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Background: NSCLC (non-small-cell lung cancer) is the leading cause of cancer-related mortality worldwide. Both
epigenetic and genetic changes contribute to the initiation, development and metastasis of NSCLC. Recently,
accumulating data have begun to support the notion that long noncoding RNAs (lncRNAs) function as new crucial
regulators of diversebiological processes, includingproliferation, apoptosis andmetastasis, andplaycrucial roles in
tumorigenesis. Nevertheless, further study is warranted to comprehensively determine lncRNAs' functions and
potential mechanism.
Methods: In this study, we performed a comprehensive analysis of the lncRNA expression profile of NSCLC using
data from TCGA and Gene Expression Omnibus (GEO). PCAT6 expression level in a cohort of 60 pairs of NSCLC tis-
sues using quantitative real-time PCR (qRT-PCR). Additionally, Loss-of-function assays and gain-of-function assays
were used to assess the role of PCAT6 in promoting NSCLC progression. Tumor formation assay in a nude mouse
model was performed to verity the role of PCAT6 in NSCLC in vivo. Meanwhile, RIP, ChIP, resue experiment and
western blot assays were used to highlights the potential molecular mechanism of PCAT6 in NSCLC.
Findings:We identified that an oncogene, PCAT6, was upregulated in NSCLC, and this upregulation was verified in
a cohort of 60 pairs of NSCLC tissues. Additionally, the expression level of PCAT6 was correlated with tumor size
(P = .036), lymph node metastasis (P = .029) and TNM stage (P = .038). Loss-of-function and gain-of-function
assays were used to assess the role of PCAT6 in promoting NSCLC progression. The results revealed that PCAT6
knockdown mitigated NSCLC cell growth by inducing G1-phase cell cycle arrest and apoptosis in vitro and
in vivo. Whereas, PCAT6 overexpression could promoted tumor cell growth. Meanwhile, PCAT6 additionally pro-
moted NSCLC cell migration and invasion. Furthermore, mechanistic investigation demonstrated that the onco-
genic activity of PCAT6 is partially attributable to its repression of LATS2 via association with the epigenetic
repressor EZH2 (Enhancer of zeste homolog 2). Overall, our study highlights the essential role of PCAT6 in
NSCLC, suggesting that PCAT6 might be a potent therapeutic target for patients with NSCLC.
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1. Introduction

Lung cancer remains the leading cause of cancer-related death in
men and women, despite improvements in the present standard thera-
peutics, including cancer surgeries, radiotherapy, and anti-cancer drugs
[1]. Lung cancer consists of two principal types: small-cell lung carci-
noma and non-small-cell lung carcinoma (NSCLC). NSCLC, accounting
for 85% of all cases, is themost prevalent histological type of lung cancer
and can be further categorized into two common subtypes, adenocarci-
noma (LUAD) and squamous cell carcinoma (LUSC) [2,3].With of 5-year
overall survival as low as 15% [4], lung cancer continues to be a crucial
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Evidence before this study

Lung cancer is the leading cause of cancer-related mortality
worldwide. Recently, accumulating data have begun to support
the notion that long noncoding RNAs (lncRNAs) function as new
crucial regulators of diversebiological processes, includingprolifer-
ation, apoptosis and metastasis, and play crucial roles in
tumorigenesis.Nevertheless, further study iswarranted to compre-
hensively determine lncRNAs' functions and potential mechanism.

Added value of this study

We identified that an oncogene, PCAT6, was upregulated in
NSCLC through a comprehensive analysis of the lncRNA expres-
sion profile of NSCLC using data from TCGA and Gene Expression
Omnibus (GEO).Clinically, the expression level of PCAT6wascor-
related with tumor size, lymph node metastasis and TNM stage.
PCAT6 could impact NSCLC cell growth by inducing G1-phase
cell cycle arrest and apoptosis in vitro and in vivo. Meanwhile,
PCAT6 additionally promoted NSCLC cell migration and invasion.
Furthermore, mechanistic investigation demonstrated that the on-
cogenic activity of PCAT6 is partially attributable to its repression
of LATS2 via association with the epigenetic repressor EZH2.

Implication of all the available evidence

Both PCAT6 and LATS2 paly crucial roles in the development of
NSCLC. Our study provides new insight into the novel mechanism
of PCAT6-mediated NSCLC via epigenetically suppressing LATS2,
suggesting that PCAT6might be a potent therapeutic target for pa-
tients with NSCLC.
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public health problem throughout the world. One reason for this low
survival rate is caused by uncontrolled proliferation and metastatic po-
tential of NSCLC cells [5]. Therefore, better understanding of novel
mechanisms governing NSCLC cell growth and metastasis is essential
for developing early diagnostic strategies, as well as individualized
therapy.

