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Long non-coding RNA linc00665 inhibits
CDKN1C expression by binding to EZH2
and affects cisplatin sensitivity of NSCLC cells
Daolu Yang,1,5 Wenyan Feng,1,5 Yu Zhuang,2,5 Junxia Liu,1 Zhenqing Feng,3 Tianwei Xu,1 Wei Wang,2 Yefei Zhu,4

and Zhaoxia Wang1

1Department of Oncology, The Second Affiliated Hospital of Nanjing Medical University, Nanjing 210011, China; 2Department of Thoracic Surgery, The First Affiliated

Hospital of Nanjing Medical University, Nanjing 210029, China; 3Key Laboratory of Antibody Technique of National Health Commission, Nanjing Medical University,

Nanjing 211166, China; 4Laboratory Medicine Center, The Second Affiliated Hospital of Nanjing Medical University, Nanjing 210011, China
Long non-coding RNAs (lncRNAs) can play significant regula-
tory roles in cells that affect the development and acquired drug
resistance of lung cancer. Herein, we report that lncRNA
linc00665 is significantly upregulated in non-small cell lung
cancer (NSCLC) tissues compared with adjacent normal tis-
sues. linc00665 affects the sensitivity of NSCLC cells to the
chemotherapy drug cisplatin (DDP), making it a potential
target for the treatment of NSCLC. Functional experiments
showed that linc00665 enhanced the proliferation and migra-
tion of NSCLC cells in vivo and in vitro, and knocking down
linc00665 could enhance the drug sensitivity of NSCLC cells
to DDP. Further work revealed that linc00665 could recruit
enhancer of zeste homolog 2 (EZH2) to the promoter region
of cyclin-dependent kinase inhibitor 1C (CDKN1C) to inhibit
its transcription and thus carry out its tumorigenic role. In
conclusion, our study elucidated the carcinogenic role of the
linc00665-EZH2-CDKN1C axis in NSCLC tumors and its abil-
ity to influence the sensitivity of these tumors to DDP. These
results suggest that linc00665 may be a potential diagnostic
marker and therapeutic target in NSCLC, and they also provide
a new direction for the development of clinical reversal
methods for acquired drug resistance in patients with NSCLC.
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INTRODUCTION
Lung cancer is one of the most common types of cancer, with both the
highest incidence and mortality rate in the world. Among the
different types of lung cancer, non-small cell lung cancer (NSCLC)
is the most common, accounting for 80%–85% of all lung cancer
cases, with a 5-year survival rate of less than 15%.1 NSCLC includes
lung squamous cell carcinoma (LUSC), lung adenocarcinoma
(LUAD), and large cell lung cancer (LCLC). The first-line treatment
for NSCLC is cisplatin (DDP), a chemotherapy drug that kills cancer
cells by inhibiting their DNA replication process and damaging struc-
tures on their cell membranes. However, long-term DDP treatment
frequently causes serious side effects, including gastrointestinal
effects, fatigue, bone marrow toxicity, and even long-term heart,
kidney, and nervous system problems.2 Increasing the sensitivity of
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tumor cells to DDP would enhance the efficacy and reduce the dura-
tion of medication for patients, thereby reducing potential side effects.
However, developing strategies that increase NSCLC sensitivity to
chemotherapeutic drugs and improve patient treatment and prog-
nosis remains a huge challenge.

Long non-coding RNAs (lncRNAs) are a class of RNAmolecules that
are generally longer than 200 nt but lack protein-coding potential.
They were originally thought to be cloning artifacts or transcriptional
noise.3 In recent years, studies have found that lncRNAs are involved
in a wide range of biological processes, such as regulating the activity
of protein-binding factors,4 directing the localization of chromatin
repair complexes,5 and producing RNAs with a 50 cap structure
through post-transcriptional processing.6 An increasing number of
research reports also indicate that lncRNAs play a key regulatory
role in tumor development,7–10 including in NSCLC.11–13 We previ-
ously reported that the lncRNA SNHG20 promotes the proliferation
and migration of NSCLC cells by interacting with zeste homolog 2
(EZH2) to inhibit the expression of p21, a negative regulator of the
cell cycle.14 Recent studies have also demonstrated a relationship be-
tween the abnormal expression of lncRNAs and drug resistance in
cancer cells.15,16 Our research team found that the lncRNA HOTAIR
can upregulate p21 expression and partially reverse the DDP resis-
tance of the NSCLC cell line A549/DDP.17 The literature has increas-
ingly reported that DDP resistance in NSCLC is affected by lncRNAs.
For example, knockdown of lncRNA MIAT increased the expression
rapy: Nucleic Acids Vol. 23 March 2021 ª 2021 The Authors. 1053
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of miR-184 to inhibit DDP resistance in NSCLC cells,18 lncRNA
Spry4-IT1 reversed DDP resistance in NSCLC cells by inhibiting
the epithelial-mesenchymal transition (EMT) and downregulating
myelin protein zero-like 1 (MPZL-1),19 and lncRNA NORAD/miR-
202-5p regulated DDP resistance of A549/DDP cells by targeting
P-glycoprotein (P-GP).20 These reports revealed that DDP resistance
in NSCLC cells can be affected by the actions of various lncRNAs. The
regulatory mechanisms of these molecules were complex and diverse,
which make them worthy of further study.

