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Background and Objectives: Long non-coding RNAs (lncRNAs) play an important role 
in the pathogenesis of many diseases, including cancer, pulmonary fibrosis and chronic 
obstructive pulmonary disease (COPD). In this study, we intended to identify the differen-
tially expressed lncRNAs and the role of HOXA cluster antisense RNA 2 (HOXA-AS2) in 
patients with COPD.
Methods: We analyzed lncRNA profiles of three non-COPD and seven COPD patients’ 
lungs via microarray and then validated the expression of the top differentially expressed 
lncRNAs by using real-time polymerase chain reaction (PCR). To identify the mechanism of 
HOXA-AS2 during COPD pathogenesis and endothelial cell proliferation, we knocked down 
and overexpressed HOXA-AS2 with siRNA and lentivirus transfection approach in human 
pulmonary microvascular endothelial cells (HPMECs).
Results: Among 29,150 distinct lncRNA transcripts, 353 lncRNAs were significantly 
(≥2-fold change and P<0.05) upregulated and 552 were downregulated in COPD patients. 
The fold change of HOXA-AS2 is 9.32; real-time PCR confirmed that HOXA-AS2 was 
downregulated in COPD patients. In in vitro experiments, cigarette smoke extract (CSE) 
treatment reduced the expression of HOXA-AS2 and cell proliferation of HPMECs. 
Knocking down HOXA-AS2 inhibited HPMECs proliferation and the expression of 
Notch1 in HPMECs. Overexpressing Notch1 could partly rescue the inhibition of cell 
viability induced by the silence of HOXA-AS2.
Conclusion: Our results demonstrated that differentially expressed lncRNAs may act as 
potential molecular biomarkers for the diagnosis of COPD, and HOXA-AS2 was involved in 
the pathogenesis of COPD by regulating HPMECs proliferation via Notch1, which may 
provide a new approach for COPD treatment.
Keywords: chronic obstructive pulmonary disease, HOXA-AS2, Notch1, endothelial cell, 
proliferation

Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by progressive and 
irreversible airflow limitation and associated with an abnormal inflammatory 
response of the lungs to noxious particles and gases,1 which causes significant 
morbidity and mortality worldwide and is expected to become the third leading 
cause of death by 2020.2 It is known that genetic variants and environmental factors 
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have a role in the pathogenesis of this disease. Smoking 
and/or some other chronic exposure to irritants plays an 
important role among the environmental factors.3–5 

However, only 20% of smokers develop COPD,6 indicat-
ing that genetic and epigenetic factors contribute to the 
susceptibility for this disease.

Protein-coding genes only represent a small part of the 
human genome (20,687 genes, <2%),7 while a large portion 
is transcribed into non-coding RNAs (ncRNAs), including 
microRNAs (miRNAs) and long non-coding RNAs 
(lncRNAs), both of which were originally thought to be 
non-functional. With the advancement of high-resolution 
microarray analysis methods, genome-wide sequencing 
technology or RNA-sequencing, the role of non-coding 
RNA has generated considerable interest. It was demon-
strated that lncRNAs were involved in various cellular 
functions, including cell proliferation, cell growth, cell dif-
ferentiation and apoptosis.8–10 The abnormal expression of 
lncRNAs was revealed in many diseases, including cancer, 
pulmonary fibrosis, and COPD.11–15 Recently, increasing 
evidence has shown that HOXA cluster antisense RNA 2 
(HOXA-AS2), a lncRNA located between and antisense to 
the human HOXA3 and HOXA4 genes, is associated with 
cell survival, proliferation and invasion.16–18 Moreover, it is 
reported that expression of HOXA-AS2 is related to 
endothelium inflammation.19 In our previous studies, we 
found the dysfunction of endothelial cells was involved in 
the pathogenesis of COPD.20,21 However, whether HOXA- 
AS2 has a role in the progress of COPD by regulating the 
function of endothelial cells remains unclear.

In this study, we detected the expression of lncRNAs in 
the lung tissues of three non-COPD and seven COPD 
patients by Agilent microarray 3.0 system. We found that 
HOXA-AS2 was significantly downregulated in COPD 
patients, and HOXA-AS2 can regulate human pulmonary 
microvascular endothelial cells (HPMECs) proliferation. 
Meanwhile, we further investigated the mechanism by 
which HOXA-AS2 was involved in the pathogenesis of 
COPD and regulating HPMECs proliferation.