In the past several decades, various important oncogenes or tumor
suppressors have been identified as involved in the pathogenesis of
human tumors. Due to the rapid development of high-throughput
sequencing-based gene expression profiling technologies and bioinfor-
matics, researchers focused on the role of long non-coding RNAs
(lncRNAs) [6]. Long noncoding RNAs (lncRNAs) are functional noncod-
ing RNA molecules N200 nt in length [7]. LncRNAs are transcribed
throughout eukaryotic genomes and can be categorized as genic (ex-
onic, intronic, overlapping) or intergenic lncRNAs based on their loca-
tion with respect to the nearest protein-coding transcripts [8]. Based
on the emerging literature, lncRNAs play important roles in various cel-
lular processes, such as X chromosome imprinting, muscle cell differen-
tiation, cell autophagy, migration and invasion [9–11]. More
importantly, large-scale RNA sequencing in cancer or normal tissues
demonstrated that several lncRNAs are dysregulated in tumor tissues
compared with normal tissues [12], implying that lncRNAs might func-
tion as potential onco- or tumor-suppressor RNAs in human cancer pro-
gression. Furthermore, subsequent studies suggest that lncRNAs
regulated gene expression at both post-transcriptional and transcrip-
tional level [13]. For instance, HOTAIR is significantly overexpressed in
several cancers and functions as an oncogene by modifying chromatin
structure as a modular scaffold for histone modification complexes in
multiple tissues [14–17]. HULC is the first lncRNAwithmarkedly higher
expression in HCC and acts as an endogenous ‘sponge’ to promote HCC
metastasis [18]. In NSCLC, lncRNAs plays several roles, and their molec-
ular regulatory mechanisms were uncovered in our previous studies.
We observed that linc00673 was upregulated in NSCLC and that
linc00673 bind with LSD1 resulting in inhibiting NCALD expression
and promoting cell proliferation [19]. In addition to linc00673, lncRNA
AGAP2-AS1 was significantly overexpression in NSCLC tissues and cor-
related with poor prognostic outcomes in patients. It might bind to
LSD1 and EZH2 resulting in reducing the expression level of KLF2 and
LATS2 lead to NSCLC development and progression [20]. In this regard,
identifying NSCLC-related lncRNAs the associated molecular mecha-
nisms are necessary for understanding progression and establishing
better treatment of NSCLC.

Thus, in the current study, we screened for the novel candidate
lncRNAs responsible for the progression of NSCLC. Based on TCGA
LUAD data, TCGA LUSC data and two gene profiling datasets from
GEO, we determine lncRNAs profiles in NSCLC through genome-wide
analyses. We identified that PCAT6 was upregulated in all four datasets
and the expression level of PCAT6 was associated with poor prognosis.
Moreover, we further focus on the functional roles and potential molec-
ular mechanism of PCAT6 in NSCLC cell lines.

2. Materials and methods

2.1. Gene expression datasets

The RNA sequencing data of paired normal tissue samples and TCGA
lung tumor tissues and the corresponding clinical data were
downloaded from http://ibl.mdanderson.org/tanric/_design/basic/
download.html. Another two public lung RNA sequencing and microar-
ray datasets (GSE19188, GSE18842) were downloaded from Gene Ex-
pression Omnibus (GEO). LncRNA expression profiles from GEO
microarray datasets was analyzed using GSE18842 (Affymetrix
Human Genome U133 Plus 2.0 Array) and GSE19188 (Affymetrix
Human Genome U133 Plus 2.0 Array). These microarray data were
preprocessed using R software and packages.

2.2. Tissue collection and ethics statement

Sixty adjacent normal lung tissues and paired NSCLC tissues were
obtained from patients who received primary surgery at the Depart-
ment of Thoracic Surgery in the Second Affiliated Hospital, Nanjing
Medical University, between February 2016 and July 2017. All collected
tissue samples were staged and graded by an experienced pathologist
according to the tumor node metastasis (TNM) classification and
criteria of theWorld Health Organization (WHO). All sampleswere pre-
served in liquid nitrogen and stored at−80 °C, after immersing in RNA
Later stabilization solution (Qiagen, Hilden, Germany). The patients had
not received any local or systemic anticancer treatment before surgical
resection. Our study protocol was approved by the research ethics com-
mittee of the Second Affiliated Hospital, Nanjing Medical University.
Written informed consent was signed by all participants.

2.3. Cell culture and transfection

Seven human NSCLC cell lines were purchased from the Institute of
Biochemistry and Cell Biology of the Chinese Academy of Sciences
(Shanghai, China), including four adenocarcinoma cell lines (A549,
SPC-A1, H1299 and H1975) and three squamous carcinoma cell lines
(H1703, SK-MES-1 and H520). The cells were cultured in a humidified
incubator in a 5% CO2 atmosphere at 37 °C with Dulbecco's modified
Eagle's media (DMEM; GIBCO-BRL, Invitrogen, Carlsbad, CA) or RPMI
Medium 1640 basic media (GIBCO-BRL, Invitrogen, Carlsbad, CA) con-
taining heat-inactivated 10% fetal bovine serum (FBS) and antibiotics
(100 U/ml penicillin and 100 mg/ml streptomycin) (Invitrogen, Carls-
bad). The cells were sub-cultured and used for the following experi-
ments. When cells in the logarithmic growth phase reached 80%
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confluence, transfections were performed using Lipofectamine 2000
(Invitrogen, Carlsbad) according to the manufacturer's instruction.
A549 and SK-MES-1 cells were transfected with 20 μM siRNA
(Invitrogen, Carlsbad) targeting PCAT6. A549 cells were also transfected
with 20 μMsiRNA (Invitrogen, Carlsbad) targeting EZH2 and LATS2. The
siRNA sequences were as follows: PCTA6, si-1#, UGGCCUAGGAACCCGA
ACCUGACCC; si-2#, AAACAUUCCAGGGCACCGAGAGAUG. EZH2, si-1#,
AAGACTCTGAATGCAGTTGCT; si-2#, CGGCUUCCCAAUAACAGUATT; si-
LATS2, CAGGTGGACTCACAATTCCAAATAT; Knockdown of PCAT6, EZH2
and LATS2 was confirmed by qRT-PCR. For the tumor formation assay
in a nudemousemodel, two PCAT6-specific short hairpin (sh) RNA len-
tiviruseswere producedwith the following sequences: sh-PCAT61#, 5′-
CACCGTGGCCTAGGAACCCGAACCTGACCCCG-AAGGGTCAGGTTCGGG
TTCCTAGGCCA-3′; sh-PCAT6 2#, 5′-CA-CCAAACATTCCAGGGCACCGA
GAGATGCGAACATCTCTCGGTGCCCTGGATG-3′.