One lncRNA of particular interest is linc00665. A previous study
reported that linc00665 acts as a microRNA (miRNA) sponge of
miR-98 and regulates the expression of aldo-keto reductase family 1,
member B10 (AKR1B10) by binding to this miRNA, thus promoting
LUAD progression.21 Another study suggested that linc00665 may
promote gefitinib resistance in NSCLC cell line PC9 through EZH2,
but the mechanism was not fully determined.22 However, no
currently published study has examined whether linc00665 plays a
role in DDP resistance. In this study, we explored whether
linc00665 is involved in the sensitivity of NSCLC to DDP. We
confirmed that linc00665 expression is upregulated in NSCLC tissues
and cells, and that increased linc00665 expression is associated with
poor prognosis in NSCLC patients.

Furthermore, we showed that linc00665 affects the sensitivity of
NSCLC cells to DDP treatment. Our results suggest that linc00665
promotes cell proliferation and migration and inhibits NSCLC sensi-
tivity to DDP by interacting with EZH2 and recruiting it to the pro-
moter region of cyclin-dependent kinase inhibitor 1C (CDKN1C),
which reduces the expression of CDKN1C.

RESULTS
linc00665 is upregulated in NSCLC tissues and is associated

with poor prognosis

First, we analyzed The Cancer Genome Atlas (TCGA) database and
found that linc00665 was highly expressed in both LUAD and LUSC,
which is 6.37- and 4.19-fold higher than normal tissue, respectively
(Figure 1A). We then analyzed linc00665 expression in 60 paired sam-
ples of NSCLC tissues and adjacent non-tumor tissues by qRT-PCR,
and we found that this lncRNA was upregulated in 51 of 60 cancerous
tissues compared with their respective paracancerous tissues (fold
change >1.5; Figure 1B). To examine any potential correlations be-
tween linc00665 expression and the clinical characteristics of NSCLC
patients, we divided the 31 NSCLC patients into two groups according
to the median expression of linc00665 in tumor tissues: the high
linc00665 group (n = 30, linc00665 expression ratio R6.5532) and
low linc00665 group (n = 30, linc00665 expression ratio <6.5532) (Fig-
ure 1C). As shown in Table 1, higher linc00665 levels were associated
with advanced tumor, lymph node, andmetastasis (TNM) stage, lymph
nodemetastasis, and tumor size, but not with age, sex, histological sub-
type, smoking history, or other factors. Kaplan-Meier survival analysis
showed that patients with high linc00665 expression had shorter over-
all survival (OS) and shorter progression-free survival (PFS) than did
patients with low linc00665 expression (Figures 1D and 1E).
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Effect of linc00665 on NSCLC cell proliferation, apoptosis, cell

cycle, and migration

To explore the biological function of linc00665 in NSCLC cells, we
examined the expression levels of linc00665 in a normal bronchial
epithelial cell line (16HBE) and five human NSCLC cell lines
(H1975, A549, PC-9, H1299, and SPC-A1). We found that
linc00665 was highly expressed in all five lung cancer cell lines, but
most significantly in H1975 andH1299 cells (Figure 2A). Next, we de-
signed four small interfering RNAs (siRNAs) to specifically knock
down linc00665 expression. The results showed that siRNA (si-)
linc00665 #2 and si-linc00665 #4 had knocked down linc00665 levels
most efficiently (Figure 2B), and thus these two siRNAs were used for
subsequent experiments.

Data from a Cell Counting Kit-8 (CCK-8) assay suggested that
the survival rates of H1975 and H1299 cells transfected with si-
linc00665 were significantly reduced compared with the blank control
group (Figure 2C). Furthermore, NSCLC cells transfected with si-
linc00665 showed decreased proliferation rates compared with the
controls (Figure 2D). 5-Ethynyl-20-deoxyuridine (EdU) immuno-
staining assays also confirmed that interference with linc00665 could
reduce the proliferation of NSCLC cells (Figure 2E).

To determine whether cell cycle progression or apoptosis rates were
affected by linc0065 knockdown in NSCLC cells, we performed
flow cytometry experiments. Both H1975 and H1299 cells transfected
with si-linc00665 #2 or #4 had higher apoptosis rates and showed cell
cycle arrest in the G0/G1 phase compared with control cells (Figures
2F and 2G).We then found that following linc00665 knockdown, cas-
pase-3 and Bcl-2 expression were significantly reduced, while cleaved
caspase-3 levels increased (Figure 2H). We also performed transwell
migration assays and found that linc00665 knockdown significantly
inhibited H1975 and H1299 cell migration (Figure 2I).

Taken together, these results indicate that linc00665 promotes
NSCLC cell proliferation by inhibiting apoptosis and promoting
cell cycle progression, and that linc00665 also positively regulates
NSCLC cell migration.

