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Purpose: Autophagy plays essential roles in the development of COPD. We aim to identify 
and validate the potential autophagy-related genes of COPD through bioinformatics analysis 
and experiment validation.
Methods: The mRNA expression profile dataset GSE38974 was obtained from GEO database. 
The potential differentially expressed autophagy-related genes of COPD were screened by 
R software. Then, protein–protein interactions (PPI), correlation analysis, gene-ontology (GO) 
enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrich
ment analysis were applied for the differentially expressed autophagy-related genes. Finally, 
RNA expression of top five differentially expressed autophagy-related genes was validated in 
blood samples from COPD patients and healthy controls by qRT-PCR.
Results: A total of 40 differentially expressed autophagy-related genes (14 up-regulated 
genes and 26 down-regulated genes) were identified between 23 COPD patients and 9 
healthy controls. The PPI results demonstrated that these autophagy-related genes interacted 
with each other. The GO and KEGG enrichment analysis of differentially expressed autop
hagy-related genes indicated several enriched terms related to autophagy and mitophagy. The 
results of qRT-PCR showed that the expression levels of HIF1A, CDKN1A, BAG3, ERBB2 
and ATG16L1 in COPD patients and healthy controls were consistent with the bioinformatics 
analysis results from mRNA microarray.
Conclusion: We identified 40 potential autophagy-related genes of COPD through bioinfor
matics analysis. HIF1A, CDKN1A, BAG3, ERBB2 and ATG16L1 may affect the development 
of COPD by regulating autophagy. These results may expand our understanding of COPD 
and might be useful in the treatment of COPD.
Keywords: autophagy, COPD, bioinformatics analysis, gene expression omnibus dataset

Introduction
Chronic obstructive pulmonary disease (COPD) is a chronic respiratory disease 
characterized by incompletely reversible airway obstruction, with a high mortality 
and disability rate.1 Compared with healthy individuals, patients with COPD have 
an increased risk of other diseases, such as lung cancer.2 Previous studies reported 
that the risk factors of COPD include genetic factors, smoking and airway 
inflammation.3–5 Accumulating evidence has shown that several biological func
tions are involved in the pathogenesis of COPD, including cell proliferation, 
apoptosis and autophagy.6–8 Among these biological functions, autophagy plays 
essential roles in the development of COPD.

Autophagy is the conserved mechanism that delivers endogenous or exogenous 
cytoplasmic materials to the lysosomes for degradation.9 Autophagy is related to 

Correspondence: Jing Zhang  
Department of Respiratory and Critical 
Care Medicine, Tianjin Medical University 
General Hospital, 154 Anshan Road, 
Heping District, Tianjin 300052, People’s 
Republic of China  
Tel +86-22-60361612  
Fax +86-22-60361720  
Email tjzyyzhangjing@163.com

submit your manuscript | www.dovepress.com International Journal of Chronic Obstructive Pulmonary Disease 2021:16 67–78                         67

http://doi.org/10.2147/COPD.S288428 

DovePress © 2021 Sun et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Chronic Obstructive Pulmonary Disease           Dovepress
open access to scientific and medical research

Open Access Full Text Article

In
te

rn
at

io
na

l J
ou

rn
al

 o
f C

hr
on

ic
 O

bs
tr

uc
tiv

e 
P

ul
m

on
ar

y 
D

is
ea

se
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

mailto:tjzyyzhangjing@163.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


various diseases including respiratory diseases. For 
instance, miR-93 regulates tumorigenicity and therapy 
response of glioblastoma by targeting autophagy.10 In 
addition, IL-4 induces autophagy in B cells leading to 
exacerbated asthma.11 Some signaling pathways have 
been reported to affect the biological function of COPD 
through autophagy. PI3K/AKT/mTOR pathway regulates 
autophagy to induce apoptosis of alveolar epithelial cells 
in COPD.12 However, autophagy-related genes of COPD 
remain largely unknown and need to be further explored. 
Exploring and revealing the potential autophagy-related 
genes of COPD will provide us potential biomarkers to 
treat COPD.

Ezzie et al completed one COPD-related dataset 
GSE38974, which analyzed the differentially expressed 
genes between COPD patients and healthy individuals.13 

Their results showed that 70 miRNAs and 2667 mRNAs 
were differentially expressed in the two groups. In this study, 
the dataset was analyzed again from other perspectives. We 
explored the differentially expressed autophagy-related 
genes of COPD by analyzing the dataset GSE38974 from 
GEO database. Then, protein–protein interactions (PPI), cor
relation analysis, gene-ontology (GO) enrichment analysis 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis were applied for the differen
tially expressed autophagy-related genes. Finally, the expres
sion levels of key differentially expressed genes were further 
verified in COPD patients and healthy individuals.

Materials and Methods
Autophagy-Related Genes Datasets and 
Microarray Data
A total of 222 genes were obtained from The Human 
Autophagy Database (http://www.autophagy.lu/index.html). 
The mRNA expression profile dataset of GSE38974 was 
downloaded from GEO (http://www.ncbi.nlm.nih.gov/geo/). 
GSE38974 is in GPL4133 platform (Agilent-014850 Whole 
Human Genome Microarray 4x44K G4112F), which 
included 23 COPD and 9 normal lung tissue samples.