In order to upregulate the expression level of PCAT6, the full-length
PCAT6 cDNA sequence was synthesized and cloned into pcDNA3.1 vec-
tor (Invitrogen, Shanghai, China). Transfections were performed in
SPCA1 using X-tremeGENE HP DNA transfection reagent (Roche, Basel,
Switzerland), according to the manufacturer's instructions. QRT-PCR
analysis was used to assess for PCAT6 overexpression.

Each experiment was performed in triplicate and repeated at least 3
times.

2.4. RNA isolation and quantitative Reverse Transcription-Polymerase
Chain Reaction (qRT-PCR) analyses

Total RNA was extracted from tissue samples or cells by TRIzol
(Invitrogen, Carlsbad) method. Then, RNA was reversely transcribed to
cDNA by using a reverse transcription kit (TaKaRa, Tokyo, Japan). To
evaluate the expression leve of lncRNA or mRNA, qRT-PCR analyses
were performed using SYBR Premix Ex Taq II (Perfect Real Time;
TaKaRa), according to the manufacturer's instructions. The primers
used were as follows: GAPDH forward 5′-AGAAGGCTGGGGCTCATTTG-
3′ and reverse 5′-AGGGGCCATCCACAGTCTTC-3′; PCAT6 forward 5′-
CCCCTCCTTACTCTTGGACAAC-3′ and reverse 5′-GACCGAATGAGGATGG
AGACAC-3′; LATS2 forward 5′-ACCCCAAAGTTCGGACCTTAT-3′ and re-
verse 5′-CATTTGCCGGTTCACTTCTGC-3′; EZH2 forward 5′-TTGTTGGCG
GAAGCGTG-3′ and reverse 5′-TCCCTAGTCCCGCGCAATGTGC-3.

2.5. MTT assay and colony formation assay

For cell viability assay, the Cell Proliferation Reagent Kit I (MTT;
Roche Applied Science) was used. 200 μl of the treated or untreated
cells suspensions (3000 cells/well) was dispensed in 96-well plates.
We estimated the cell viability every 24 h according to themanufactur-
er's instructions. The spectrophotometric absorbance was measured at
490 nm for each sample. All experiments were performed in quadrupli-
cate and repeated 3 times.

For the colony formation assay, cells were trypsinized and
suspended in medium with 10% FBS 24 h after transfection. The cells
were re-seeded in 6-well plates at a density of 1000 cells/well in tripli-
cate and cultured in a humidified atmosphere containing 5% CO2 at 37
°C. After 14 days, the cell colonies were washed with PBS and fixed
with methanol for 30 min. The colonies were stained with 0.1% crystal
purple (Sigma, St. Louis, MO) for 10 min. Colonies containing 450 cells
were counted, and the mean colony numbers were calculated. Each
treatment group was assessed in triplicate.

2.6. Flow cytometric analysis of apoptosis and cell cycle

The treated or untreated cells were harvested, washedwith PBS and
fixed overnight in 4% formaldehyde at −20 °C. Then, the DNA content
was stained with propidium iodide (PI) using the Cycle TEST TM PLUS
DNA reagent kit (BD Biosciences) in accordance with the
manufacturer's recommendations. The cells were analyzed by FACScan
(BD Biosicences, Franklin Lakes, NJ, USA).

Cell apoptosis was assessed by flow cytometry. According to the
manufacturer's recommendations, double stainingwith fluorescein iso-
thiocyanate (FITC)-Annexin V and propidium iodide was performed
using the FITC Annexin V Apoptosis Detection Kit (BD Biosciences).
The cells were divided into viable cells, dead cells, early apoptotic
cells, and late apoptotic cells. The early or late apoptotic cells were
measured.
2.7. Transwell assay

Cell migration and invasion ability was assessed through transwell
assays, whichwere conducted in 24-well plateswith 8-μm transwell in-
serts (Millipore, USA). For the migration assays, the cells were
trypsinized, and adjusted to 5 × 104/ml cells. 300 μl of serum-free me-
dium cell supernatant and 700 μl of 10% FBS conditioned medium
were then added in the upper and lower chamber, respectively. The
cells that remained on the upper side of the inserts were removed,
while the cells that invaded the lower chamber were fixed with metha-
nol and stained with 0.5% crystal violet, after culturing for 24 h. The
number of invading cells was photographed and calculated by counting
five random views. For the invasion assays, before the addition of the
cells, upper chamber of Transwell chamber was previously coated
with 50 μL of Matrigel (BD Biosciences, San Jose, CA, USA). The cells
were trypsinized, and 1 × 105 cells in 300 μl of serum-free medium
were plated into the upper chamber. To the lower chamber of the 24-
well plates, 10% FBS conditionedmedium (700 μl) was added. After cul-
turing for 24 h, the cells that remained on the upper side of the inserts
were removed, while the cells invading the lower chamber were fixed
with methanol and stained with 0.5% crystal violet. Finally, 5 randomly
selected fields were captured for cell count.
2.8. Xenografts