Patients and Methods
Lung Tissue Samples
This study was approved by the Institutional Ethics 
Committee of the Second Xiangya Hospital of Central South 
University (2,016,032) and was performed in accordance with 
the ethical standards established in the 1964 Declaration of 
Helsinki and its later amendments or comparable ethical 

standards. All the patients provided informed consent. 
COPD patients (n=7) and non-COPD patients (n=3) were 
diagnosed as spontaneous pneumothorax and required pul-
monary segmentectomy or lobectomy. The diagnosis of 
COPD was based on the Global Initiative for Chronic 
Obstructive Lung Disease (GOLD) 2013.22 All the patients 
were in a clinically stable state without pulmonary infection in 
the last 4 weeks. Patients with other chronic pulmonary dis-
eases, such as obstructive atelectasis and asthma, lung cancer, 
and other systemic diseases, including diabetes, cardiovascu-
lar diseases, renal diseases, hepatic diseases or mental dis-
eases, were excluded. Lung tissue samples were immediately 
frozen in liquid nitrogen for further experiments, or fixed in 
4% formaldehyde and cut into 3.5-mm-thick sections to stain 
with hematoxylin and eosin (HE).

Arraystar lncRNA Array
Lung tissue RNA was isolated using Trizol reagent (Life 
Technologies Corporation, CA, USA), and RNA quality 
was determined. RNA labeling reaction was performed 
using a Quick Amp Labeling Kit, One-Color (p/n 
5190–0442, Agilent Technologies, CA, USA) and purified 
by RNeasy Mini Kit (p/n 74,104, Qiagen, Hilden, 
Germany). Then, labeled/amplified cRNA was hybridized 
using Agilent Gene Expression Hybridization Kit (p/n 
5188–5242, Agilent), and then the microarray was washed. 
We used Agilent Microarray Scanner (p/n G2565BA, 
Agilent) and Agilent Feature Extraction to scan and extract 
data. (Aksomics Inc., Shanghai, China)

Cell Culture
HPMECs were purchased from ScienCells Research 
Laboratory (CA, USA) and were cultured in endothelial 
cell medium (ECM, ScienCells Research Laboratory, CA, 
USA) supplemented with 5% fetal bovine serum (FBS), 
1% endothelial cell growth factor and penicillin (100 IU/ 
mL)/streptomycin (50 μg/mL) at 37°C in a humidified 
incubator, containing 5% CO2. Only cells at passages 3 
to 4 were used in experiments.

CSE Preparation
CSE was prepared as described previously.20 Briefly, one 
commercial cigarette (Furong, Changde Cigarette Company, 
Hunan, China) without filter was burned, and the smoke 
passed through 25 mL of basic ECM without FBS and 
endothelial cell growth factor by a vacuum pump. Then, the 
smoke extract was filtered through a 0.22-μm pore-size filter. 
The PH of the solution was adjusted to 7.2–7.4. The product 
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was regarded as 100% CSE solution and subsequently diluted 
with complete ECM to obtain final concentrations of 0.5%, 
1%, 2.5%, and 5% in in vitro study.

Cell Transfection
Using Lipofectamine 2000 (Invitrogen, CA, USA) according 
to the manufacturer’s instructions, HOXA-AS2 siRNA and 
respective negative control (NC) siRNA (RiboBio 
Corporation, Guangzhou, China), Notch1 overexpression 
plasmid vectors and empty vectors (GeneChem, Shanghai, 
China) were transfected into endothelial cells. For HOXA- 
AS2 overexpression lentivectors (GeneChem, Shanghai, 
China) infection, firstly we co-cultured the lentivectors with 
different cell density in different medium with or without 
Polybrene or ENi.S.(Enhanced Infection Solution) to find the 
proper multiplicity of infection (MOI) for lentivectors. Then, 
the selected condition, including cell seeding density and the 
most effective conditioned medium, was used in the subse-
quent infection experiments. The representative images of 
cell transduction efficiency by lentivectors were shown in 
Supplementary Material: Figure S1.

