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Abstract

The number of documented long noncoding RNAs (IncRNAs) has dramatically in-
creased, and their biological functions and underlying mechanisms in pathological
processes, especially cancer, remain to be elucidated. Actin filament-associated pro-
tein 1 antisense RNA 1 (AFAP1-AS1) is a 6810-nt IncRNA located on chromosome
4p16.1 that was first reported to be upregulated in esophageal adenocarcinoma
tissues and cell lines. Here we reported that AFAP1-AS1, recruiting and binding to
lysine-specific demethylase 1 (LSD1), was generally overexpressed in human non-
small-cell lung cancer (NSCLC) tissues using quantitative real-time PCR. Higher
AFAP1-AS1 expression was significantly correlated with larger tumor size (P = .008),
lymph node metastasis (P = .025), higher TNM stage (P = .024), and worse overall
survival in NSCLC patients. In vitro experiments revealed that AFAP1-AS1 down-
regulation inhibited cell migration and induced apoptosis; AFAP1-AS1 knockdown
also hindered tumorigenesis in vivo. Moreover, mechanistic investigations includ-
ing RNA immunoprecipitation and ChlIP assays validated that AFAP1-AS1 repressed
HMG box-containing protein 1 (HBP1) expression by recruiting LSD1 to the HBP1
promoter regions in PC-9 and H1975 cells. Furthermore, HBP1 functions as a tumor
suppressor, and its ectopic expression hindered cell proliferation. Rescue assays
determined that the oncogenic effect of AFAP1-AS1 is partially dependent on the
epigenetic silencing of HBP1. In conclusion, our results indicate that AFAP1-AS1 is
carcinogenic and that the AFAP1-AS1/LSD1/HBP1 axis could constitute a new ther-
apeutic direction for NSCLC.
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1 | INTRODUCTION

Lung cancer is the most commonly diagnosed cancer and the lead-
ing cause of cancer-related deaths in men worldwide.! Non-small-
cell lung cancer (NSCLC), a more prevalent lung cancer subtype,
accounts for approximately 80%-85% of all cases.? Although the
treatment of surgical operation, chemotherapy, radiotherapy, tar-
geted therapy, and immunotherapy is widely carried out, only 15%
of NSCLC patients survive more than 5 years.3 One of most import-
ant reasons behind the high incidence and low 5-year survival rate
of NSCLC is the low rate of early detection/diagnosis. Therefore, the
limitations of current diagnostic and treatment approaches should
be considered in future work aimed at developing a more complete
investigation of the underlying cellular activities or molecular mech-
anisms in NSCLC tumorigenesis, as these studies could provide novel
biomarkers and therapeutic targets.

Advances in next-generation deep sequencing and bioinformat-
ics technologies confirm that only 1%-2% of the human genome can
encode proteins.* Based on their length, RNAs without coding po-
tential are divided into two subclasses: (a) small or short non-coding
RNAs; and (b) long noncoding RNAs (IncRNAs; 2200 nt). Recent
research has revealed that IncRNAs have dramatic impacts on mul-
tiple biological processes through diverse mechanisms, including
translational inhibition, mRNA degradation, RNA decoys, recruiting
chromatin modifiers, and regulating protein activity.” Interestingly,
emerging evidence has revealed that aberrant IncRNA expression
is involved in human diseases, especially cancers.® For instance,
IncRNA TINCR promotes the proliferation of gastric cancer cells
by binding to Staufenl protein and subsequently influencing KLF2
expression and mRNA stability.9 Furthermore, our previous stud-
ies showed that IncRNA MEG3 is significantly downregulated in
lung adenocarcinoma, and partially reverses cisplatin resistance
in LAD cells through p53/Bcl-xl-induced mitochondrial-directed
apoptosis.'® Additionally, LINCO1234 can exert oncogenic func-
tion by serving as a competing endogenous RNA for microRNA
(miR)-204-5p that regulates core-binding factor B expression in
gastric cancer.!!

Actin filament-associated protein 1 antisense RNA 1 (AFAP1-
AS1) is an IncRNA transcribed from the antisense DNA strand of
the AFAP1 gene and was first reported to be upregulated in esoph-
ageal adenocarcinoma tissues and cell lines.*? Further work showed
that AFAP1-AS1 was upregulated in lung adenocarcinoma, gastric
cancer, pancreatic ductal adenocarcinoma, cholangiocarcinoma,
colorectal cancer, and nasopharyngeal carcinoma, where it was as-

1319 previous stud-

sociated with progression and poor prognoses.
ies also suggested that AFAP1-AS1 participated in cell proliferation,
apoptosis, and invasion by regulating PTEN/p-AKT and RhoA/Rac2
signaling.?%?! Nevertheless, elucidating the oncogenic functions of
AFAP1-AS1in NSCLC development and progression requires further
effort. Here, we investigated the effect of AFAP1-AS1 on NSCLC cell
proliferation and migration in vitro and in vivo and identified novel
targets and mechanisms of AFAP1-AS1, which could fully elucidate

its critical role in the pathological processes of NSCLC.

2 | MATERIALS AND METHODS

2.1 | Differential expression analysis

Lung cancer gene expression data were downloaded from The Cancer
Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) dataset.
The independent datasets from GSE31210, GSE19804, GSE18842,
and GSE19188 were analyzed in this study. The BAM files and nor-
malized probe-level intensity files were downloaded from TCGA and
GEO databases, respectively. The probe sequences were downloaded
from GEO or microarray manufacturers, and Bowtie was used to re-
annotate probes according to GENCODE Release 20 annotation for
IncRNAs. For multiple probes corresponding to one gene, the probe
with the maximum signal was selected to generate expression of
IncRNAs. The Kaplan-Meier curve was used to test INcRNA associa-
tion with time to progression. For verifying expression correlation
between genes, Pearson's correlation analysis was used after CEL
files from GSE19804 were downloaded and normalized by Robust
Multichip Average.