Tumor formation assay were performed as previously described
[21]. Four-week-old male BALB/c athymic nude mice were maintained
under specific pathogen-free conditions and used for the tumor forma-
tion assay. A549 cells (2 × 107/ml) transfected with an empty vector or
shRNA PCAT6 were cultured in six-well plates for 48 h. The cells were
washed twice with PBS and resuspended in PBS. Then 100 μl of the
cell suspension was inoculated into the right and left flank of each
mouse. The longest and shortest diameters of tumor masses were mea-
sured using calipers every 3 days until 13 days later when the tumors
were removed. Tumor volumes were calculated using the formula,
volume= (length ×width2 × 0.5). At 13 days after injection, the subcu-
taneous growth of each tumorwas examined. All animal allocation, sur-
gery were approved by the Model Animal Research Center of Nanjing
Medical University.
2.9. Western blot analysis

After siRNA or vector transfection, the cells were harvested in a lysis
buffer containing PMSF (Roche), a protease inhibitor cocktail (Roche,
Basel, Switzerland) and a mammalian protein extraction reagent RIPA
(Beyotime China). The BCA method was used to determined the total
protein concentration. Equal amounts of the total protein were sepa-
rated by 10% SDS-PAGE and then transferred to 0.22 mm NC mem-
branes (Sigma-Aldrich). After blocking in 5% non-fat milk, the
membranes were incubated with specific antibodies including LATS2
(1:1000, Cell Signaling Technology, Inc). Lastly, the immunoreactive
protein bands on the membrane were visualized using an ECL Kit
(Pierce, Thermo Fisher Scientific, IL, USA).
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2.10. RNA-binding protein immunoprecipitation (RIP) assay

In order to assess the interaction between EZH2 and PCAT6, the
EZMagna RIP kit (Millipore, Billerica, MA, USA) was used. A549 cells
were lysed and the supernatants were incubated with protein A/G Se-
pharose beads coated with antibodies that recognized EZH2 or with
control IgG (EMD Millipore, Darmstadt, Germany). The antibodies
were conjugated at 4 °C for 6 h. We used wash buffer to wash the
beads and used 0.1% SDS/0.5 mg/ml Proteinase K to digest the proteins
(30min at 55 °C). Then, the purified RNA from the immunoprecipitation
materials was used for further assessed by qPCR analysis.

2.11. Chromatin immunoprecipitation (ChIP) assays

Chromatin immunoprecipitation assays were performed using the
MagnaChIP Kit (Millipore, Bedford, MA) according to the manufactur-
er's instructions. Finally, qPCRwas used to identify and quantify the pre-
cipitated chromatin DNA.

2.12. Statistical analysis

The SPSS 19.0 software (IBM, Chicago, IL, USA) was used for all sta-
tistical analyses and P b .05 considereddifferencewas statistically signif-
icant. All data were expressed as themean ± S.D. Student's t-test (two-
tailed) and the chi-square test analysis were performed to analyze dif-
ferences between groups. Graphpad Prism 5 was introduced for image
editing.

3. Results

3.1. Identification of lncRNAs alterations in NSCLC tissues

To uncover novel oncogenic lncRNAs essential for NSCLC tumorigen-
esis, four bioinformatics datasets (TCGA-LUAD, TCGA-LUSC, GSE19188,
GSE18842) were utilized to analyze differentially expressed lncRNAs
between lung tumors samples and the corresponding non-tumor sam-
ples. Analysis of these datasets showed that the expression of 3095
lncRNAs was dysregulated in the TCGA-LUAD dataset (1593 upregu-
lated and 1502 downregulated); the expression of 4429 lncRNAs was
dysregulated in the TCGA-LUSC dataset (1946 upregulated and 2483
downregulated); the expression of 576 lncRNAs was dysregulated in
the GSE19188 dataset (153 upregulated and 423 downregulated); the
expression of 714 lncRNAs was dysregulated in the GSE18842 dataset
(274 upregulated and 440 downregulated) (Fig. 1a-d and Supplemen-
tary Table 1). Notably, further analyses revealed that 96 lncRNAs were
consistently upregulated or downregulated in all datasets (Fig. 1e and
Supplementary Table 2). Subsequently, we pay close attention to
overexpressed lncRNAs owing to their oncogenic ability.

3.2. PCAT6 upregulated in human NSCLC tissues

To validate these findings, we selected PCAT6 which was upregu-
lated in four datasets and correlated with a poor OS, for further investi-
gation (Fig. 2a and f).We first analyzed the expression level of PCAT6 in
60 patients with NSCLC tissues and paired normal tissues. The results
showed that comparedwith adjacent normal tissues, PCAT6was signif-
icantly upregulated in clinical NSCLC tissues (Student's t-test, P b .05;
Fig. 2b). To further evaluate the relationship between PCAT6 expression
and clinicopathological traits (i.e., lymphatic metastasis, maximum di-
ameter or TNM stage), we divided these patients into two groups (low
and high) according to the median value. We determined that PCAT6
expression is associated with tumor size (Chi-square test, P = .036),
lymph node metastasis (Chi-square test, P = .029) and TNM stage
(Chi-square test, P = .038) (Fig. 2c, d, e and Table.1). However, there
was no significant correlation between PCAT6 expression and other
clinical characteristics, such as age, gender, differentiation and smoking
history (Chi-square test, P N .05; Table 1). Taken together, these date in-
dicated that PCAT6 might play a crucial role in NSCLC progression.

