PCIGR 20- B3 PCY study, we observed that CCAT1 expression was
£ 201 " *h = i o markedly higher in gefitinib-resistant cells and ge-
2 2 fitinib-resistant patient tissues than that in gefiti-
g e g o nib-sensitive cells and gefitinib-sensitive patient
8 104 e tissues. Besides, high expression of CCAT1 indi-
§ - §' 54 cated shorter OS of NSCLC patients, which was
= < verified with Kaplan-Meier analysis and log rank
a CR PR SO OR L LR PP test. To further validate the effect of CCAT1 on
é"\‘oo"'oés'\‘zoo"' "“\‘.\pc’vc,é"&ip(’v & é"&\\oc’é & ef~‘.'°&o°é gefitinib resistance, we performed loss-of-func-
o §°*9 N &o** c’,éso" c.’,\\é\vx tion studies by knocking down CCAT1 in gefiti-
Oé"‘\ é& c,é\ & nib-resistant cells HCC827GR and PCI9GR.

progression, implying that IncRNAs may be a new kind of potential
biomarker for cancers.!* Moreover, recent studies have demon-
strated that IncRNAs could serve as ceRNA by competitive binding
to MREs to regulate gene transcription. Among hundreds of
IncRNAs, CCAT1 is an intriguing target because it plays a role in
cell-cycle regulation and may be involved in tumor development.'
CCAT1 is also a biomarker for identifying colorectal cancer patients
who are likely to benefit from bromodomain and extra-terminal
motif (BET) inhibitors, indicating that CCAT1 could serve as an in-
dicator of drug sensitivity.'® Previous studies have shown that
IncRNA-CCAT1 was upregulated and acted as an oncogenic IncRNA
in several types of human cancers.'” Ma et al.'* showed that CCAT1
promotes gallbladder cancer development via negative modulation of
miRNA-218-5p. Zhang et al.'® also indicated that CCAT1 was upre-
gulated in breast cancer and was associated with OS, as well as pro-
gression-free survival, suggesting that CCAT1 could be a potential
prognostic biomarker for breast cancer progression. However, the
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Meanwhile, we upregulated the CCAT1 expres-

sion in gefitinib-sensitive cells HCC827 and PC9
by establishing CCATI-overexpressing cell lines. Suppression
of CCAT1 significantly reduced cell growth and promoted cell
apoptosis of gefitinib-resistant cells in the presence of 1 uM gefitinib,
compared with negative-control-transfected cells. However, CCAT1
overexpression promoted the gefitinib-induced cell apoptosis and
cell mobility of gefitinib-sensitive cells under gefitinib treatment.

Recently, it has been demonstrated that IncRNA could participate in
post-transcriptional regulation by interfering with the miRNA path-
ways by acting as ceRNAs. These ceRNAs are associated with many
biological processes, and disruption of the balance between IncRNAs
and miRNAs is crucial for tumorigenesis. More importantly, we
further demonstrated that CCAT1 functioned as a ceRNA of miR-
218 in NSCLC cells. To further confirm the underlying molecular
mechanisms involved, we performed the RIP and luciferase assays
and found the direct binding ability of the miR-218 response elements
on the full-length CCAT]1 transcript.
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Many studies have documented that dysregulation of miRNA is
closely associated with tumorigenesis. miRNAs inhibit target protein
translation by interacting with the untranslated region (3" UTR) of
target mRNAs.*” To date, miRNAs have been proved to act as either
tumor suppressors or oncogenes in cancer initiation and develop-
ment of NSCLC.”> Our results showed that miR-218 expression
was also significantly decreased in gefitinib-resistant NSCLC patients
compared with gefitinib-sensitive NSCLC patients. Moreover, repres-
sion of miR-218 could reverse the inhibition of cell proliferation

PC9GR

Figure 4. CCAT1 Increased the S-phase Percentage
and Decreased G0/G1 Phase Percentage of NSCLC
Cells

(A) Knockdown of CCAT1 caused significant G1 phase cell-
cycle arrest of HCC827GR cells in the presence of 1 uM
gefitinib. (B) Knockdown of CCAT1 caused significant G1
phase cell-cycle arrest of PCIGR cells in the presence of
1 uM gefitinib. (C) CCAT1 overexpression increased the
S phase percentage and decreased the GO/G1 phase
percentage of HCC827 cells in the presence of 1 uM gefi-
tinib. (D) CCAT1 overexpression increased the S phase
percentage and decreased the GO/G1 phase percentage of
PC9 cells in the presence of 1 uM gefitinib. All tests were
performed at least three times. Data were expressed as
mean = SD. **p < 0.01.