Knockdownof linc00665 enhances the sensitivity of NSCLCcells

to DDP in vitro

Numerous studies have reported that changes in lncRNA expression
levels are related to drug resistance in human tumors.23,24 To deter-
mine whether linc00665 expression affects NSCLC cell sensitivity to
DDP, we treated H1975 and H1299 cells transfected with si-
linc00665 with various concentrations of DDP (0, 5, 10, 15, 20, and
25 mg/mL) for 12 h or 5 mg/mL DDP for 0, 12, 24, 36, and 48 h.
CCK-8 assays suggested that knocking down linc00665 significantly
reduced the viability of NSCLC cells at the same DDP concentration
or at the same reaction time (Figures 3A and 3B). We also performed
colony formation experiments on cells treated with 5 mg/mL DDP for
12 h and found that the proliferative abilities of H1975 and H1299
cells treated with si-linc00665 and DDP were significantly reduced
(p < 0.05) (Figure 3C). Flow cytometry results further revealed that



Figure 1. Relative linc00665 expression levels in non-small cell lung cancer (NSCLC) tissues and its clinical relevance

(A) Through data analysis of TCGA database, the expression differences between linc00665 in lung squamous cell carcinoma (LUSC) and lung adenocarcinoma (LUAD)

tissues and normal tissues were compared. (B) Quantitative real-time PCRwas used to detect the difference of linc00665 expression in cancer tissues and adjacent tissues of

NSCLC patients (n = 60). (C) Patients (n = 60) were divided into two groups based on the amount of linc00665 expressed in the tissues of NSCLC patients. (D and E) The

Kaplan-Meier method was used to analyze the expression level of linc00665 and PFS and OS. Patients were grouped according to the median expression of linc00665. Data

are presented as the mean ± SEM. **p < 0.01.
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knocking down linc00665 significantly enhanced the pro-apoptotic
effect of DDP on H1299 and H1975 cells compared with the control
group (Figure 3D). In summary, inhibition of linc00665 expression
may improve the sensitivity of NSCLC cells to DDP.

linc00665 knockdown increases the sensitivity of H1299 cells to

DDP in vivo

We next examined whether linc00665 is involved in NSCLC cell
sensitivity to DDP in vivo. Nude mice were inoculated with
H1299 cells stably transfected with short hairpin RNA (sh-)
linc00665 or empty vector, and then injected with DDP or phos-
phate-buffered saline (PBS). The growth of tumors derived from
H1299 cells transfected with sh-linc00665 was significantly slower
than that of tumors derived from H1299 cells transfected with the
empty vector. In addition, the sensitivity to DDP of tumors derived
from H1299 cells transfected with sh-linc00665 was significantly
increased compared with tumors derived from empty vector-trans-
fected H1299 cells. Furthermore, the size and weight of these tumors
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1055
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Table 1. Correlation between the expression of linc00665 and

clinicopathological features in patients with non-small cell lung cancer

(n = 60)

Characteristics
linc00665
low no. case (%)

linc00665
high no. case (%)

Chi-square
test p value

Age (years)

R55 13 (43.3) 17 (56.7)
0.302

<55 17 (56.7) 13 (43.3)

Sex

Male 16 (53.3) 21 (70.0)
0.184

Female 14 (46.7) 9 (30.0)

Histological subtype

Adenocarcinoma 14 (46.7) 20 (66.7)

0.118Squamous cell
carcinoma

16 (53.3) 10 (33.3)

TNM stage

I 14 (46.7) 3 (10.0)

0.007**II 10 (33.3) 16 (53.3)

III–IV 6 (20.0) 11 (36.7)

Tumor size

%5 cm 25 (83.3) 16 (53.3)
0.012*

>5 cm 5 (16.7) 14 (46.7)

Lymph node metastasis

Negative 18 (60.0) 7 (23.3)
0.004**

Positive 12 (40.0) 23 (76.7)

Smoking history

Smokers 19 (63.3) 23 (76.7)
0.269

Never smokers 11 (36.7) 7 (23.3)

*p < 0.05.**p < 0.01.
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were significantly lower than those in the control group (Figures
4A–4C).

Immunohistochemical analysis revealed that the Ki-67-positive rate
in linc00665 knockdown tumor samples was lower than that of the
control group. DDP treatment further reduced the Ki-67-positive
rate of the linc00665 knockdown tumor samples (Figure 4D). Over-
all, these data suggest that linc00665 may promote the proliferation
of NSCLC cells and affects the sensitivity of these cells to DDP
in vivo.

CDKN1C is a target of linc00665

Upon further investigation of the molecular mechanism by which
linc00665 affects NSCLC cells, we found through a nucleoplasm
separation experiment that linc00665 is mainly distributed in the
cytoplasm (Figure 5A). Our previous studies demonstrated that
lncRNAs can inhibit the transcription of downstream genes by in-
teracting with histone modification enzymes or other RNA-binding
proteins.25 Therefore, we performed RNA immunoprecipitation
(RIP) experiments to examine the potential interaction of
1056 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
linc00665 with several RNA binding proteins, such as EZH2,
lysine-specific demethylase 1 (LSD1), and recombinant suppressor
of zeste 12 homolog (SUZ12). The results showed that linc00665
bound to LSD1 and EZH2, but not to SUZ12, in H1975 and
H1299 cells (Figure 5B).