3.3. PCAT6 promotes NSCLC cell proliferation in vitro

Next, we determined the expression level of PCAT6 in 7 NSCLC cell
lines including both squamous carcinoma and adenocarcinoma via
qRT-PCR. The result showed that PCAT6 expression was higher in 7
NSCLC cell lines than in HBE (human bronchial epithelial cells)
(Fig. 3a). Among them, the expression level of PCAT6 in A549 cell was
the highest. With the purpose of manipulating the PCAT6 level in
NSCLC cells, we performed loss-of-function study using two discrete
chemically synthesized siRNA in A549 (adenocarcinoma cell line) and
SK-MES-1 (squamous carcinoma cell line). After 24 h of transfection,
compared to the respective control cells, 70% downregulation was con-
firmed for the siRNAs targeting PCAT6 by qRT-PCR (Fig. 3b). Simulta-
neously, in order to copy the development process of NSCLC, we
performed gain-of-function study in SPCA1 via pcDNA3.1-PCAT6 trans-
fection (Fig. 3e).

Because lncRNAs was involved in a spectrum of biological processes,
we investigated the impact of PCAT6 in NSCLC cell lines. An MTT assay
demonstrated that PCAT6 knockdown inhibits the proliferation rate of
A549 and SK-MES-1 (Fig. 3c). Meanwhile, a colony formation assay
was performed to evaluate the role of PCAT6 in long-term survival. As
shown in Fig. 3d, downregulation of PCAT6 significantly attenuated
the colony-forming ability of the population. What's more, overexpres-
sion PCAT6 could promote cell growth and protect the colony-forming
ability (Fig. 3f and g).

These observations made with siRNA and overexpression plasmid
indicated that PCAT6 might be an important factor that contribute to
NSCLC progression.

3.4. Knockdown of PCAT6 causes G1 arrest and promotes apoptosis

Several lines of evidence show that apoptosis and growth arrest are
major mechanism resulted in controlled cell death. To further deter-
mine whether the effect of PCAT6 on NSCLC cell proliferation is the re-
sult of PCAT6-mediated changes in cell cycle progression, FACS
technology was applied. As presented in Fig. 3h, PCAT6 knockdown de-
creased the percentage of cells in the S phase and increased the percent-
age of cells in the G0/G1 phase compared with control cells.
Additionally, we identify the influence of PCAT6 on apoptosis by
performing flow cytometric analysis. The result showed that NSCLC
cells treatedwith siRNA PCAT6–1#or siRNAPCAT6–2#exhibited signif-
icant apoptosis compared with control groups in A549 and SK-MES-1
(Fig. 4a).

Accordingly, we proposed that low PCAT6 expression is both impor-
tant and necessary for apoptosis and normal growth arrest in the NSCLC
cell lines.

3.5. PCAT6 knockdown induces suppression of migration and invasion in
NSCLC cells

To explore the functional effect of PCAT6 in NSCLCmigration and in-
vasion, in vitro transwell assays were performed in A549 and SK-MES-1
cells 24 h after transfection. Silencing of PCAT6 strongly inhibited their
capability of migration, compared to that in the control cells (Fig. 4b
and c). Simultaneously, a transwell assaywithMatrigel revealed that in-
vasion ability was significantly reduced by downregulation of PCAT6
(Fig. 4b and c). This observation supported by the results of the clinico-
pathological parameter analysis.

3.6. Knockdown of PCAT6 inhibits NSCLC tumorigenesis in vivo

Having examined the biological effect of PCAT6 in vitro, we addition-
ally provide in vivo evidence for the oncogenic role of PCAT6 in NSCLC



Fig. 1. The expression profiles of lncRNAs in NSCLC tissues and normal tissues. (a) Heatmap of the differentially expressed lncRNAs expression in LUAD or LUSC and normal tissue samples
was analyzedusing the TCGAdatasets. (b and c)Heatmap of thedysregulated lncRNAs inNSCLCwas analyzedusing theGSE19188, GSE18842datasets. (d)Heatmap of the altered lncRNAs
profiling (consistently altered at least two datasets, fold change) in TCGA-LUAD, TCGA-LUSC, GSE19188, GSE18842 datasets. (e) Venn diagram of altered lncRNAs in TCGA-LUAD, TCGA-
LUSC, GSE19188, GSE18842 datasets.
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by injecting control cells and PCAT6 knockdown cells into nude mice.
The control, shRNA PCAT6 1# or shRNA PCAT6 2# A549 cells were inoc-
ulated subcutaneously intomale nudemice. Tumor volumesweremea-
sured every three days after injection, and the tumors were removed
from all animals 13 days after injection. Compared with the control
group, the PCAT6-depleted group showed dramatically decreased
tumor growth (Fig. 5a, b and c). Tumor weight of the PCAT6-depleted
group was significantly lower than that of the control group (Fig. 5d).
Moreover, quantitative RT-PCR analysis demonstrated that the expres-
sion level of PCAT6 in the tumors after shRNA PCAT6 transfection
were lower than that after shRNA transfection (Fig. 5e). In addition,
the HE staining showed typical characteristics of tumor cells, and the
Ki-67 staining was performed to verify these results (Fig. 5f). Collec-
tively, these results indicated that downregulation of PCAT6 suppresses
tumor progression in vivo.