Ml si-NC
[ si-CCAT1

caused by CCAT1 knockdown. Further analysis
demonstrated that miR-218 can regulate
HOXAL expression by direct targeting with the
3’ UTR of HOXAL. Taken together, our results
suggested that CCAT1 promoted gefitinib resis-
tance of NSCLC by acting as a ceRNA of miR-
218 to regulate HOXA1 expression.

R NC
B CCAT1

*%

In conclusion, our results demonstrated that
CCAT1 promotes gefitinib resistance in NSCLC
via acting as a ceRNA against miR-218, which
further upregulated HOXA1 expression. Our
study discovered a novel mechanism of drug resistance in NSCLC
cells mediated by IncRNA CCAT1, which further suggests that
CCAT1 may be a potential target for esophageal cancer therapy.

&
o

MATERIALS AND METHODS

TCGA Dataset Analysis

The data and the corresponding clinical information of patients
were collected from TCGA database (https://www.cancer.gov/
about-nci/organization/ccg/research/structural-genomics/tcga). We
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Figure 5. Knockdown of CCAT1 Enhances Gefitinib Sensitivity /n Vivo

(A) The tumor volume curve of nude mice was analyzed. (B) The tumor weights of nude mice were measured. (C) LV-si-CCAT1 plus gefitinib decreased the percentage of

proliferating Ki67-positive cells compared with the LV-si-NC plus gefitinib group. **p

<0.01.
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A Figure 6. CCAT1 Functioned as a Molecular Sponge
of miR-218 in NSCLC Cells
CCTA1-Wt 5.....AGUGUCUCAAAUCCAAAGCACAC.... 3> (A) starBase v.2.0 results showing the sequence of
‘ ’ ‘ ’ ’ ‘ l CCAT1 with highly conserved putative miR-218 binding
% 5 sites. (B) miR-218 mimic considerably reduced the lucif-
miR-218 3’ .....UGUACCAAUCUAGUUCGUGUU.....5 erase activity of the WT-CCAT1 luciferase reporter vector
compared with negative control, whereas miR-218
CCTA1-Mut 5 AGUGUCUCAAAUCCAUUCGUGUC 3’ mimic did not pose any impact on the luciferase activity of
MUT-CCAT1-transfected cells. (C) CCAT1 and miR-218
B c simultaneously existed in the production precipitated by
B miR-NC anti-AGO2. (D) Relative expression of miR-218 in the gefi-
B Con BB miR-218 tinib-sensitive group and gefitinib-resistant group in
03 B miR-218 35 i Ak NSCLC patients. (E) Relative expression of miR-218 in a
-§' ’ % panel of NSCLC cell lines. All tests were performed at
g 1.0 f 20 least three times. Data were expressed as mean + SD.
2 0.8 g *p < 0.01.
8 £ 15 P
& 0.6 *ok S
S *k £ 104
=2 0.4 o . . .
g g nor radiotherapy before tissue sampling. The
50'2' g samples were snap-frozen in liquid nitrogen
S o and stored at —80°C prior to RNA extraction.
HCCS827 PC9 HCC827 PC9 HCCS827 PC9 . .
ST m———— o] i This study was approved by the Ethics
Committee of The First Hospital of Jilin
D E University.
5 1.2
® B *ok
] & 1.0
~ £ *% sk Cell Culture
-§ e The NSCLC cell lines (HCC827 and PC9)
£ E 0.6 and human bronchial epithelial cells (16HBE)
5 E 0.4 were obtained from the Cell Culture Center,
§_ fzj 0.2- Chinese Academy of Medical Sciences
= ©
= 2 oo0- (Beijing, China). HCC827GR and PCIGR cells
ézg?' & {\c?' & @(,‘2- were generated by continually exposing to
NE ro?’ Q stepwise increased concentration of gefitinib
over a period of 24 months. Cell lines
& were cultured in DMEM or RPMI 1640
)
§ (Thermo Fisher Scientific) supplemented with