Cell Proliferation Assay
The cells were seeded into 96 wells, and treated with the 
HOXA-AS2 siRNA, or CSE at different concentrations of 0, 
0.5%, 1%, 2.5%, and 5%, or 10 mM of Notch1 inhibitor 
DAPT (GSI-IX, gamma-Secretase Inhibitor IX, ApexBio 
Technology, TX, USA) for 24h. Then, cell proliferation 
was carried out by Cell Counting Kit-8 (CCK-8, Dojindo 
Laboratories, Kumamoto, Japan) according to the manufac-
turer’s protocol. In brief, after treatment, the culture medium 
was aspirated and changed into fresh medium. Then, 10 μL 
of CCK-8 reagent was added into each well and incubated at 
37°C for 4h. The absorbance at 450nm was measured by 
a microplate reader, which determined the survival rate of 
endothelial cells.

Real-Time Polymerase Chain Reaction 
(Real-Time PCR)
Total RNA was extracted from lung tissues, and cells were 
cultured using Trizol reagent (Life Technologies Corporation, 
CA, USA). RNA was reverse transcribed using RevertAid™ 
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, 
USA). Then, real-time PCR was performed with UltraSYBR 
Mixture (ComWin Biotech Corporation, Beijing, China) fol-
lowing the manufacturer’s protocol in PIKO REAL 96 PCR 
System (Thermo Fisher Scientific, USA). The sequence of 

primers is shown in the Supplementary Material: Table S1. 
We used GAPDH as the internal loading control and calcu-
lated the relative expression of lncRNA or mRNA by 2−∆∆CT 

method. Each PCR analysis was done in triplicate.

Western Blot
Total protein was extracted from cells by RIPA lysis 
(Beyotime Institute of Biotechnology, Jiangsu, China) con-
taining 1% protease/phosphatase inhibitor cocktail 
(ComWin Biotech Corporation, Beijing, China) and then 
measured by Pierce BCA Protein Assay Kit (Thermo Fisher 
Scientific, USA) to determine the protein concentration. 
Protein lysates were loaded and separated in 4–20% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) gel (Sigma, USA) and transferred to polyvinylidene 
difluoride (PVDF) membranes after electrophoresis (EMD 
Millipore, Billerica, MA, USA). After blocking with 5% 
nonfat dry milk for 1 h at room temperature, the membranes 
were washed and incubated with Notch1 and glyceralde-
hyde 3-phosphate dehydrogenase (GADPH) primary anti-
body (20,687-1-AP and 10,494-1-AP, Proteintech Group 
Incorporation, IL, USA) in dilutions of 1:1000 and 1:3000 
at 4°C overnight. The next day, the membranes were 
washed and incubated with horseradish peroxidase-labeled 
secondary antibody (SA00001-2, Proteintech Group 
Incorporation, IL, USA) at a 1:5000 dilution. Then, the 
antibody-labeled bands were detected by an enhanced che-
miluminescence detection system (ECL, BestBio 
Pharmacia Biotech). The results were quantified with 
Quantity One Analysis Software (Bio-Rad Laboratories, 
Hercules, CA, 210 USA).

Statistical Analysis
Statistical analysis of data was conducted by SPSS 22.0 
(SPSS Incorporation, IL, USA) and GraphPad Prism 6.0 
(GraphPad Software, CA, USA). One-way analysis of 
variance (ANOVA) was used to analyze the difference 
between two groups and the least significant difference 
(LSD) post hoc test was performed to compare the differ-
ences between multiple groups. There was statistical sig-
nificance when p-values were less than 0.05.