3.7. PCAT6 silences LATS2 transcription by binding with H3K27 methyl-
transferase EZH2

To identify the functional processes that were affected by PCAT6-
mediated transcriptional regulation, GO analysis was performed. We
determined that cell-cell adhesion was involved in the affected func-
tional processes in LUAD and cell proliferation in LUSC (Fig. 6b), which
was consistent with our data. Then, to investigate the mechanism of
PCAT6 in NSCLC cell proliferation and metastasis, we analyzed the co-
expression patterns of PCAT6 (Fig. 6c). Using qRT-PCR, we confirmed
representative genes (Supplementary Fig. 1a) which were identified
as tumor suppressor genes in A549 and SK-MES-1. Our results deter-
mined that LATS2 was the most upregulation in response to PCAT6
downregulation (Supplementary Fig. 1a), which was consistent with
the data of LUAD and LUSC (Fig. 6d). Therefore, we hypothesized that
PCAT6might impact NSCLC cell proliferation andmetastasis by regulat-
ing LATS2.

To test this hypothesis, we first investigated whether PCAT6 knock-
down affected the expression level of LATS2. As presented in Fig. 7a and
b, the expression level of LATS2 protein and mRNA was upregulated
after PCAT6 reduction in A549 and SK-MES-1 cells. Furthermore, we
measured PCAT6 expression in nuclear and cytosolic fractions from
A549 and SK-MES-1 cells. As shown in Fig. 7c and Supplementary
Fig. 1b, PCAT6 was mainly localized in the nucleus. Multiple studies
have suggested that lncRNAs regulate gene expression at transcriptional
level through RNA-binding proteins, such as EZH2, SUZ12, STAU1, and
LSD1 [16,22,23]. An RNA-RIP assay was performed to further evaluate
whether PCAT6 inhibits LATS2 expression at transcriptional level
through a similar mechanism. The result demonstrated that PCAT6
RNA could be pulled down by EZH2 antibody in A549 (Fig. 7d). In our
previous study, qRT-PCR results demonstrated that the inhibition of
EZH2 expression led to increased LATS2 expression, and chromatin im-
munoprecipitation analysis indicated that EZH2 could directly bind to
the LATS2 promoter region and mediate H3K27 trimethylation



Fig. 2. Higher PCAT6 expression levels in NSCLC and its clinical significance. (a) The PCAT6 expression levels in NSCLC tissues compared with normal tissues in TCGA-LUAD, TCGA-LUSC,
GSE19188, GSE18842 datasets. (b) The PCAT6 expression level in 60 NSCLC tissues and corresponding adjacent non-tumor tissues was quantified by Quantitative real-time PCR analysis
and normalized to GAPDH expression. Expression levels were shown as log2-fold change to match non-tumor tissues. Red column represented overexpression and Green column
represented down-regulation. (c, d and e) The relationship between PCAT6 expression and clinicopathological parameters (such as maximum diameter, lymphatic metastasis and
TNM stage) was shown. (f) Kaplan-Meier survival plots demonstrated that higher PCAT6 abundance correlated with a poor OS, using microarray data from 1926 lung cancer patients.
Data are shown as the mean ± SD Based on at least three independent experiments. *P b .05, **P b .01.

182 X. Shi et al. / EBioMedicine 37 (2018) 177–187
modification [20]. Here, the result of qRT-PCR and chromatin immuno-
precipitation analysis was corresponded with our previous study
(Fig. 7e and f). Furthermore, rescue study was conducted. The western
blot indicated that the expression level of LATS2 was downregulated
in pcDNA3.1 PCAT6 group while partially upregulated in pcDNA3.1
PCAT6 + si-EZH2 group (Supplementary Fig. 1c). Importantly, The
MTT and colony formation assays found that the abilities of cell growth
and proliferationwere partially recovered by LATS2 knockdown (Fig. 7g
Table 1
Correlation between PCAT6 expression and clinicopathological parameters of NSCLC.

clinicopathological parameters⁎ N of cases Log2 relative PCAT6
expression

Low High P-valuea⁎

Age(years) 0.861
b65 25 12 13
≥65 35 16 19

Gender 0.809
male 32 15 17
female 28 14 14

Differentiation 0.198
well, moderate 17 9 8
poor 43 15 28

Tumor size (maximum diameter cm) 0.036⁎
b4 cm 27 23 4
≥4 cm 33 20 13

Primary location 0.821
left lung 26 13 13
right lung 34 18 16

Histology type 0.593
adenocarcinoma 35 20 15
squamous carcinoma 25 16 9
Smoking history
smokers 23 14 9 0.051
never smokers 37 13 24

Lymph node metastasis 0.029⁎
positive 31 19 12
negative 29 25 4

TMN stage 0.038⁎
I 21 17 4
II/III 37 19 18

a Chi-square test.
⁎ P b .05.
and h). Based on these observations, we suggested that PCAT6 overex-
pression might decrease LATS2 promoter activity via binding to EZH2
resulted in H3K27 trimethylation in the LATS2 promoter region.