We next used RNA transcriptome sequencing (RNA-seq) to identify
genes and transcripts that were differentially expressed in linc00665
knockdown H1299 cells compared with control cells. The results
identified 1,447 differentially expressed transcripts (fold change
R2, q % 0.05), including 865 upregulated and 582 downregulated
transcripts. We selected several upregulated genes for further verifi-
cation (Table S1). We evaluated the expression levels of CDKN1C
and other genes in H1975 and H1299 cells with linc00665 knocked
down. The results showed that CDKN1C mRNA was significantly
upregulated in these cells after linc00665 was knocked down (Fig-
ure 5C). Western blot analysis further showed that CDKN1C pro-
tein levels were elevated in si-linc00665-transfected NSCLC cells
(Figure 5C).

CDKN1C is a cyclin-dependent kinase inhibitor of the Cip/Kip fam-
ily, which is involved in many processes in human cancer. Studies
have shown that melanoma cells can use CDKN1C/P57 to regulate
cell cycle arrest.26,27 To determine whether linc00665 silenced the
expression of CDKN1C by interacting with LSD1 or EZH2 in
H1975 and H1299 cells, we knocked down the expression of
EZH2 and LSD1 in both cell lines. We found that knocking down
EZH2 increased the expression of CDKN1C. However, CDKN1C
expression did not change significantly after interference with
LSD1 expression (Figures 5E and 5F). To determine whether
EZH2 binds to the promoter region of the CDKN1C gene, we de-
signed primers that span a 2,000-bp portion of the promoter. A
chromatin immunoprecipitation (ChIP) assay in NSCLC cells
demonstrated that EZH2 bound to the CDKN1C promoter region
and mediated H3K27 demethylation, while linc00665 knockdown
reduced EZH2 binding ability to the CDKN1C promoter region
(Figure 5G). EZH2 levels did not change following interference
with linc00665 expression (Figure 5H). Taken together, these results
suggest that linc00665 inhibits transcription of the CDKN1C gene
by interacting with EZH2 in NSCLC cells.

Overexpression of CDKN1C inhibits the proliferation and

migration of NSCLC cells

To investigate the function of CDKN1C in NSCLC cells, we con-
ducted a series of functional experiments. qRT-PCR and western
blot analyses confirmed upregulation of CDKN1C mRNA and
protein in H1975 and H1299 cells transfected with the
pcDNA3.1-CDKN1C vector (Figure 6A). CCK-8 and colony for-
mation experiments showed that overexpression of CDKN1C
reduced the proliferation rates of NSCLC cells compared with con-
trols (Figures 6B and 6C). Flow cytometry analysis suggested that
overexpression of CDKN1C led to the arrest of H1975 and H1299
cells in the G1/G0 phase and enhanced the rate of apoptosis (Fig-
ures 6D and 6E).



Figure 2. Effect of linc00665 expression on the development of NSCLC cells in vitro

(A) Quantitative real-time PCR was used to detect the difference in the expression of linc00665 in NSCLC cell lines (H1975, H1299, SPCA1, A549, and PC9) and normal

human bronchial epithelial cells (16HBE). (B) Expression levels of linc00665 in H1299 and H1975 cells transfected with si-linc00665 #1, si-linc00665 #2, si-linc00665 #3, si-

linc00665 #4, and scrambled siRNA were analyzed by quantitative real-time PCR technology. (C) The proliferation of H1299 and H1975 cells transfected with si-linc00665

was tested by the CCK-8 method. (D and E) A colony formation test and EdU staining test were used to detect the proliferation ability of H1299 and H1975 cells transfected

with si-linc00665. Representative images and data are based on three independent experiments. (F) Flow cytometry was used to detect NSCLC cells transfected with si-

linc00665 and cultured for 48 h. The LR quadrant represents early apoptotic cells; the UR quadrant represents terminal apoptotic cells. (G) Flow cytometry was used to detect

the percentage of NSCLC cells transfected with si-linc00665 in the G0/G1, S, or G2/M phase. (H) Differences in expression of caspase-3, cleaved caspase-3, and Bcl-2 after

knockdown of linc00665. (I) Transwell test was used to detect the migration ability of NSCLC cells transfected with si-linc00665. Data are presented as the mean ± SEM. *p <

0.05, **p < 0.01.
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We further examined whether CDKN1C is involved in the tumori-
genic function of linc00665 in NSCLC cells. We co-transfected
si-linc00665 and si-CDKN1C in H1975 and H1299 cells, and we per-
formed CCK-8 and colony formation experiments. The observed
decrease in NSCLC cell proliferation rates with linc00665 knockdown
was partially restored with si-linc00665 and si-CDKN1C co-transfec-
tion (Figure 6F and 6G). Western blot analysis showed that CDKN1C
upregulation resulting from linc00665 knockdown was reversed in
cells co-transfected with si-linc00665 and si-CDKN1C (Figure 6H).
These data suggest that linc00665 may play a role in promoting
NSCLC by inhibiting the expression of CDKN1C.
Overexpression of CDKN1C enhances the sensitivity of NSCLC

cells to DDP

We next examined whether CDKN1C is involved in the sensitivity of
NSCLC cells to DDP. We treated H1975 and H1299 cells transfected
with pcDNA3.1-CDKN1C with various concentrations of DDP (0, 5,
10, 15, 20, and 25 mg/mL) for 12 h or 5 mg/mL DDP for 0, 12, 24, 36,
and 48 h. Overexpression of CDKN1C significantly reduced the pro-
liferation of NSCLC cells after DDP treatment (Figures 7A and 7B).
Colony formation experiments yielded similar results (Figure 7C).
Flow cytometry analysis revealed that the apoptosis rates after DDP
treatment of NSCLC cells overexpressing CDKN1C were significantly
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1057
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Figure 3. Effects of NSCLC cells transfected with si-linc00665 on DDP drug sensitivity in vitro