Results
Overview of the lncRNA and mRNA 
Profiles in Lung Tissues of COPD
Three non-COPD and seven COPD patients were selected 
for this study. The basic characteristics are shown in Table 1. 
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The hematoxylin-eosin (HE) staining of COPD and non- 
COPD lung tissues were performed (Supplementary 
Material: Figure S2). LncRNA array was used to measure 
the differentially expressed lncRNAs in COPD and non- 
COPD lung tissues. Twenty-five thousand six hundred and 
six distinct lncRNAs transcripts were detected in the lung 
tissues of all subjects. In COPD patients, 353 lncRNAs were 
significantly (≥2-fold change and P<0.05) up-regulated, and 
552 were downregulated when compared to patients without 
COPD (Figure 1A). RP11-160E2.19, LUCAT1, 
LINC01108, LY86-AS1, and GO63948 were the top five 
upregulated lncRNAs with the fold change ranging from 
4.67 to 12.23. RP5-1158E12.1, G052118, G057815, 
Uc.128-, and G089388 were the top five downregulated 
lncRNAs with the fold change ranging from 12.92 to 
15.35 (Figure 1B). Eighteen thousand eight hundred and 
ninety-four distinct mRNA transcripts were detected in the 
lung tissues of all subjects. In COPD patients, 270 mRNAs 
were significantly (≥2-fold change and P<0.05) upregulated 
and 293 were downregulated when compared to patients 
without COPD (Figure 1C and D).

Real-Time PCR Validation
We selected the top five upregulated lncRNAs and six down-
regulated lncRNAs based on the fold change for confirma-
tion of expression in another two sets of lung tissue samples 
using real-time PCR, which includes RP11-160E2.19, 
LUCAT1, LINC01108, LY86-AS1, GO63948, RP5- 
1158E12.1, G052118, G057815, Uc.128-, G089388, and 
HOXA-AS2. The basic characteristics of the patients are 
seen in Supplementary Material: Table S2. The results indi-
cated 63.64% consistency between the microarray data and 

real-time PCR results. RP11-160E2.19, LUCAT1, 
GO63948, RP5-1158E12.1, G052118, uc.128-, and HOXA- 
AS2 were confirmed to change significantly between COPD 
patients and non-COPD patients (Table 2).

Kyoto Encyclopedia of Genes and 
Genomes (KEGG) Pathway Analysis and 
Gene Ontology Enrichment Analysis
Pathway analysis demonstrated that there were several 
enrichment-related pathways. It included 34 upregulated 
pathways (the top ten up-regulated pathways are shown in 
Figure 2A), such as the cytokine-cytokine receptor interac-
tion, chemokine signaling pathway, Toll-like receptor signal-
ing pathway, and NF-kappa B signaling pathway. Ten 
downregulated pathways (Figure 2B) included protein 
digestion and absorption, steroid hormone biosynthesis, reti-
nol metabolism, and drug metabolism-cytochrome P450.

Gene ontology (GO) analysis was performed to deter-
mine the gene product enrichment (http://www.geneontol 
ogy.org). Three domains in ontology were analyzed: bio-
logical process (Figure 2C and D), cellular component 
(Figure 2E and F), and molecular function (Figure 2G 
and H). For the biological process, there were 526 upre-
gulated and 401 downregulated GO items between the 
COPD and non-COPD groups. Immune response and tis-
sue development had the highest enrichment score value of 
the significant enrichment terms.

CSE Treatment Inhibited HPMECs 
Proliferation and Reduced the Expression 
of HOXA-AS2
HPMECs were exposed to CSE at different concentrations 
of 0.0%, 0.5%, 1.0%, 2.5%, and 5.0% for 24 h. CCK-8 assay 
was then performed to examine cell viability. The results 
demonstrated that at the concentration of 2.5% CSE, both 
the cell viability and the expression level of HOXA-AS2 
were decreased significantly (Figure 3A and B). Then, we 
explored the optimum timepoint for the experiment. The 
expression of HOXA-AS2 decreased significantly at 12 h, 
24 h, and 48 h (Figure 3C). CSE at a concentration of 2.5% 
was chosen for the following experiment.

Effects of HOXA-AS2 on the HPMECs 
Proliferation
To examine the effect of HOXA-AS2 on cell proliferation, 
silencing and overexpression approaches were used. We 