used the edgeR package of R packages to perform the difference
analysis  (http://www.bioconductor.org/packages/release/bioc/html/
edgeR.html) and used the pheatmap package of R packages to
perform the analysis  (https://cran.r-project.org/web/
packages/pheatmap/index.html). Sva R package was used to remove
the batch effect. Genes with adjusted p values <0.05 and absolute
fold changes (FCs) >1.5 were considered differentially expressed
genes. Kaplan-Meier survival curves were drawn to analyze the rela-

cluster

tionships between genes and OS in the survival package. The corre-
sponding statistical analysis and graphics were performed in R soft-
ware (R version 3.3.2).

Clinical Specimens

A total of 52 fresh NSCLC tissues and paired adjacent noncan-
cerous lung tissues were collected after obtaining informed
consent from patients at The First Hospital of Jilin University.
Histological and pathological diagnostics for NSCLC patients
were evaluated based on the Revised International System for
Staging Lung Cancer. Patients received neither chemotherapy

1272 Molecular Therapy: Nucleic Acids Vol. 19 March 2020

10% fetal bovine serum (FBS; HyClone),
penicillin, and streptomycin (Thermo Fisher Scientific) at 37°C
in 5% CO,.

Subcellular Fractionation Location

The separation of the nuclear and cytosolic fractions was performed
using a PARIS Kit (AM1921; Life Technologies) according to the
manufacturer’s instructions.

RNA Isolation and Quantitative Real-Time PCR

RNA extraction and qRT-PCR total RNA were extracted from cells
with TRIzol reagent (Invitrogen, Thermo Fisher Scientific). For
qRT-PCR, RNA was reverse transcribed to cDNA using HiScript II
First-Strand ¢cDNA Synthesis Kit (Vazyme Biotech). Real-time PCR
analyses were performed with SYBR Green (Vazyme Biotech). Results
were normalized to the expression of GAPDH or U6. Primers were
chemically synthesized by SprinGen Biotech.

Cell Transfection
We transfected oligonucleotides and plasmids using Lipofectamine
2000 (Invitrogen) following the manufacturer’s protocol. LV was
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A B Figure 7. CCAT1/miR-218 Pathway Contributes to
5 . 5 Gefitinib Resistance
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used to infect cells in the presence of polybrene. HCC827GR and
PCIGR cells were transfected with LV-anti-CCAT1 or LV-NC, and
HCC827 and PC9 cells were transfected for stable overexpression
of CCAT1 vector or with control vector. Cells were transiently trans-
fected using miRNA mimics or miRNA inhibitors. The efficiency of
knockdown and overexpression was determined by qRT-PCR.

Cell Proliferation Assay

CCK-8 (DOJINDO, Japan) was used for the assay, as previously
described. In brief, cells were plated in 96-well plates at 5.0 x 10%/
well and treated with the indicated concentration of gefitinib and/
or mimics or plasmid for 24 h after transfection. To test the cell pro-
liferation, 10 uL of CCK-8 reagent was added to each well and incu-
bated for 2 h at 37°C. Then the absorption was evaluated by a micro-
plate reader at 450 nm (Tecan, Switzerland).

Flow Cytometric Analysis of Cell Cycle and Apoptosis

For cell-cycle assay, we collected transfected cells and fixed them with
75% cold ethanol at —20°C overnight. Cells were stained with
50 pg/mL PI in a 1 mg/mL RNase solution for 30 min at 4°C. Cell-
cycle distributions were analyzed using a FACS flow cytometer (BD
Biosciences). Apoptosis was conducted with an Annexin V-FITC/PI
Apoptosis Detection Kit or an Annexin V-APC/PI Apoptosis Detec-
tion Kit (KeyGene Biotech) according to the manufacturer’s instruc-
tions. Cell Quest Pro Software (BD Biosciences) was used to analyze
cellular apoptosis.

Xenograft Assay
Five-week-old male BALB/c nude mice were raised in specific path-
ogen-free conditions and manipulated in line with protocols autho-

tion, and the tumors were excised, weighed, and

paraffin embedded. All experimental procedures

took place at the animal center of The First Hos-
pital of Jilin University and were approved by the Institutional Ani-
mal Care and Use Committee.