2.2 | Tissue sample collection

We acquired 96 pairs of lung cancer and adjacent normal tissues
from patients who underwent surgery at The Second Affiliated
Hospital of Nanjing Medical University (Nanjing, China) between
2010 and 2013. Patients were diagnosed with NSCLC based on im-
aging examination and histopathological analysis, no preoperative
adjuvant chemotherapy was undertaken before surgical operation.
All collected tissues were snap frozen in liquid nitrogen and stored
at -80°C until required. Table 1 summarizes the clinicopathological
characteristics, including tumor size, lymph node metastasis, and
advanced TNM staging. We obtained written informed consent
from all patients before surgery and the study was approved by the
Research Ethics Committee of The Second Affiliated Hospital of
Nanjing Medical University (IRB number: 09036304).

2.3 | Cell culture

The normal human bronchial epithelial cell line (16HBE) and an-
other five NSCLC cell lines (A549, SPC-A1, PC-9, H1299, and H1975)
were maintained in RPMI-1640/DMEM (Gibco, Grand Island, NY,
USA) supplemented with 10% newborn calf serum (NBCS; PAA
Laboratories, Haidmannweg, Australia ) and 1% penicillin (100 U/
mL)/streptomycin (100 pg/mL; Invitrogen, Carlsbad, CA, USA) in a
5% CO, and humidified atmosphere at 37°C.

2.4 | RNA extraction and quantitative PCR assays

Total RNA was isolated from tissues or cultured cells using TRIzol rea-
gent (Invitrogen Life Technologies). After removal of genomic DNA using
gDNA Eraser for 2 minutes at 4°C, 1 pg total RNA was reverse transcribed
to a final volume of 20 pL master mix with the PrimeScript RT Reagent Kit
with gDNA Eraser (TaKaRa, Dalian, China). Using the synthesized cDNA
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TABLE 1 Correlation between actin filament-associated protein
1 antisense RNA 1 (AFAP1-AS1) expression and clinicopathological
characteristics of patients with non-small-cell lung cancer (n = 96)

AFAP1-AS1 AFAP1-AS1 P value,
Characteristics low, n (%) high, n (%) xz test
Age (years)
255 23 (47.9) 26 (54.2) 0.540
<55 25(52.1) 22 (45.8)
Gender
Male 27 (56.2) 26 (54.2) 0.837
Female 21 (43.8) 22 (45.8)
Histological subtype
Adenocarcinoma 24 (50) 28 (58.3) 0.413
Squamous cell 24 (50) 20 (41.7)
carcinoma
TNM stage
I-11 32(66.7) 21(43.8) 0.024°
I-1v 16 (33.3) 27 (56.2)
Tumor size
25cm 17 (35.4) 30 (62.5) 0.008**
<5cm 31 (64.6) 18 (37.5)
Lymph node metastasis
Negative 30 (62.5) 19 (39.6) 0.025
Positive 18 (27.5) 29 (60.4)
Smoking history
Smokers 28 (58.3) 23 (47.9) 0.306
Never smokers 20(41.7) 25(52.1)

*P <.05; **P <.01.

as a template, we prepared 20 pL cDNA mixture by SYBR Premix Ex Taq
(TaKaRa). The guantitative real-time (QRT)-PCRs were carried out on a
Mastercycler Ep Realplex system (Eppendorf, Hamburg, Germany) to de-
tect the consistent amplification. Specific primer sequences are listed in
Table S1. Our gRT-PCR results were based on relative threshold cycle

(CT) values, and then in the form of fold changes (2724CTy,

2.5 | RNA interference

Small interfering RNAs were transfected into PC-9 and H1975 cells
using Lipofectamine 2000 (Invitrogen). We purchased three indi-
vidual AFAP1-AS1 siRNAs (si-AFAP1-AS1 1#, 2#, and 3#), scrambled
negative control siRNA (si-scrambled), enhancer of zeste homolog 2
(EZH2) siRNA, and lysine-specific demethylase 1 (LSD1) siRNA from
GenePharma (Shanghai, China). These siRNA sequences are summa-
rized in Table S1. Cells were collected for experiment analysis after
48 hours of incubation.

2.6 | Plasmid generation

The pCDNA-HMG box-containing protein 1 (HBP1) vector was syn-
thesized by subcloning the HBP1 sequence (NM_001244262) into
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the pCDNAS.1 vector (YouBio, Hunan, China), and pCDNA3.1 vec-
tor was used as a control group. Plasmid vectors were transfected
into NSCLC cells by X-tremeGENE HP DNA transfection reagent
(Roche, Basel, Switzerland).

2.7 | Cell proliferation assays

The CCK-8 method (Promega, Madison, WI, USA) was used to de-
tect the living cells over time according to the manufacturer's in-
structions. Transfected PC-9 and H1975 cells, 1250 cells and 200 pL
culture medium for each well, were grown in 96-well plates with
five replicate wells and the relative cell growth was detected every
24 hours. The absorbance was measured at 450 nm after adding
20 pL CCK-8 solution to each well for 2 hours. In the colony for-
mation assay, transfected cells (n = 500) were placed in a 6-well
plate supplemented with 2 mL DMEM or RPMI-1640 containing
10% NBCS each well for 14 days. The cloned spots formed by the
cells were fixed with methanol, then stained with 0.1% crystal violet

(Meryer, Shanghai, China) and counted manually.