Table 1 Clinical Characteristics of the Subjects Recruited for the 
Microarray

Number Group Age Sex Pack- 
Years

FEV1% FEV1/ 
FVC

1 Non-COPD 65 Male 20 81.0 99.0

2 Non-COPD 53 Female 0 118.0 82.0

3 Non-COPD 67 Male 0 77.7 73.4

4 COPD 64 Male 10 51.4 49.7

5 COPD 61 Female 30 79.0 47.0

6 COPD 51 Male 20 80.0 61.0

7 COPD 68 Female 10 69.2 55.9

8 COPD 64 Male 40 62.0 54.0

9 COPD 66 Male 20 56.0 50.0

10 COPD 69 Male 40 70.4 65.8

Abbreviations: COPD, chronic obstructive pulmonary disease; FEV1, forced 
expiratory volume in 1 second; FVC, forced vital capacity.
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knocked down HOXA-AS2 in HPMECs by transfecting with 
three kinds of siRNA and found that all the siRNAs caused 
a significant decrease in HOXA-AS2 expression (Figure 4A). 
Because siRNA2 transfection had more profound effects on 
suppressing HOXA-AS2 expression than the other two 
siRNAs, we chose siRNA2 for the following experiment. 
The cell viability was significantly inhibited after being trans-
fected with siRNA for 24 h (Figure 4B). To further clarify the 
role of HOXA-AS2 in regulating cell viability, we overex-
pressed HOXA-AS2 in HPMECs via transfecting with lenti-
virus and found that overexpression of HOXA-AS2 could 

alleviate cell viability inhibition induced by CSE treatment 
(Figure 4C).

HOXA-AS2 Regulated HPMECs 
Proliferation via Notch1
To investigate the mechanisms by which HOXA-AS2 reg-
ulates cell proliferation, we used real-time PCR to detect 
the expression of some important genes related to endothe-
lial proliferation, including Notch1, Fli1, Wnt3a, and vas-
cular endothelial growth factor (VEGF). We found that 
only Notch 1 was significantly decreased after knocking 

Figure 1 The differential expression of lncRNAs and mRNA in COPD and non-COPD lung tissues. (A) The volcano plot of differential expressed lncRNAs in COPD 
compared to non-COPD lung tissues. The expressions of lncRNAs were presented in red (≥2-fold change and P<0.05), green (≥2-fold change but P≥0.05), blue (≤2-fold 
change and P<0.05), and gray (NS). (B) Hierarchical clustering showed the top differential expression of lncRNAs in COPD (red bar) and non-COPD (blue bar) lung tissues. 
The expression was displayed on a scale from light (low) to deep (high). (C) The volcano plot of differentially expressed mRNAs in COPD compared to non-COPD lung 
tissues. The expression of upregulated mRNAs was presented in red (≥2-fold change and P<0.05), downregulated in green (≥2-fold change and P<0.05) and gray (NS). (D) 
The hierarchical clustering of all differential expressed mRNAs in COPD (red bar) compared to non-COPD (blue bar) lung tissues. The expression was displayed on a scale 
from green (low) to red (high). 
Abbreviations: COPD, chronic obstructive pulmonary disease; lncRNAs, long non-coding RNAs; NS, no significance.
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down HOXA-AS2 (Figure 5A). The other three genes did 
not present significant differences between the control and 
HOXA-AS2 siRNA group (Supplementary Material: 
Figure S3). Western blot also confirmed that knocking 
down HOXA-AS2 downregulated the expression of 
Notch1 following the same trend (Figure 5B). In addition, 
we found that CSE treatment could decrease the expres-
sion of Notch1, and it could be partly reversed by over-
expressing HOXA-AS2 (Figure 5C). We further confirmed 
the function of Notch1 in regulating cell proliferation. 
Notch1 inhibitor and Notch1 overexpression plasmid 
were used to investigate the functional role of Notch1 in 
HPMECs. Our results demonstrated that Notch1 inhibitor 
decreased the expression of Notch1, while Notch1 over-
expression could increase the expression of Notch1 
(Figure 5D). Importantly, the inhibition of Notch1 
decreased cell viability significantly, whereas overexpres-
sion of Notch1 could promote the proliferation of 
HPMECs, suggesting that Notch1 was involved in cell 
cycle regulation (Figure 5E). To further address the role 
of Notch1 in HOXA-AS2 regulating cell proliferation, we 
overexpressed Notch1 in HPMECs after transfecting with 
HOXA-AS2 siRNA for 24 h. This showed that overex-
pression of Notch1 could partly rescue the cell viability 
inhibition induced by the silence of HOXA-AS2 
(Figure 5F). Notch1 inhibitor could reduce the cell viabi-
lity promoted by overexpressing HOXA-AS2 (Figure 5G).