(A) Effects of various concentrations (0, 5, 10, 15, 20, and 25 mg/mL) of DDP on cells (H1299 and H1975 cells/scrambled, H1299 and H1975 cells/si-linc00665 #2, or H1299

andH1975 cells/si-linc00665 #4) for 12 h as assessed by a CCK-8 assay. (B) Effects of 5 mg/mLDDP on cells (H1299 andH1975 cells/scrambled, H1299 andH1975 cells/si-

linc00665 #2, or H1299 and H1975 cells/si-linc00665 #4) for varied lengths of time (0, 12, 24, 36, and 48 h) evaluated by CCK-8 assays. (C) Effect of downregulated

linc00665 combined with DDP (5 mg/mL) on proliferation of H1299 and H1975 cells. (D) Effect of combined linc00665 downregulation with DDP (5 mg/mL) on apoptosis of

H1299 and H1975 cells. Data are presented as the mean ± SEM. *p < 0.05, **p < 0.01.
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higher than those of the control cells (Figure 7D). These results sug-
gest that linc00665 may influence the sensitivity of NSCLC cells to
DDP by regulating CDKN1C.

DISCUSSION
In recent years, an increasing number of studies have revealed that
lncRNAs are involved in tumor development and chemotherapy
drug resistance. HOTAIR, TUG1, PVT1, MEG3, and other lncRNAs
play an important role in the development of NSCLC through tran-
scriptional or post-transcriptional regulation of specific target
genes.28–31 Our previous work showed that the lncRNA AFAP1-
AS1 is upregulated in NSCLC tissues and promotes NSCLC cell
proliferation through LSD1-mediated silencing of HMG-box tran-
scription factor 1 (HBP1).32 In this study, we found another lncRNA,
linc00665, to be upregulated in NSCLC tissues and cells. High expres-
sion of linc00665 may be a marker of poor prognosis in NSCLC
patients. In addition, downregulation of linc00665 inhibited the pro-
liferation of NSCLC cells in vitro and tumor growth in vivo, and it also
enhanced the sensitivity of NSCLC cells to DDP. These findings sug-
1058 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
gest that linc00665may play a carcinogenic role in the development of
NSCLC and impact the efficacy of DDP.

Many lncRNAs regulate the expression of local or distal genes and
contribute to malignant biological behaviors of cancer cells.33,34 In
this study, we conducted RIP experiments and found that linc00665
can bind to EZH2 in NSCLC cells. RNA-seq analysis of H1299 cells
with linc00665 expression knocked down suggested that the tumor
suppressor gene CDKN1C is a downstream regulatory gene of
linc00665 in NSCLC cells. We found that CDKN1C expression
increased after transfection of si-EZH2 in NSCLC cells. Furthermore,
ChIP assays showed that EZH2 binds to the promoter region of
CDKN1C and inhibits its transcription by mediating the demethyla-
tion of H3K27me3. These results indicate that linc00665 plays a
key role in NSCLC cells by inhibiting EZH2-mediated CDKN1C
expression.

In this study, we found that overexpression of CDKN1C inhibited the
proliferation of NSCLC cells, induced cell cycle arrest and apoptosis,



Figure 4. Effect of interfering with the expression of linc00665 on tumor development in vivo

(A) Nude mouse model of NSCLC induced with H1299 cells stably transfected with sh-linc00665/sh-linc00665+cisplatin or empty vector/empty vector+cisplatin was es-

tablished to observe the effects of linc00665 and linc00665+cisplatin on the transplanted carcinoma. (B and C) Average weight and volume of transplanted tumors from

respective groups. Tumor volume was measured every 3 days. (D) Expression levels of proteins (Ki-67 and H&E stains) in tumor tissues of the interference group and the

control group were analyzed by immunohistochemistry. Data are presented as the mean ± SEM. **p < 0.01.
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and enhanced the sensitivity of NSCLC cells to DDP. Additionally,
knocking down CDKN1C partially reversed the inhibitory effect of
knocking down linc00665 on NSCLC cell growth, suggesting that
CDKN1C may also be involved in linc00665 effects on the malignant
phenotype of NSCLC cells and the inhibition of DDP sensitivity.