2.8 | Apoptosis and cell cycle analysis by
flow cytometry

PC-9 and H1975 cells transfected with AFAP1-AS1-siRNAs or
HBP1-expressing plasmid were collected after 48 hours by trypsi-
nization. Cells were resuspended in 1x binding buffer contain-
ing FITC-annexin V and propidium iodide (Pl) for double staining
according to the manufacturer's instructions. Flow cytometry
(FACScan; BD Biosciences, Franklin Lakes, NJ, USA) was used to
analyze cells with CellQuest software (BD Biosciences). The cells
were divided into viable cells, dead/damaged cells, early apoptotic
cells and late apoptotic cells, and the percentage of apoptotic cells
in each experiment were analyzed and compared by software. In
the cell cycle analysis, cells were subjected to Pl staining using
CycleTEST + DNA Reagent Kit (BD Biosciences) and analyzed by
FACScan flow cytometry, cells of G,/G,, S, and G,/M phase were

counted and compared.

2.9 | Western blot analysis and Abs

Cell protein lysates were separated by SDS-PAGE (Bio-Rad,
Hercules, CA, USA) and transferred to 0.45 pm PVDF transfer mem-
branes (Thermo Fisher Scientific, Rockford, IL, USA). The membrane
was blocked with 5% nonfat dry milk in 0.1% TBS-Tween-20 (TBST)
for 2 hours, and then incubated with primary Abs for the night. The
blots were washed with TBST three times for approximately 5 min-
utes a time, followed by incubation with HRP-conjugated secondary
Abs. Enhanced chemiluminescent HRP substrate was used for quan-
tification by densitometry (Quantity One software; Bio-Rad). Anti-
GAPDH (Proteintech Group, Chicago, IL, USA) was used as a control.
Anti-HBP1 was purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). Anti-LSD1 was purchased from Cell Signaling Technology
(Boston, MA, USA).
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2.10 | Cell migration assays

Using Transwells (8.0-um pores; Corning, Tewksbury, MA, USA) for
migration assays, 300 pL medium containing 1% NBCS and 2.5 x 10*
NSCLC cells was transferred to the upper chamber. Medium containing
10% NBCS without cells were transferred to the lower chamber. After
incubation at 37°C for 48 hours, we used cotton wool to wipe off the
cells remaining on the upper membrane. The other cells that migrated
to the lower membrane were fixed and stained, followed by photo-

graphing with an IX51 inverted microscope (Olympus, Tokyo, Japan).

2.11 | 5-Ethynyl-2'-deoxyuridine analysis

The 5-ethynyl-2'-deoxyuridine (EdU) labelling kit (Ribobio) was used to
detect cell viability. The 12-well plate incubated 5 x 10* cells per well,
and cells following 48 hours transfection were incubated with 300 pL
diluted EdU labelling media for 2 hours in the cell culture CO, incuba-
tor. After cell immobilization in 4% paraformaldehyde and 0.5% Triton
X-100, cells were reacted with Apollo reaction liquid for 30 minutes
in the dark at room temperature. We used DAPI as a nuclear/chromo-
somal counterstain. The EdU-positive cells were observed and photo-
graphed under a fluorescence microscope. Each treatment group was

checked by five fields of view randomly.

2.12 | Tumor formation assay in vivo

The animal experiment protocols were approved by The Animal
Ethical and Welfare Committee of Nanjing Medical University and
were in strict accordance with the Guide for the Care and Use of
Laboratory Animals of the NIH. We resuspended PC-9 cells, stably
transfected with sh-AFAP1-AS1 or empty vector, at a concentra-
tion of 2 x 107 cells/mL in PBS. The BALB/c nude mice (4 weeks
old) were s.c. injected with 100 puL of suspended cells on either
side of the armpit regions. The measurement of tumor size was
repeated every 3 days, and tumor size was calculated by the for-
mula: volume = length x width? x 0.5. At 15 days after injection,
mice were killed, and the size and weight of resected tumors was
tested. The tumors were also subjected to the gRT-PCR analysis of
AFAP1-AS1 expression and immunohistochemical staining analy-
sis of Ki-67.

2.13 | Subcellular fractionation

Subcellular fractionation assays were carried out using the PARIS Kit
(Life Technologies). According to the manufacturer's instructions,
the cells can be separated into nuclear and cytoplasmic fractions be-

fore undergoing the RNA isolation procedure.

2.14 | RNA immunoprecipitation assays

The identification of RNA species associated with RNA-binding
protein was determined with a Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore, Billerica, MA, USA). PC-9 and

H1975 cells at 80%-90% confluency were scraped off from the
culture dishes, then dispersed in complete RNA immunoprecipi-
tation (RIP) lysis buffer for RIP lysate preparation. The samples
included magnetic beads, negative control Ab IgG, and candidate
Ab LSD1, EZH2, or SUZ12 (Millipore) to prepare bead-Ab com-
plexes. Then the supernatants of thawed RIP lysate and treated
beads were incubated with RIP immunoprecipitation buffer in
tubes rotating overnight at 4°C. Then the immunoprecipitate was
incubated with proteinase K buffer in tubes shaking at 55°C for
30 minutes to digest the protein. Finally, the isolated and purified
RNA was subjected to the gRT-PCR analysis to elucidate the pres-
ence of AFAP1-AS1.