Discussion
The present study showed that lncRNA HOXA-AS2 was 
significantly downregulated in COPD lung tissues and CSE- 
treated HPMECs. The expression of HOXA-AS2 showed 
a dose- and time-dependent decrease in HPMECs when 

exposed to CSE. We also found that HOXA-AS2 promoted 
proliferation of HPMECs. Moreover, Notch1 was found to be 
a downstream molecule of HOXA-AS2, and overexpressing 
Notch1 protected HPMECs against the damage of cell survi-
val induced by CSE and HOXA-AS2 silencing. Taken 
together, our study demonstrated that HOXA-AS2 was 
involved in preservation of endothelial cell viability during 
the pathogenesis of COPD through regulating Notch1. Our 
findings strongly suggest the importance of lncRNAs in 
COPD pathogenesis and likely provide a new target in 
COPD treatment.

Over the past decades, lncRNAs have been proven to be 
essential regulators of transcription and translation by their 
ability to interact with DNAs, RNAs, and proteins.23–25 

Moreover, the dysregulation of lncRNAs is associated with 
pathological processes of different diseases, such as cardio-
vascular diseases, metabolic diseases, and cancer.26–28 

However, the role that lncRNAs plays in COPD pathogenesis 
remains to be determined. To address this problem, we used 
microarray analysis to study the differential expression of 
lncRNAs in COPD and non-COPD lung tissues. Three hun-
dred fifty-three lncRNAs were upregulated, and 552 
lncRNAs were downregulated in COPD lung tissues com-
pared to non-COPD tissues. These results suggested that 
there were significant changes in lncRNA profile in COPD 
pathological processes. Also, we found that hundreds of 
mRNAs were significantly differentially expressed in 
COPD lungs. The GO and pathway analyses showed that 
lncRNAs was involved in various signaling pathways and 
metabolic process, such as the NF-kappa B signaling path-
way, Wnt/β-catenin signaling pathway, inflammatory 
response, and immune system. Early studies have shown 
that NF-kappa B plays an important role in COPD 

Table 2 The Verification of Microarray Analysis Selected from Different Expressed Long Non-Coding RNAs in the List

LncRNA* Expression Fold Change P value (Microarray) P value (Real-Time PCR Verification)

RP11-160E2.19 Up 12.23 0.04 0.014
LUCAT1 Up 10.60 0.01 0.036

LINC01108 Up 7.31 0.04 0.549

LY86-AS1 Up 5.27 0.02 0.067
G063948 Up 4.67 0.02 0.025

RP5-1158E12.1 Down 15.35 0.03 0.007

G052118 Down 15.21 0.04 0.009
G057815 Down 13.97 0.03 0.262

uc.128- Down 13.35 0.002 0.008
G089388 Down 12.92 0.04 0.455

HOXA-AS2 Down 9.32 0.04 0.014

Note: *LncRNAs, long non-coding RNAs.
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Figure 2 KEGG pathway analysis and GO enrichment analysis of differentially expressed mRNAs. (A and B) The significantly upregulated (A) and downregulated (B) pathways in 
COPD vs non-COPD patients. The P-value (EASE-score, Fisher’s P-value, or hypergeometric P-value) denotes the significance of the pathway correlated to the conditions. The lower 
the P-value, more significant is the pathway (the recommended P-value cutoff is 0.05). (C and D) GO analysis about the top ten counts of enrichment score in the biological process. 
Up-regulated (C) and down-regulated (D) in the biological process. (E and F) GO analysis of the top ten counts of enrichment score in the biological process. Up-regulated (E) and 
down-regulated (F) gene molecular function. (G and H) GO analysis of the top ten counts of enrichment score of up-regulated (G) and down-regulated (H) cellular component. 
Abbreviations: COPD, chronic obstructive pulmonary disease; KEGG pathway analysis, Kyoto Encyclopedia of Genes and Genomes pathway analysis; GO enrichment 
analysis, gene ontology enrichment analysis.
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pathogenesis through regulating several inflammatory med-
iators that are essential to the development of disease.29 The 
Wnt/β-catenin signaling pathway has also been widely 
accepted to be related to the destruction of parenchymal 
tissue and emphysema repair.30 In addition, recent studies 
have uncovered that immune response has a potential role in 
COPD pathogenesis.31 Therefore, our study supported that 
lncRNAs could be involved in COPD progression through 
various signaling pathways.