IHC

For each patient sample, three paraffin sections of 5 um were
prepared, one for hematoxylin and eosin (HE) staining and the
other two for immunohistochemical staining. PBS instead of
primary antibodies was used for negative control, and the breast
cancer tissue was used for positive control. Sections were
dewaxed using xylene, followed by hydration with ethanol solu-
tions and addition of EDTA for antigen retrieval. Later, sections
were blocked with normal goat serum for 30 min to eliminate
non-specific binding. Sections were incubated with anti-human
HOXAL1 polyclonal antibody (1:1,000; Abcam, Cambridge, MA,
USA). Sections were then incubated with biotin-labeled secondary
antibodies for 30 min at room temperature, followed by staining
with diaminobenzidine (DAB). Finally, the sections were counter-
stained with hematoxylin. The result of staining was determined
by two doctors who did not know the clinical condition of
patients. The proportions of positive cells of 0%, 1%-5%, 6%-
25%, 26%-75%, and 76%-100% were assigned with scores of 0,
1, 2, 3, and 4, respectively. Scores of 0-2 were considered as nega-
tive expression, and scores of 3-4 were considered as positive
expression.

Luciferase Reporter Assay

Cells (5 x 10%) were seeded into 96-well plates and co-transfected
with corresponding plasmids and miRNA mimics or inhibitors using
the Lipofectamine 2000 transfection reagent. Luciferase activity was
measured using the dual-luciferase reporter assay system (Promega,
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Figure 8. CCAT1 Induces the Expression of HOXA1 by Sponging miR-218

(A) Bioinformatics analysis revealed the predicted binding sites between HOXA1 and miR-218. (B) Luciferase reporter assay demonstrated miR-218 mimics significantly
decreased the luciferase activity of HOXA1-WT in NSCLC cells. (C) IHC analysis of HOXA1 in the gefitinib-sensitive group in NSCLC patients and the gefitinib-resistant group.
(D) Relative expression of HOXA1 in a panel of NSCLC cell lines. (E) CCAT1 knockdown decreased the mRNA expression of HOXA1 in PCIGR cells, whereas miR-218
inhibitor could restore this inhibition. All tests were performed at least three times. Data were expressed as mean + SD. **p < 0.01.

Madison, W1, USA) after 48 h of incubation according to the manu-  RIP Assay

facturer’s instructions. Independent experiments were performed in ~ RIP assay was performed using an EZ-Magna RiP Kit (Millipore, Bill-
triplicate. Relative luciferase activity was normalized to the Renilla  erica, MA, USA) in accordance with the manufacturer’s instructions.
luciferase internal control. Cells were lysed at 70%-80% confluence in RIP lysis buffer and then
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incubated with magnetic beads conjugated with human anti-Ago2
antibody (Millipore) and normal mouse IgG control (Millipore) in
RIP buffer. The RNAs in the immunoprecipitates were isolated
with TRIzol reagent and analyzed by qRT-PCR.

Western Blot

Protein was extracted by lysing with RIPA buffer (Beyotime,
Shanghai, China), and the concentration was determined using the
BCA assay (Beyotime, Shanghai, China) according to the manufac-
turer’s instructions. A total of 30 pg of protein was subjected to
10% SDS-PAGE and transferred to a 0.22-pm PVDF membrane. Af-
ter being incubated with specific HOXA1 antibodies (Abcam, USA)
on a shaker overnight at 4°C, signals were visualized using the
infrared labeled antibody and scanned with the Dual Color Infra-
red Laser Imaging System (Gene, HK, China) by being normalized
to the inference gene of GAPDH.

Statistical Analysis

SPSS 21.0 software (IBM, Somers, NY, USA) was selected to perform
the statistical analysis. Results are presented expressed as mean + SD
(standard deviation). For the comparison of differences, paired Stu-
dent’s t test was used. The association between CCAT1 expression
and pathological grades was assessed using one-way ANOVA and bi-
nary logistic regression. The OS rate was calculated by the Kaplan-
Meier method. A p value <0.05 means a significant difference.
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