2.15 | Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChIP) assays were carried out using
the Magna ChIP A Kit according to the manufacturer's protocol
(Millipore). PC-9 and H1975 cells at 80%-90% confluency in a 15-cm
culture dish were prepared for cross-linking and lysis, which were
treated with formaldehyde and incubated at room temperature for
10 minutes. After sonication of cell lysates to generate sheared cross-
linked chromatin of 200-1000 base pairs in length, the immunoprecipi-
tation of cross-linked chromatin was undertaken by adding 20 pL of
suspended protein A magnetic beads and 5.0 pg LSD1 Ab (Millipore),
H3 trimethyl Lys 4 Ab (Millipore), or 1gG as control per tube. After the
elution of protein/DNA complexes, free and purified DNA was de-
tected by gPCR.

2.16 | Immunohistochemistry

The primary tumors were subjected to immunohistochemical stain-

ing analysis of Ki-67 protein levels as previously described.

2.17 | Statistical analysis

All statistical analyses were carried out using SPSS 20.0 software (IBM,
Armonk, NY, USA). The significance of differences in experimental
data between different groups was estimated by Student's t test, and
GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA) was used
to draw all the plots. The correlations between AFAP1-AS1 expression
and the clinical features of NSCLC patients were examined by the X2
test. The Kaplan-Meier method was used to draw progression-free
survival and overall survival curves, and the log-rank test was applied
for comparison. All tests were two-sided, and P values less than .05

were chosen for statistically significant.

3 | RESULTS

3.1 | Antisense-transcribed IncRNA AFAP1-AS1
upregulated in tissues and cell lines

To identify expression levels of AFAP1-AS1 in NSCLC cancerous tis-
sues compared with noncancerous tissues, four microarray datasets
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FIGURE 1 Relative actin filament-associated protein 1 antisense RNA 1 (AFAP1-AS1) expression levels in non-small-cell lung cancer
(NSCLC) tissues and its clinical relevance. A, Relative expression of AFAP1-AS1 in NSCLC cancer tissues compared with normal tissues was
analyzed by using Gene Expression Omnibus datasets including GSE31210, GSE19804, GSE18842, and GSE19188. B, Relative expression of
AFAP1-AS1 in lung squamous cell carcinoma (LUSC) and lung adenocarcinoma (LUAD) tissues compared with normal tissues was analyzed
using The Cancer Genome Atlas dataset. C, Relative expression of AFAP1-AS1 in NSCLC tissues compared with adjacent normal tissues

(n = 96) was detected by quantitative real-time PCR, and normalized to GAPDH expression. D, The patients (n = 96) were divided into

two groups according to AFAP1-AS1 expression. E,F, Kaplan-Meier progression-free survival (PFS) (E) and overall survival (OS) (F) curves
according to AFAP1-AS1 expression levels. G, Kaplan-Meier curves of recurrence-free survival (RFS) in LUAD patients, by using data from
TCGA-LUAD. Patients were grouped by the median AFAP1-AS1 expression. Data are presented as the mean + SEM. *P < .05, **P < .01
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(GSE31210, GSE19804, GSE18842, and GSE19188) were obtained
from GEO datasets. As a result, AFAP1-AS1 expression levels were
upregulated in NSCLC tumor tissues (Figure 1A), and sequencing
data from TCGA also confirmed the high expression of AFAP1-AS1 in
human lung squamous cell carcinoma and human lung adenocarcinoma
tissues compared with normal tissues (Figure 1B). In addition, we ana-
lyzed AFAP1-AS1 expression in 96 paired NSCLC and adjacent normal
tissues using gqRT-PCR normalized to GAPDH, and relatively high ex-
pression was found in 78 of 96 samples (fold change >1.2; Figure 1C).
Moreover, to analyze correlations between AFAP1-AS1 expres-
sion and the clinical features of NSCLC patients, the 96 NSCLC pa-
tients were classified into two groups according to the median ratio
(fold-change = 5.531) of relative AFAP1-AS1 expression in tumor
tissues: (a) the high AFAP1-AS1 group (n = 48, AFAP1-AS1 expression
ratio 25.531), and (b) the low AFAP1-AS1 group (n = 48, AFAP1-AS1
expression ratio <5.531) (Figure 1D). As indicated in Table 1, the high
AFAP1-AS1 group showed larger tumor size (P = .008), lymph node
metastasis (P = .025), and a higher TNM stage (P = .024), but was not
correlated with other characters including age (P = .54), sex (P = .837),
histological subtype (P = .413), and smoking history (P = .306). Kaplan-
Meier survival analysis showed that patients with high AFAP1-AS1
expression had shorter overall survival and progression-free sur-
vival times than those with low AFAP1-AS1 expression (Figure 1E,F).
As shown in Figure 1F, the median overall survival time for the low
AFAP1-AS1 expression group was 36 = 2.602 months, while for the
high AFAP1-AS1 expression group it was only 26 + 2.209 months;
progression-free survival times showed the same trend. Furthermore,
by generating Kaplan-Meier curves of recurrence-free survival using
survival data from TCGA, we found that the lung adenocarcinoma pa-
tients with high AFAP1-AS1 expression also had significantly worse
recurrence-free survival (P < .05) (Figure 1G). Thus, dysregulation of

AFAP1-AS1 is a key event involving a poor prognosis of NSCLC.