Furthermore, the real-time PCR validation showed that 
lncRNA HOXA-AS2 was significantly downregulated in 
COPD lung tissue. Recent studies have demonstrated that 
HOXA-AS2 promotes cell proliferation, migration, and 
invasion in various human cancers, such as breast cancer, 
bladder cancer, and osteosarcoma.16,17,32 Zhu et al19 

reported that inhibiting HOXA-AS2 could activate the 
nuclear factor (NF)-κB signaling pathway and induce sub-
sequent inflammatory response in endothelial cells. 

Figure 3 CSE treatment inhibited the proliferation of HPMECs and reduced HOXA-AS2 expression. (A) HPMECs were treated with different concentrations of CSE, including 
0, 0.5%, 1.0%, 2.5%, and 5.0% for 24 h, and the proliferation of HPMECs was measured by CCK-8 assay. (B) HPMECs was exposed to CSE of different concentrations (0, 0.5%, 
1.0%, 2.5%, and 5.0%) for 24 h, and the relative expression levels of HOXA-AS2 was measured by real-time-PCR. At the concentrations of 2.5% and 5% CSE, the cell viability 
decreased significantly. (C) HPMECs were treated with 2.5% CSE for different amounts of time, and the relative expression levels of HOXA-AS2 were measured by real-time 
PCR. The expression of HOXA-AS2 decreased significantly as the treatment time extended. Data are presented as mean ± SEM. *P < 0.05. We used GAPDH as the internal 
loading control and calculated the relative expression of lncRNA by 2−∆∆CT method. All experiments were performed independently at least 3 times. 
Abbreviations: CSE, cigarette smoke extract; real-time PCR, real-time polymerase chain reaction; HPMECs, human pulmonary microvascular endothelial cells; CCK-8, Cell 
Counting Kit-8.

Figure 4 HOXA-AS2 promoted the proliferation of HPMECs. (A) Three kinds of siRNAs were transfected into HPMECs, and the relative expression levels of HOXA-AS2 
were measured by real-time PCR. All the siRNAs could cause significant decrease in HOXA-AS2 expression. (B) HPMECs were transfected with negative control (NC) and 
HOXA-AS2 siRNA for 24 h, and cell viability was measured by CCK-8 assay. This showed that the silence of HOXA-AS2 decreased the proliferation of HPMECs. (C) After 
transfection with HOXA-AS2 overexpression lentiviral vectors and empty lentiviral vectors, HPMECs were incubated with 2.5% CSE for 24 h. Then, the cell viability was 
measured by CCK-8 assay. The results suggested that HOXA-AS2 promoted the viability of HPMECs and partly rescued the damage of cell proliferation induced by CSE. All 
data are presented as mean ± SEM. *P < 0.05. We used GAPDH as the internal loading control and calculated the relative expression of lncRNA by 2−∆∆CT method. All 
experiments were performed independently at least 3 times. 
Abbreviations: HPMECs, human pulmonary microvascular endothelial cells; real-time PCR, real-time polymerase chain reaction; CCK-8, Cell Counting Kit-8. CSE, 
cigarette smoke extract.
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Endothelium dysfunction is one of the most essential fac-
tors contributing to COPD pathogenesis, which has been 
confirmed by our previous studies.20,21,33 Given the impor-
tance of endothelial cells in COPD, we detected the role of 
HOXA-AS2 in pulmonary endothelial cells. The results 
showed that the expression of HOXA-AS2 was decreased 
in HPMECs when exposed to CSE, in dose- and time- 
dependent reduction. These results revealed that HOXA- 
AS2 expression within HPMEC level is regulated by CSE 
stimuli. Mechanistically, HOXA-AS2 silencing suppressed 
endothelial cell survival, while overexpressing HOXA- 
AS2 attenuates the viability damage of HPMECs induced 
by CSE. These results all suggested that HOXA-AS2 
could promote the viability of HPMECs, but the 

mechanisms which were involved in the process needed 
to be further investigated.