It has been previously reported that linc00665 plays a cancer-promot-
ing role in LUAD and is associated with the development of gefitinib
resistance. However, we demonstrated for the first time that the
linc00665/EZH2/CDKN1C axis mediates the development of NSCLC
cells and their drug sensitivity to DDP. In conclusion, our study found
that linc00665 was upregulated in NSCLC tissues and cells, and its
high expression was associated with poor prognosis in NSCLC pa-
tients. We showed that linc00665 promotes the proliferation of
NSCLC cells and inhibits the sensitivity of these cells to DDP. We re-
vealed that linc00665 can recruit EZH2 to the CDKN1C promoter re-
gion to induce the demethylation of histone H3K27 and inhibit
CDKN1C transcription. Although our results have helped elucidate
the downstream pathways of linc00665 in NSCLC, other potential
target genes and their mechanisms are still worth exploring. Our find-
ings enrich the understanding of the pathogenesis of NSCLC and sug-
gest the potential of linc00665 as a diagnostic marker or therapeutic
target for NSCLC. Our results also indicate a role for linc0065 in
mediating the efficacy of DDP treatment, which provides potential
targets for improving this treatment in NSCLC.

MATERIALS AND METHODS
Tissue samples and clinical data collection

We acquired 60 paired NSCLC and adjacent non-tumor lung tissues
from patients who did not receive chemotherapy or radiotherapy
before surgery and underwent surgery at Jiangsu Province Hospital
between 2016 and 2018. In the light of clinicopathological diagnosis
from the Pathology Department, all patients were diagnosed with
NSCLC and detailed follow-up data on clinicopathological features.
We gathered and summarized the correlation between specific pseu-
dogene expression and clinicopathological characteristics of NSCLC
patients, including advanced TNM staging (Table 1). We obtained
written informed consent from all patients as well as the Research
Ethics Committee of Nanjing Medical University approval of our
study protocol and methods. Moreover, all collected postoperative
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1059
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Figure 5. linc00665 interacts with EZH2 to regulate CDKN1C in NSCLC cells

(A) Quantitative real-time PCR was used to detect the relative expression of linc00665 in the cytoplasm and nucleus of H1299 and H1975 cell lines. GAPDH was used as a

cytoplasmic marker; U6 was used as a nuclear marker. (B) Using RNA immunoprecipitation analysis and qRT-PCR to detect the expression level of linc00665 RNA, we

compared the immunoprecipitation of LSD1, EZH2, and SUZ12 with that of IgG. (C) qRT-PCR was used to detect the expression level of tumor suppressor in NSCLC cells

(legend continued on next page)
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tissue samples were promptly snap-frozen in liquid nitrogen and
stored at � 80�C until required to extract total RNAs and proteins.
OS was defined as the interval between the dates of surgery and death
caused by any causes; PFS was defined as the interval between the date
of surgery and the date of recurrence. Patients who were lost to
follow-up before death usually ended up with the time of the last re-
corded contact with the patient.

Cell lines

A normal human bronchial epithelial cell line (16HBE) serving as a
control cell line and five NSCLC cell lines (PC9, SPC-A1, H1975,
H1299, and A549) were acquired from the Institute of Biochemistry
and Cell Biology of the Chinese Academy of Sciences (Shanghai,
China). A549, H1975, and H1299 cells were cultivated in RPMI
1640 (Invitrogen, Shanghai, China); 16HBE, PC9, and SPC-A1 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (In-
vitrogen, Shanghai, China). The RPMI 1640 and DMEM medium
were supplemented with 10% fetal bovine serum (FBS; Gibco), 100
IU/mL penicillin, and 100 mg/mL streptomycin (according to Invitro-
gen instructions). All cells were cultured in large plates or cell culture
bottles, added with suitable medium, and cell growth was observed
every other day. Almost all adherent cells were overgrowth, we
were passaged these cells and culturing these cells choose to continue
or cryopreserved. The cell incubator was set at humidified air at 37�C
and CO2 content of 5%, which was sterilized regularly.

Cell transfection

Plasmid vectors and siRNA were transfected in NSCLC cell lines
H1975 and H1299 using Lipofectamine 2000 for 48 h, and then the
total RNA and proteins were extracted for qRT-PCR and western
blot experiments. There are four individual linc00665 siRNAs (si-
linc00665 #1, #2, #3, and #4) and a scrambled negative control siRNA
(si-NC) purchased from Invitrogen. siRNA sequences are provided in
Table S1.

RNA extraction and qPCR assays

Total RNA of tissues or cultured cells was extracted using TRIzol
reagent (Invitrogen, Grand Island, NY, USA) based on the manufac-
turer’s instructions. Under standard conditions for the PrimeScript
RT reagent kit (TaKaRa, Dalian, China), total RNA (500 ng) was
reverse transcribed in cDNA (10 mL) using random primers. SYBR
Premix Ex Taq (TaKaRa, Dalian, China) was used to monitor
linc00665 expression levels, following the manufacturer’s instruc-
tions. Results were standardized to the expression of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). Specific primers used
are shown in Table S1. We performed quantitative PCR (qPCR)
and data collection to analyze the relative expression level of the
gene adopting the comparative cycle threshold (CT) (2�DDCT)
transfected with si-linc00665. (D) CDKN1C protein levels in linc00665 knockdown H12

mRNA and protein levels of EZH2/LSD1 and CDKN1C in H1975 and H1299 cells tra

analysis. (G) The binding ratio of H3K27me3 to EZH2 in the CDKN1C initiating region i

assay. (H) The expression of EZH2 was detected after linc00665 was knocked down.
method on an ABI 7500 real-time PCR system (Applied Biosystems,
Foster City, CA, USA). The CT value was obtained according to the
amplification curve.
Construction of plasmid