3.2 | Invitro effects of AFAP1-AS1 on proliferation,
apoptosis, and cell cycle progression

To investigate the biological functions of AFAP1-AS1 in NSCLC cells,
we first determined relative AFAP1-AS1 expression in the normal
bronchial epithelial cell line 16HBE and five human NSCLC cell lines
(H1975, PC-9, A549, SPC-A1, and H1299) by gRT-PCR. As shown in
Figure 2A, PC-9 and H1975 cells had the highest relative AFAP1-AS1
expression compared with 16HBE cells. Next, we synthesized three
siRNAs to knock down AFAP1-AS1 expression; si-AFAP1-AS1 1#
and 3# had higher interference efficiencies than si-AFAP1-AS1 2#
following transfection (Figure 2B). The CCK-8 assays indicated that
the viability of PC-9 and H1975 cells with AFAP1-AS1-siRNA 1#/3#

treatment was significantly reduced compared with cells transfected
with scrambled siRNA (Figure 2C). Consistently, the colony forma-
tion abilities of NSCLC cells were impaired following transfection
with si-AFAP1-AS1 (Figure 2D). Similar differences were confirmed
in the EAU/DAPI immunostaining analysis (Figure 2E).

In order to determine whether cell cycle distribution and apop-
tosis were altered following AFAP1-AS1 knockdown in NSCLC cells,
we undertook flow cytometric assays. Flow cytometric analysis re-
vealed that PC-9 and H1975 cells transfected with si-AFAP1-AS1 1#
or 3# had higher rates of apoptosis and G,/G, cell cycle arrest com-
pared with cells transfected with scrambled siRNA (Figure 3A,B).
Taken together, these data indicated that AFAP1-AS1 promoted the
proliferation of lung cancer cells by inhibiting apoptosis and promot-

ing cell cycle transition.

3.3 | Downregulating AFAP1-AS1 inhibited NSCLC
cell migration

Cancer cell invasion and migration play important roles during can-
cer onset and progression. Using Transwell assays, we found that
PC-9 and H1975 cell migration was significantly impeded following
AFAP1-AS1 knockdown (Figure 3C).

3.4 | Xenograft mouse model shows that AFAP1-
AS1 knockdown impedes tumor growth

To confirm our in vitro results in an in vivo model, male nude mice
were inoculated with PC-9 cells stably expressing sh-AFAP1-AS1
or empty vector. Fifteen days after s.c. injection, the tumors that
developed from AFAP1-AS1-silenced PC-9 cells were significantly
smaller in size than those formed by cells expressing empty vec-
tor (Figure 4A); these data were consistent with tumor growth data
(Figure 4B). Moreover, there was a significant decrease of xenograft
tumor weight in the sh-AFAP1-AS1 group compared with the control
group (Figure 4C). The gRT-PCR analysis confirmed that tumor tis-
sues of the sh-AFAP1-AS1 group showed lower AFAP1-AS1 expres-
sion (Figure 4D). Next, immunohistochemical analysis revealed that
tumors with stable AFAP1-AS1 knockdown showed decreased Ki-67
positivity than those from the empty vector group (Figure 4E). Our
findings indicated that AFAP1-AS1 plays an oncogenic role that pro-
motes a proliferative phenotype in NSCLC cells in vivo.

3.5 | Underlying target of AFAP1-AS1 is HBP1

To investigate possible modulation of the sense gene AFAP1

by its antisense transcript AFAP1-AS1, we analyzed changes in

FIGURE 2 Effects of actin filament-associated protein 1 antisense RNA 1 (AFAP1-AS1) on non-small-cell lung cancer (NSCLC) cell
proliferation in vitro. A, Quantitative real-time (qRT)-PCR analysis of AFAP1-AS1 expression in NSCLC cells lines (H1975, PC-9, A549, SPC-
A1, and H1299), compared with that in normal human bronchial epithelial cells (16HBE). B, gRT-PCR analysis of AFAP1-AS1 expression in
PC-9 and H1975 cells transfected with si-AFAP1-AS1 1#, si-AFAP1-AS1 2#, si-AFAP1-AS1 3#, and scrambled siRNA. C, CCK-8 assays were
carried out to determine the cell viability of si-AFAP1-AS1-transfected PC-9 and H1975 cells. D,E, Colony formation assays (D) and EdU
staining assays (E) were used to test the proliferation of si-AFAP1-AS1-transfected PC-9 and H1975 cells. Representative images and data
are based on three independent experiments. Data are presented as the mean + SEM. *P < .05, **P < .01
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FIGURE 3 Knockdown of actin filament-associated protein 1 antisense RNA 1 (AFAP1-AS1) induced apoptosis and inhibited cell cycle
and migration in vitro. A, 48 h after transfection, non-small-cell lung cancer (NSCLC) cells were stained and analyzed by flow cytometry. LR,
early apoptotic cells; UR, terminal apoptotic cells. B, Percentage of cells in G,/G,, S, or G,/M phase was analyzed by flow cytometry when
NSCLC cells transfected with si-AFAP1-AS1. C, Transwell assays were used to determine representative migratory abilities of PC-9 and
H1975 cells