To explore the mechanism of HOXA-AS2 on regulating 
the proliferation of HPMECs, we searched the online data-
base AnnoLnc (http://annolnc.cbi.pku.edu.cn/) to deter-
mine the HOXA-AS2 target protein. Unfortunately, there 
was no predictional co-expressed protein that was matched 
in differentially expressed mRNA in microarray analyses. 
Then, we tried to identify some other important genes 
related to endothelial proliferation, such as Notch1, Fli1, 
Wnt3a, and VEGF. The results showed that only Notch 1 
was significantly decreased after knocking down HOXA- 
AS2 in HPMECs. Notch1 has been widely accepted to have 
significant effects on cell fate determination, including cell 

Figure 5 HOXA-AS2 promote HPMECs proliferation through regulating Notch1. (A) HOXA-AS2 siRNAs were transfected into HPMECs for 24 h, and the relative 
expression levels of Notch1 were measured by real-time PCR. Notch1 mRNA decreased in HOXA-AS2 knocking down HPMECs. (B–D) Western blot was used to analyze 
the expression of Notch1 protein after transfection with HOXA-AS2 siRNA, overexpressing HOXA-AS2 lentivirus, Notch1 overexpression plasmid or Notch1 inhibitor 
gamma-Secretase Inhibitor IX (GSI-IX, DAPT 10 mM for 24 h) in HPMECs. (E–G) Cell Counting Kit-8 (CCK-8) assay was used to measure HPMECs viability after treatment. 
All data are presented as mean ± SEM. *P < 0.05. All experiments were performed independently at least 3 times. 
Abbreviations: HPMECs, human pulmonary microvascular endothelial cells; real-time-PCR, real-time polymerase chain reaction; CCK-8, Cell Counting Kit-8.
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proliferation, differentiation, and cell apoptosis.34 When 
Notch1 is activated by ligands located on the cell surface, 
Notch1 undergoes intra-membrane proteolysis, then it 
releases an intracellular region which induces the down-
stream signaling cascade.35 Our previous study reported 
that Notch1 was downregulated in HPMECs when exposed 
to CSE both in vivo and in vitro.20 Concordantly with these 
early studies, we found that Notch1 overexpression pro-
moted endothelial cell proliferation, whereas NOTCH1 
inhibitor decreased cell viability. Interestingly, the expres-
sion of Notch1 decreased after knocking down HOXA-AS2 
and increased in endothelial cells with HOXA-AS2 over-
expression. These data suggested that Notch1 mediates 
HOXA-AS2-dependent proliferation of HPMECs.

Our study has potential limitations. First, in this study, 
we verified the top five upregulated lncRNAs, five down-
regulated lncRNAs, and HOXA-AS2. However, there 
were hundreds of lncRNAs differentially expressed in 
COPD lung tissues, and these lncRNAs may also have 
significant effects in COPD pathogenesis. Second, the 
present study demonstrated that HOXA-AS2 attenuated 
the damage of cell viability induced by CSE and promoted 
proliferation of HPMECs via Notch1. But the mechanism 
by how HOXA-AS2 regulates Notch1 remains unknown. 
Third, there was no evidence about the effects of HOXA- 
AS2 on endothelial cells in an animal model in our study, 
but the analysis of human lung tissues and thorough study 
of HOXA-AS2 in endothelial cells can provide strong 
background information on animal study.

Conclusions
In summary, our study revealed the differential expression 
level of lncRNAs between COPD and non-COPD lung 
tissues through microarray analysis. GO and pathway ana-
lyses could help us explore and predict the function of 
certain lncRNAs. The results also suggested that HOXA- 
AS2 promotes cell proliferation and attenuates the damage 
of cell viability induced by CSE exposure through upre-
gulation of Notch1. Our findings not only highlight an 
important role of HOXA-AS2 in the proliferation of 
HPMECs, but also provide novel insights into searching 
effective therapeutic targets.

Abbreviations
COPD, chronic obstructive pulmonary disease; CSE, cigar-
ette smoke extract; ECM, endothelial cell media; FEV1, 
forced expiratory volume in 1 second; FVC, forced vital 
capacity; GOLD, Global Initiative for Chronic Obstructive 

Lung Disease; HOXA-AS2, HOXA cluster antisense RNA 
2; HPMEC, human pulmonary microvascular endothelial 
cell; LncRNA, long non-coding RNA; PCR, polymerase 
chain reaction.
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