The CDKN1C sequences designed on the NCBI database were
synthesized by Realgene (Nanjing, China) and subcloned into the
pcDNA3.1(+) vector (Invitrogen) (Genechem, Shanghai, China),
generating the pcDNA3.1-CDKN1C vector for ectopic expression
in cells. Plasmid vectors (pcDNA3.1-CDKN1C and empty vector)
were transfected into NSCLC cells cultured in six-well plates using
the X-tremeGENE HP DNA transfection reagent (Roche, Basel,
Switzerland). Western blot and qPCR were conducted to assess
CDKN1C expressions of NSCLC cells harvested after 48 h of
transfection.
Cell viability assays

A cell proliferation assay was executedwithCCK-8 (Roche Applied Sci-
ence, Basel, Switzerland) according to the manufacturer’s instructions.
H1299 or H1975 cells transfected with si-linc00665 (1,500 cells/well)
were grown in 96-well plates. Cell viability was tested every 24 h
following themanufacturer’smethod.The cell survival ratewas assessed
by the proliferation curve ofdifferent treatment groups of 5 days. For the
colony formation assay, a total of 1,100 H1299 or H1975 cells trans-
fected with si-linc00665 were placed in each well of a six-well plate
and maintained in RPMI 1640 containing 10% FBS, changing the me-
dium every 4 days. After 14 days, the colonies were immobilized with
methanol and stainedwith 0.1% crystal violet (Sigma-Aldrich, St. Louis,
MO,USA), and the numbers of stained visible colonies were counted to
describe colony formation. For each treatment group, we repeated the
experiments three times and assessed the wells in triplicate.
Flow cytometric analysis

H1299 and H1975 cells transfected with si-linc00665 for 48 h were
harvested by trypsinization and doubly stained with fluorescein iso-
thiocyanate (FITC) annexin V and propidium iodide (PI) using a
FITC annexin V apoptosis detection kit (BD Biosciences, Franklin
Lakes, NJ, USA) according to the manufacturer’s protocol. There
are viable cells, dead cells, early apoptotic cells, and apoptotic cells
by the classification. Then, we compared the relative ratio of early
apoptotic cells with control cells for each experiment. The cells
were then stained with PI using the Cycletest Plus DNA reagent kit
(BD Biosciences) following the manufacturer’s method and analyzed
by FACScan flow cytometry for cell-cycle analysis counting and
comparing the percentages of cells in the G0/G1, S, and G2/M phases.
99 and H1975 cells transfected with si-linc00665 #2 or si-linc00665 #4. (E and F)

nsfected with si-EZH2 and si-LSD1 were detected by qRT-PCR and western blot

n H1299 and H1975 cells transfected with si-linc00665 was determined by a ChIP

*p < 0.05, **p < 0.01.
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Figure 6. Effect of overexpression of CDKN1C on proliferation ability, apoptosis, and cell cycle of H1299 and H1975 cells in vitro

(A) qRT-PCR and western blot were used to detect the expression of CDKN1C in H1299 and H1975 cells transfected with pcDNA3.1-CDKN1C. (B and C) CCK-8 and colony

formation test to detect the proliferation ability of NSCLC cells transfected with pcDNA3.1-CDKN1C. (D and E) Flow cytometry showed that the apoptosis rate of NSCLC cells

transfected with pcDNA3.1-CDKN1C was increased, and the cell cycle was blocked. (F and G) CCK-8 and colony formation experiments verified that co-transfection of si-

linc00665 and si-CDKN1C can partially reverse the effect of knocking down linc00665 on cell proliferation. (H) Western blot analysis of CDKN1C protein expression levels

after co-transfection with si-linc00665 and si-CDKN1C. Data are presented as the mean ± SEM. *p < 0.05, **p < 0.01.
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Cell migration assays

For the Transwell migration assays, the upper chamber of an insert
(8-mm pore size; Millipore) was placed in 5 � 10 4 cells incubated
with the serum-free medium as well as the lower chamber added in
1062 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
medium containing 10% FBS at 48 h post-transfection. Twenty-
four hours later, cotton wool was used to softly remove the cells re-
maining on the upper membrane. Cells were stained with methanol
and 0.1% crystal violet and imaged, and cells were counted that had



Figure 7. In vitro, overexpression of CDKN1C H1299 and A549 cells affected DDP sensitivity

(A) Using a CCK-8 assay, we evaluated the various concentrations (0, 5, 10, 15, 20, and 25 mg/mL) of DDP for 12 h on cells (H1299 and H1975 cells/scrambled, H1299 and

H1975 cells/pcDNA3.1-CDKN1C). (B) Using a CCK-8 assay, cells (H1299 and H1975 cells/scrambled, H1299 and H1975 cells/pcDNA3.1-CDKN1C) treated with 5 mg/mL

DDP for different lengths of time (0, 12, 24, 36, and 48 h) were detected. (C) Cell cycle changes of NSCLC cells (H1975 andH1299) treated with 5 mg/mLDDP and pcDNA3.1-

CDKN1Cwere detected. (D) The apoptosis rate of H1299 andH1975 cells overregulated by CDKN1C combined with DDP (5 mg/mL) was determined by flow cytometry. Data

are presented as the mean ± SEM. *p < 0.05, **p < 0.01.
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migrated or invaded through the membrane using an IX71 inverted
microscope (Olympus, Tokyo, Japan). The experiment was per-
formed in triplicate and repeated three times.