AFAP1 expression following AFAP1-AS1 silencing, and found that assays to examine its distribution in cells. The results showed that
AFAP1 mRNA levels remained unchanged (Figure S1A). To further AFAP1-AS1 RNA was primarily located within nuclear fractions
study the molecular mechanisms underlying AFAP1-AS1 activity (Figure 5A), indicating that its regulation might occur at the tran-
in PC-9 and H1975 cells, we first used subcellular fractionation scriptional level.
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Our previous studies showed that IncRNAs could repress the tran-
scription of downstream genes by interacting with histone modifying
enzymes or other RNA-binding proteins.?2?* As such, we used RIP as-
says to identify potential interactions between AFAP1-AS1 and other
well-known RNA-binding proteins including LSD1, EZH2, and SUZ12
(two subunits of polycomb repressive complex 2 [PRC2]). We found
that AFAP1-AS1 directly bound LSD1 and EZH2 in PC-9 and H1975
cells (Figure 5B). Then we identified novel genes and transcripts that
altered expression between control and AFAP1-AS1-knockdown PC-9
cells by RNA transcriptome sequencing. Among the 1013 differentially
expressed transcripts (fold-change 22, g value <0.05), 517 transcripts
were upregulated and the remaining 496 transcripts were downregu-
lated (Figure 5C, Table S2). Differentially expressed genes were classi-
fied according to GO terms, followed by GO enrichment analysis. Our
data identified biological processes that included pathways involved
in cell proliferation and cell migration (P < .05, Figure 5D). We then se-
lected several upregulated genes that act as tumor suppressors in mul-
tiple cancers for further validation. Quantitative RT-PCR assays were
carried out in both PC-9 and H1975 cells to examine levels of XAF1,
DMGDH, and other related genes after knocking down AFAP1-AS1.
The results showed that AFAP1-AS1 knockdown upregulated the ex-
pression of XAF1, HBP1, and other genes in both PC-9 and H1975 cells,
but no significant differences were observed in the levels of DMGDH,
CPEB3, or GBP2 after H1975 cells were transfected with si-AFAP1-
AS1. Among these AFAP1-AS1-regulated genes, the well-described

transcriptional repressor HBP1 showed relatively higher fold-change
in AFAP1-AS1-depleted H1975 cells (Figure 5E).Western blot assays
confirmed that HBP1 protein levels were also upregulated in NSCLC
cells following AFAP1-AS1 knockdown (Figure 5F).

We next explored whether AFAP1-AS1 led to decreased HBP1
expression through its interaction with LSD1 or EZH2 in PC-9
and H1975 cells by evaluating HBP1 mRNA levels in NSCLC cells
transfected with siRNAs against LSD1 and EZH2. Interestingly,
gRT-PCR results showed that downregulation of LSD1 increased
HBP1 expression, whereas EZH2 knockdown did not (Figures S1B
and 5G). Moreover, western blot analysis showed that silencing
LSD1 led to increased HBP1 protein levels in PC-9 and H1975 cells.
Furthermore, we detected HBP1 expression following LSD1 knock-
down in NCI-H1299 cells, which have the lowest AFAP1-AS1 ex-
pression. The results showed no significant change, indicating that
LSD1 knockdown-induced HBP1 upregulation is partly dependent
on AFAP1-AS1 (Figure 5H). Western blot assays confirmed that
AFAP1-AS1 did not influence LSD1 protein levels in PC-9 or H1975
cells (Figure S1C).

To explore whether LSD1 can act by binding to the HBP1 pro-
moter, we synthesized primers across 2000 base pairs of the HBP1
promoter region. Chromatin immunoprecipitation assays confirmed
that the protein LSD1 could interact with the DNA sequence of the
HBP1 promoter regions, where it mediated demethylation of lysine
4 on histone H3; furthermore, AFAP1-AS1 knockdown reduced this



2220 - YU ET AL
U218 Cancer Scieinc
(A) (B) o
g PC-9 g H1975 % 400- PC-9 E 280 H1975
§'51 m cytoplasm 6151 m cytoplasm E 350 5 K
g W Nucleus g | M Nuceus o o 200 T
S s < 3004 <
3107 31 P . ot~ -
o - o k = o 150
0 -
: 3 £ £ 590l - | =
& 051 T 051 s 10T <
< < o 100
[y L > [
< < = * > 10
° ° K} = 5 s
2 004 2 00l © ® g
5 U ARAPLASI 8 U6 AFAPI-AST IgG LSD1 EZH2 SUZ12 Input & lgG LSD1 EZH2 SUZ12 Input
[4
©) si-AFAP1-AS1
(D) GO terms
Regulation of cell migration
Regulation of cell motility
Si-NC si-AFAP1-AS1
B xar s Negative regulation of cellular process
WiovGpH | o
'CPEB3  ° Regulation of cell proliferation
GBP2 | 7
HBP1 =i Regulation of apoptotic process
DAPK2
SP100 Negative regulation of cell proliferation
DDIT3 } r T T
KLF2
RN 4P o a®
—Log.P
E) N3 S
& PC-9 c H1975 ad @ Q,\,‘?~ Q,\,‘?*
L40 3 Scrambled o 5 [ Scrambled (b@\o vg?‘ ?{(?“
§.2_81 i W si AFAPI-ASI 1# ﬁ“_ . EE si AFAPI-ASI 1# g e\’ &
8§15 B si AFAP1-ASI] 3# § B si AFAP1-AS1 3#
3 o3 (83 kDa)
<10 =
F %2-
E
¢ ® 244 =
§ 0 éo- A ﬂ e
+4 N a e
S S S0 D& OSSP G
¥ o\&@ (‘,Q [ AP & .\y-ovg 4.3\ 00\ .{.\'o“ga d{o & PC-9 H1975
G) € - H
( ).91 5- gs * NN RN @
a L Scrambled @ £ Scrambled fb‘(\o Y &((“0 \,60 'b‘(\\o Y
s mm SiLSD1 o4 T , . siLSD1 & & & s Y
X Q
21.0- 33+ LSDT [ S (S e - (110kDa)
e o
[7)] .
- mo g
> 0.5+ ] N.S
-~ > &
: = 5" —_——
0.0 o PC-9 H1975 H1299
PC-9 H1975  H1299 PC-9 H1975 H1299
0] PC-9 H1975
80+ mm si-NC 40+ mm si-NC
5 - si-AFAP1-AS1 = Si-AFAP1-AS1
g‘ 60 g— 304
k] ‘s
@ ] 2 4
g 40 g 20
=] £ xx
S 201 = S 10
& % 2 .
0- oA
\&’ \‘,-90\ u&& \é’ \?0\ V@&
& & = &
& &
¥ &




YU ET AL.