4. Discussion

Continuing advances in transcriptomics indicate that the study of
epigenetic regulation of lncRNAs in cancer is emerging as a potential re-
search field. In 2010, Tsai MC et al. determined that lincRNA HOTAIR
could modify the chromatin structure as a modular scaffold for histone
modification complexes and regulate HOXD expression in multiple tis-
sues [16]. Subsequently, multiple lines of evidence demonstrate that
lncRNAs lead various chromatin-modifying complexes to specific geno-
mic loci or tumor-cell-specific promoter regions, thereby impacting the
cell cycle, differentiation, apoptosis, DNA repair and cell adhesion [24].
For instance, our previous studies showed that lincRNA 00673 interacts
with the epigenetic repressor LSD1 and represses NCALD expression in
NSCLC [19]. In the present study, we analyzed the expression profile of
lncRNA in NSCLC through bioinformatics and observed that lncRNA
PCAT6 associated with the prognosis of patients without surgery was
upregulation in four bioinformatics datasets (TCGA-LUAD, TCGA-LUSC,
GSE19188, GSE18842). We obtained this result by tissue validation. In
addition, we explored the biological function of PCAT6 via loss-of-
function assays, demonstrating that the knockdown of PCAT6 signifi-
cantly suppressed the proliferation and metastasis of NSCLC cells
in vitro, which was consistent with the result of Li Wan et al. [25].
More recently, Xu et al. reported that PCAT6 was overexpressed in gas-
tric cancer tissues and that PCAT6 impact MKRN3 expression level
through endogenously competition with microRNA-30 [26]. Yet, very
little is known regarding the molecular mechanisms of PCAT6 in
NSCLC carcinogenesis. To this end, we further explored the potential
molecular mechanisms involved and determined that LATS2 was re-
markably upregulated after PCAT6 knockdown, as analyzed using bioin-
formatics and qRT-PCR assays. The RIP and ChIP assay revealed that
PCAT6 could directly bind with EZH2, and EZH2 could directly bind to
the LATS2 promoter region in NSCLC cells. Based on the collective re-
sults presented above,we propose that PCAT6 exerts its oncogenic func-
tion, at least partly, via binding to EZH2 and inhibiting LATS2 expression
in NSCLC tumorigenesis.



Fig. 3.The effects of PCAT6onNSCLC cell viability in vitro. (a) qRT-PCRanalysiswas performed to identify the expression level of PCAT6 in7NSCLC cell lines andhuman bronchial epithelial
cell (HBE). The expression levels are normalized to HBEs. (b) The PCAT6 expression level in A549 and SK-MES-1 transfect with two discrete chemically synthesized siRNAs. (c)MTT assays
were used to measure the growth curve of si-PCAT6–transfected A549 and SK-MES-1 cells. Values indicate the mean ± SD from three independent experiments. (d) Colony-forming
assays were conducted to determine the proliferation of si-PCAT6-transfected A549 and SK-MES-1 cells. (e) The PCAT6 expression level in SPCA1 transfected with pcDNA3.1 PCAT6
and empty vector. (f) MTT assays were used to measure the growth curve of pcDNA3.1 PCAT6 and empty vector transfected in SPCA1. (g) Colony-forming assays were conducted to
determine the proliferation of pcDNA3.1 PCAT6 and empty vector transfected in SPCA1. (h) Flow cytometry assays were performed to analyze the cell cycle progression when NSCLC
cells transfected with PCAT6. * P b .05, **P b .01. N.S., not significant.
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Generally, the term “epigenetic regulation” refers to changes that af-
fect gene regulation, including histone modifications and DNA modifi-
cations [27]. Multiple evidence suggested that epigenetic regulation
plays a key regulatory role in normal development, and epigenetic im-
balance is possibly the beginning of tumorigenesis in patients with
NSCLC. Histone modifications, as vital factors in transcriptional
activation and repression, play important roles in initial tumor forma-
tion and progression. It has been revealed that polycomb repressive
complex 2 (PRC2) is an essential histone methyltransferase, and the
molecular function of PRC2 is responsible for establishing the
H3K27me3 mark on specific genes, which promotes transcriptional re-
pression of these genes [28–31]. As a core catalytic subunit of PRC2,