Western blot

Cell protein lysates were isolated by 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), transferred to 0.22-mm
polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA),
and incubated with specific antibodies. Then, the quantization of
the enhanced chemiluminescence (ECL) chromogenic substrate was
measured by densitometry (Quantity One software; Bio-Rad, Hercu-
les, CA, USA), with GAPDH antibody as a control. Anti-CDKN1C
and anti-EZH2 were purchased fromCell Signaling Technology (Bos-
ton, MA, USA).

EdU assay

We used an EdU labeling/detection kit (Ribobio, Guangzhou, China)
to assess proliferating cells per the manufacturer’s protocol. In short,
H1299 or H1975 cells transfected with si-linc00665 were cultured in
12-well plates at 5� 104 cells/well for 2 days. Next, cells were added to
50 mM EdU labeling medium and incubated for 2 h in a standard
incubator. The cultured cells were treated with 4% paraformaldehyde
(pH 7.4) for 30 min and then 0.5% Triton X-100 for 20 min at room
temperature. After washing with PBS, the samples were stained with
an anti-EdU working solution for 30 min at room temperature
without light. DAPI (40,6-diamidino-2-phenylindole) was used as a
nuclear/chromosomal counterstain. Subsequently, the cells were
observed under a fluorescent microscope. The percentage of EdU-
positive cells was calculated from five random fields in three wells.

Subcellular fractionation

The separation of nuclear and cytosolic fractions was implemented
using the Paris kit (Life Technologies) following the manufacturer’s
instructions.

RIP

By performing RIP, we investigated whether si-linc00665 could
interact or bind with potential binding proteins (EZH2 or LSD1) in
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1063
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H1299 and H1975 cells using a Magna RIP RNA-binding protein
immunoprecipitation kit (Millipore) following the manufacturer’s
protocol. H1299 and H1975 cells at 80%–90% confluency were
scraped off from the 15-cm plate. Then, 100 mL of whole-cell lysates
lysed in complete RIP lysis buffer was incubated with protein A Se-
pharose beads conjugated with recognized antibodies to EZH2,
LSD1, or negative control immunoglobulin G (IgG) (Millipore,
USA) for 30 min at 4�C. After that, the supernatants of whole-cell ex-
tracts were incubated with treated beads for 6 h at 4�C. Furthermore,
the beads were washed with wash buffer six times and incubated with
0.1% SDS/0.5 mg/mL Proteinase K for 30 min at 55�C in a water bath
to digest proteins. Ultimately, immunoprecipitated RNA was sub-
jected to qPCR analysis using specific primers to demonstrate the
presence of si-linc00665.

ChIP assays

ChIP assays were conducted using a Magna ChIP kit (Millipore, Bill-
erica, MA, USA) following the manufacturer’s protocol. H1299 and
H1975 cells at 80%–90% confluency were treated with paraformalde-
hyde and incubated for 10 min to prepare DNA-protein crosslinking.
Then, the cells were fully lysed by cell lysis and nuclear cracking
liquid. Next, the cell debris was sonicated to generate 200- to
300-bp chromatin pieces and then compounded with anti-EZH2,
anti-LSD1, anti-H3K27, anti-H3K4 (as positive reference), and IgG
(as negative control) antibody-magnetic beads for immunoprecipita-
tion. Finally, after digestion with Proteinase K, precipitated chro-
matin DNA was extracted and purified for qRT-PCR analysis.

Tumor formation assay in vivo

This study was performed in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the
Committee on the Ethics of Animal Experiments of the Nanjing
Medical University. The suspended H1299 cells (0.1 mL) stably
transfected with sh-linc00665 or empty vector were subcutaneously
injected into either side of the armpit regions of male BALB/c nude
mice (4 or 5 weeks old). All of the cells were collected at a concentra-
tion of 2 � 107 cells/mL. Next, half of the mice were treated with a
total of 0.1 mL of DDP, and the other half were treated with an equal
amount of PBS. Tumor volumes and weights were measured every
3 days, and tumor volumes were calculated using the following equa-
tion: (length � width2) � 0.5. At 21 days after injection, mice were
killed, and the subcutaneous growth of each tumor was examined.
Primary tumors were excised, and tumor tissues were used for immu-
nostaining of protein(Ki-67 and H&E stains).

Immunohistochemistry

Primary tumors were immunostained (Ki-67 andH&E), as previously
described.

Statistical analysis

All statistical analyses were performed using SPASS 20.0 software
(IBM). A Student’s t test and Wilcoxon test or the c2 test estimated
the significance of differences between groups. The Kaplan-Meier
1064 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
method was used to determine PFS and OS and used the log-rank
test for comparison. Survival data were evaluated via univariate and
multivariate Cox proportional hazards models. Variables with a value
of p <0.05 in univariate analysis were used in subsequent multivariate
analysis on the basis of Cox regression analyses. Pearson correlation
analyses were conducted to investigate the correlation of si-linc00665
expression. p values <0.05 were viewed as statistically significant.
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