Cancer Science Bulia as

FIGURE 5 Actin filament-associated protein 1 antisense RNA 1 (AFAP1-AS1) interacts with lysine-specific demethylase 1 (LSD1) to
regulate HMG box-containing protein 1 (HBP1) in non-small-cell lung cancer cells. A, Relative expression of AFAP1-AS1 in PC-9 and H1975
cell cytoplasm and nucleus using quantitative real-time (qRT)-PCR. GAPDH was used as a cytoplasm marker and U6 was used as a nuclear
marker. B, RNA immunoprecipitation assays were undertaken in PC-9 and H1975 cells, expression levels of AFAP1-AS1 RNA was detected
by gRT-PCR and presented based on the fold enrichment in LSD1, EZH2, and SUZ12 immunoprecipitates relative to IgG immunoprecipitates.
C, Heatmap of gene alteration in AFAP1-AS1 knockdown PC-9 cells compared to control cells. D, Gene Ontology analysis for all genes with
altered expressions between the negative control group and AFAP1-AS1 knockdown group cells in vitro. E, gqRT-PCR was used to verify
mMRNA expression levels of tumor suppressors in scrambled siRNA and si-AFAP1-AS1 1#/3# transfected PC-9 and H1975 cells. F, HBP1
protein levels in AFAP1-AS1 knockdown PC-9 and H1975 cells transfected with si-AFAP1-AS1 1# or si-AFAP1-AS1 3#. G,H, qRT-PCR and
western blot assays were used to detect LSD1 and HBP1 mRNA and protein levels in PC-9, H1975, and H1299 cells treated with si-LSD1.
I, ChIP-qRT-PCR of LSD1 occupancy and H3K4me2 binding in the HBP1 promoter regions in PC-9 and H1975 cells transfected with

si-AFAP1-AS1 or scrambled siRNA

interaction in PC-9 and H1975 cells (Figure 5l). These findings in-
dicated that AFAP1-AS1 mediated epigenetic changes of HBP1, re-
cruiting LSD1 and resulting in HBP1 transcription repression in lung
cancer cells.

3.6 | Overexpression of HBP1 inhibited NSCLC cell
proliferation

To elucidate the biological role of HBP1 in NSCLC cells, we under-
took an overexpression functional assay. Quantitative RT-PCR and
western blot assays showed that HBP1 expression was increased
in PC-92 and H1975 cells transfected with the pcDNA-HBP1 vec-
tor (Figure 6A). The CCK-8 and colony formation assays revealed
that cell proliferation was impaired following HBP1 overexpression
(Figure 6B,C). Additionally, flow cytometry indicated that HBP1 up-
regulation mildly induced G,/G, arrest and apoptosis in PC-9 and
H1975 cells (Figure 6D,E). Furthermore, we used gRT-PCR assays
to detect AFAP1-AS1 and HBP1 mRNA levels in 20 NSCLC tissues,
and the results indicated a negative correlation between the two
(Figure 6F), which was also confirmed in the NSCLC patient profile
of GEO (GSE19804) (Figure 6G).

Finally, we undertook rescue assays to confirm whether HBP1
was involved in the oncogenic activity of AFAP1-AS1 in NSCLC cells.
To this end, PC-9 and H1975 cells were cotransfected with AFAP1-
AS1- and HBP1-targeted siRNAs. The CCK-8 and colony formation
assays showed that the inhibition of NSCLC cell proliferation was
partially rescued after cotransfection with si-AFAP1-AS1 and si-
HBP1 compared with NSCLC cells transfected with si-AFAP1-AS1
alone (Figure 7A,B). Western blot analysis showed that si-HBP1
transfection could partly rescue si-AFAP1-AS1-increased HBP1 ex-
pression (Figure 7C). Taken together, these findings confirmed that
the oncogenic functions of AFAP1-AS1 in NSCLC cells were, at least
in part, through repressing HBP1 expression.

4 | DISCUSSION

Recently, many studies have reported the connection of IncRNAs
with tumorigenesis and cancer progression. For example, IncRNAs
including HOTAIR, TUG1, PVT1, and MEG3, have been shown to play
crucial roles in NSCLC development by regulating transcriptional or

posttranscriptional processes‘[io,zs'%] For example, IncRNA PVT1

promotes expression of hypoxia-inducible factor-1a in NSCLC by
functioning as a competing endogenous RNA for miR-199a-5p, and
is a vital potential target for NSCLC hypoxia therapy.?’ Our previ-
ous study showed that IncRNA 00152 was upregulated in lung ad-
enocarcinoma tissues compared with normal samples and promoted
lung adenocarcinoma cell proliferation through EZH2-mediated in-
terleukin-24 silencing.30 In this study, we identified another IncRNA,
AFAP1-AS1, that was also upregulated in NSCLC tissues and cells.
High AFAP1-AS1 expression could potentially be pursued as a prog-
nostic marker for poor outcomes in NSCLC patients. Additionally,
AFAP1-AS1 downregulation slowed NSCLC cell proliferation in vitro
and tumor growth in vivo. Although Yin et al®t reported that AFAP1-
AS1 could epigenetically silence p21 transcription in A549 cells, we
selected PC-9 and H1975 cells with higher AFAP1-AS1 expression
to discover specific downstream target genes influenced by AFAP1-
AS1, which requires more research evidence to better explain the
biological processes of NSCLC.