Fig. 4. The effects of PCAT6 on NSCLC cell apoptosis, cell migration and invasion in vitro. (a) The apoptosis of A549 and SK-MES-1S were analyzed by flow cytometry. LR, early apoptotic
cells. UR, terminal apoptotic cells. (b and c) Transwell assays were used to determine the invasive ability of si-PCAT6 1#, si-PCAT6 2# or si-NC transfected A549 and SK-MES-1 cells. The
cells on the lower chamber were stained and presented. Data represent the mean ± S.D. from three independent experiments. Scale bar represents 100 μm. *P b .05, **P b .01.
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Enhancer of zeste homolog 2 (EZH2) is believed to be a key player in
tumor progression inmultiple cancer types, and EZH2upregulation cor-
relates with poor prognosis [32–34]. Carmen Behrens et al. determined
the clinical relevance of EZH2 protein expression in a large series of sur-
gically resected NSCLCs [32]. They observed that high expression of
EZH2 predicts aggressive tumor behavior, and EZH2 serves as a prog-
nostic marker in patients with surgically resected lung adenocarci-
nomas, when combined with TTF-1 expression. Moreover, Christine
M. Fillmore and colleagues demonstrated that EZH2 suppression. May
boost the sensitivity of two NSCLC subsets (EGFR mutant or BRG1 mu-
tant) to etoposide [32]. Consequently, accumulated data have begun
to advance the idea that EZH2 is a potential novel therapeutic target,
and anti-EZH2 therapies are urgent and currently under development.
The LATS gene family, originally isolated from Drosophila, encodes
serine/threonine-protein kinases [35,36]. The LATS1 and LATS2 kinases,
two of the core members of the LATS gene family, have become the
focus of intense research interest in recent years. Multiple lines of evi-
dence demonstrate that they emerged as central regulators of cell fate
and play an important role in maintaining cellular homeostasis
[37,38]. Importantly, LATS1 and LATS2 are involved in various human
malignant tumors by modulating the functions of multiple oncogenic
or tumor suppressive effector. For instance, a low expression level of
LATS1 and LATS2 is correlated with cell migration via altering p53 func-
tion in breast cancer [39]. Moreover, it has been reported that LATS1
could decrease YAP expression and contribute to better prognosis in
NSCLC [40]. Given the critical roles of LATS2 in several important life-



Fig. 5. The effects on tumor growth after PCAT6 downregulation in vivo. (a, b and c) The tumor growth curves were measured 4 days after the injection after injection of A549 cells stably
transfected with shRNA PCAT6 1#, shRNA PCAT6 2# or empty vector and tumor volume was calculated once every 3 or 4 days. (d) Tumor weight when the tumors were harvested.
(e) qRT-PCR analysis of PCAT6 expression level in tumor tissues formed from shRNA PCAT6 1#, shRNA PCAT6 2# or empty vector transfected A549 cells. (e) Representative images of
HE staining and Ki-67 immunohistochemistry of the tumor. Up, H & E staining, Scale bar represents 50 μm; Down, immunostaining, Scale bar represents 20 μm. The data represent the
mean ± S.D. from three independent experiments. *P b .05, **P b .01.
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sustaining processes, we have explored its biological activities in NSCLC
cell lines. Consistently, our results revealed that LATS2 overexpression
inhibited NSCLC cell growth and induced apoptosis [20]. Therefore,
the elucidation of regulatory mechanisms upstream of LATS2 is
Fig. 6. PCAT6 co-expressed genes and downstream targets in NSCLC. (a) The co-expression gene
TCGA-LUSC datasets. (c) The interaction network of PCAT6. (d) Analysis of the relationship bet
necessary and essential. Recent studies showed that LATS2 could be
suppressed at both the transcriptional and post-transcriptional levels
[41,42]. In our study, we observed that LATS2 was negatively regulated
by PCAT6. RIP and ChIP assays validated that PCAT6 exerts its oncogenic
s of PCAT6. (b) GO pathway analysis for all genes with altered expressions in TCGA-LUAD,
ween PCAT6 expression and LATS2 mRNA level in TCGA-LUAD and TCGA-LUSC datasets.



Fig. 7. PCAT6 could recruit EZH2 to LATS2 promoter and represses LATS2 transcription. (a and b) The western blot analysis and qRT-PCR assay were conducted to detect the expression
levels of LATS2 protein andmRNA in A549 and SK-MES-1 cells transfected with si-PCAT6 and si-NC. (c) PCAT6 expression levels in different subcellular fractions in A549 in A549 cell line.
(d) RIP with rabbit monoclonal anti-EZH2 and preimmune IgG from A549 cell extracts. RNA levels in immunoprecipitates were detected by qPCR. Expression levels of PCAT6 RNA are
presented as fold enrichment in EZH2 relative to IgG immunoprecipitates. (e) The expression level of LATS2 mRNA in A549 cells transfected with si-EZH2 and si-NC. (f) ChIP–qRT-PCR
of EZH2 occupancy and H3K27me3 binding in the LATS2 promoter in A549 cells transfected with si-PCAT6 and si-NC. (g) MTT assays were used to measure the growth curve of si-NC,
si-PCAT6 and si-PCAT6 + si-LATS2–transfected A549. (h) Colony-forming assays were conducted to determine the proliferation of si-NC, si-PCAT6 and si-PCAT6 + si-LATS2–
transfected A549.The data represent the mean ± S.D. from three independent experiments. *P b .05, **P b .01.
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effect via binding EZH2 and inhibiting tumor suppressor LATS2 expres-
sion in NSCLC tumorigenesis.

Taken together, our study establishes an oncogenic role for PCAT6
deregulation in NSCLC. Additionally, we report for the first time that
the oncogenic activity of PCAT6 is attributable to its repression of
LATS2 through association with the epigenetic repressor EZH2. This
study provides a plausible molecular mechanism underlying the dereg-
ulation of cancer-associated lncRNA expression in NSCLC. Nonetheless,
in this study, we only focus on the key downstreammediators and mo-
lecular mechanism of PCAT6. Thus, future upstream mediators and
mechanism of PCAT6 are required to uncover. Only by completely eluci-
dating the molecular mechanisms of misregulated PCAT6 in NSCLC can
we open avenues for utilizing lncRNAs to identify novel diagnostic or
drug targets for NSCLC.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2018.10.004.
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