To our knowledge, many IncRNAs contribute to malignant can-
cer cell phenotypes by actively governing the expression of local or
distal genes. A general mechanistic picture has emerged in which
IncRNAs modulate transcription through the recruitment of chroma-
tin modifiers. Interactions between IncRNAs and histone-modifying
complexes are prominent with respect to PRC2, which mediates the
methylation of lysine 27 on histone 3, and the lysine-specific de-
methylase LSD1, which is a flavin-dependent amine oxidase that is
highly selective for demethylation of lysine 4 on histone H3 to func-
tion as a transcription corepressor, but also functions as a transcrip-
tion coactivator through the demethylation of lysine 9 on histone
H3.°> One prominent example is INcRNA HOTAIR, which mediates
transcriptional gene silencing by binding to the PRC2 and LSD1/
CoREST/REST complexes and directing them to the specific gene
sites.®? Additionally, Lv et al reported that LSD1 overexpression pro-
motes proliferation, migration, and invasion in NSCLC, and Kozub
et al reported that LSD1 is upregulated in several solid tumors,
including neuroblastoma and estrogen receptor-negative breast
cancers, where it is associated with poor patient outcomes and ag-
gressive clinicopathological features.®3%4 These data suggested that
the association between LSD1 and IncRNAs is clearly important in
malignancy.

In the present study, we used RIP assays to reveal that AFAP1-
AS1 directly binds to LSD1 in lung cancer cells. RNA transcriptome
sequencing of AFAP1-AS1 knockdown PC-9 cells revealed increased
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FIGURE 6 Effects of HMG box-containing protein 1 (HBP1) overexpression on PC-9 and H1975 cells in vitro. A, mRNA and protein levels
of HBP1 in PC-9 and H1975 cells transfected with pcDNA-HBP1. B,C, CCK-8 and colony formation analysis were undertaken to detect cell
viability. D,E, Flow cytometry were used to determine cell cycle and apoptotic rates of PC-9 and H1975 cells transfected with pcDNA-HBP1
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levels (Dct value compared with GAPDH) in non-small-cell lung cancer tissues (n = 20). G, Relationship between AFAP1-AS1 and HBP1
expression was analyzed in the profile of non-small-cell lung cancer patient tissue from Gene Expression Omnibus

expression of the tumor suppressor HBP1, suggesting it was a novel
target of AFAP1-AS1 in NSCLC cells. Interestingly, knocking down
LSD1 in PC-9 and H1975 cells increased HBP1 expression, and ChlP
assays showed that AFAP1-AS1 could recruit LSD1 to the promoter
regions of HBP1 and repress its transcription by mediating the

demethylation of H3K4me2. These data indicated that AFAP1-AS1
plays vital roles in LSD1-mediated HBP1 repression in NSCLC cells.
HMG box-containing protein 1 is a member of the HMG-box tran-
scription factor family and functions as a transcriptional repressor.
It has two important domains including the HMG box DNA-binding
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domain and an AXH domain.®> HMG box-containing protein 1 has been
found to have tumor-suppressive functions in multiple cancers. For in-
stance, HBP1 overexpression sensitizes prostate cancer cells to radia-
tion and increases apoptosis in prostate cancer cells.%¢ In oral cancer,
increased HBP1 expression is associated with decreased cell growth
following N-acetylcysteine treatment.®” In a separate study on breast

cancer, Li and colleagues ascribed the decrease in HBP1 expression to
miR-17-5p upregulation, promoting cell proliferation, invasion, and mi-
gration.38 HMG box-containing protein 1 inhibits the progression from
G, to S phase of the cell cycle by regulating several key genes involved
in cell proliferation, such as CDKN2A (p16 INK4A) and CDKN1A (p21
CIP1), and also contributes to oncogenic RAS-induced senescence
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and terminal cell differentiation, supporting the hypothesis that HBP1
acts as a tumor suppressor.>’ As HBP1 mRNA/protein expression is
reduced in NSCLC patients due to promoter hypermethylation, we
found that HBP1 overexpression inhibited lung cancer cell prolifera-
tion and cell cycle progression and slightly induced apoptosis.*° Finally,
decreasing HBP1 expression partially reversed the inhibition of prolif-
eration in lung cancer cells following AFAP1-AS1 knockdown. The re-
sults indicated that HBP1 acts as a tumor suppressor and its inhibition
plays an important role in the malignant phenotype of NSCLC.

In conclusion, our findings showed that AFAP1-AS1 is upregu-
lated in NSCLC tissues and cells, and that high AFAP1-AS1 expres-
sion in NSCLC patients suggests worse outcomes. Furthermore,
AFAP1-AS1 can promote NSCLC cell proliferation and migration
through epigenetic silencing of tumor suppressor HBP1. Our study
could provide a new insight into targeting the AFAP1-AS1/LSD1/
HBP1 axis as a treatment strategy for NSCLC patients.
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