Differentially Expressed Analysis of 
Autophagy-Related Genes
The normalized expression matrix of microarray data was 
downloaded from the GSE38974 dataset. Then the probes 
was annotated with the annotation files from the dataset. 
The repeatability of data in GSE38974 was verified by 
principal component analysis (PCA). The “limma” 

package of R software was used to identify the differen
tially expressed autophagy-related genes. Genes with an 
adjusted P-value <0.05 and absolute fold-change value 
>1.5 were considered as differentially expressed genes. 
The heatmap, volcano plot and box plot were conducted 
using “heatmap” and “ggplot2” packages of R software.

PPI Analysis and Correlation Analysis of 
the Differentially Expressed 
Autophagy-Related Genes
PPI analysis of differentially expressed autophagy-related 
genes was analyzed using STRING database (https:// 
string-db.org/) and Cytoscape software (version 3.8.1). 
The correlation analysis of the differentially expressed 
autophagy-related genes was identified using Spearman 
correlation in the “corrplot” package of R software.

GO and KEGG Pathway Enrichment 
Analysis of Autophagy-Related Genes
GO and KEGG pathway enrichment analysis were con
ducted in R software using the package “GO plot”. The 
GO analysis consisted of cellular component (CC), biolo
gical process (BP) and molecular function (MF).

COPD Patients and Healthy Individuals
A total of 20 COPD patients (cases) and 20 age-matched 
healthy individuals (controls) were obtained from the Tianjin 
Medical University General Hospital between July 2020 and 
October 2020. The diagnosis of COPD was followed accord
ing to the Global Initiative for Chronic Obstructive Pulmonary 
Disease (GOLD) criteria: patients with post-bronchodilator 
FEV1/FVC <70%, and <80% predicted FEV1. Patients were 
excluded if they had bronchial asthma, bronchiectasis, pul
monary fibrosis, lung tumor and tuberculosis. The 20 healthy 
individuals were recruited from the hospital’s health checkup 
center. This study was conducted in accordance with the 
Declaration of Helsinki and approved by the Medical Ethics 
Committee of the hospital. Written informed consent was 
obtained from all the participants. Venous blood was collected 
from all cases and controls who participated in the study.

RNA Extraction and Quantitative 
Real-Time Polymerase Chain Reaction 
(qRT-PCR)
The blood samples from each participant were processed 
to isolate peripheral blood mononuclear cells (PBMCs) 
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using Ficoll solution (Solarbio Life Sciences, Beijing, 
China). Total RNA was extracted from PBMCs with 
RNA Extraction Kit (Omega, Guangzhou, China). 
Reverse transcription was conducted using PrimeScript 

RT Master Mix Kit (Takara, Dalian, China). The mRNA 
level was assessed using TB Green Premix Ex Taq Kit 
(Takara, Dalian, China) following the instructions. Primers 
are available in Supplementary Table S1. The relative 

C

BA

Figure 1 Differentially expressed autophagy-related genes in COPD and healthy samples. (A) Principal component analysis for GSE38974. (B) Volcano plot of the 222 
differentially expressed autophagy-related genes. The red dots represent the significantly up-regulated genes and the blue dots indicate the significantly down-regulated 
genes. (C) Heatmap of the 40 differentially expressed autophagy-related genes in COPD and healthy samples.
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expression of mRNA was calculated by 2−ΔΔCt method 
with the normalization to ACTB.

Statistical Analysis
The statistical analyses were performed using R software 
(version 3.6.2). Gene expression levels of our clinical 
samples were compared using Student’s t-test. P < 0.05 
was considered statistically significant.

Results
Differentially Expressed Autophagy-Related 
Genes in COPD-Retrospective Analysis of 
Autophagy-Related Genes
To evaluate the intra-group data repeatability, we performed 
principal component analysis (PCA), and the results showed 
that the repeatability of data in GSE38974 is fine (Figure 
1A). We next analyzed the expression of 222 autophagy- 

Table 1 The 40 Differentially Expressed Autophagy-Related Genes in COPD Samples Compared to Healthy Samples

Gene Symbol logFC Changes P-value Adj. P-value Chromosome

NAF1 1.4357957 Up 1.56E-06 3.96E-05 4q32.2

HIF1A 1.3603498 Up 7.82E-06 0.0001444 14q23.2

CDKN1A 1.272822 Up 0.0002532 0.0022153 6p21.2
BAG3 1.1930022 Up 4.63E-05 0.0005802 10q26.11

CHMP4B 1.0045764 Up 6.24E-12 2.28E-09 20q11.22

PPP1R15A 0.9262876 Up 0.0008207 0.0056518 19q13.33
CFLAR 0.9260041 Up 0.000208 0.0019141 2q33.1

EIF2AK3 0.9155192 Up 3.94E-05 0.0005098 2p11.2

CAPN10 0.8527256 Up 2.48E-08 1.52E-06 2q37.3
AMBRA1 0.8353141 Up 5.43E-09 4.90E-07 11p11.2

ATG4B 0.8135798 Up 3.64E-09 3.52E-07 2q37.3

DNAJB1 0.6134868 Up 0.0020265 0.0116548 19p13.12
PTK6 0.608517 Up 0.0002323 0.0020772 20q13.33

FOXO1 0.5948789 Up 0.0003144 0.0026293 13q14.11

PEX3 −0.587454 Down 0.0011187 0.0073109 6q24.2
CAPN2 −0.595352 Down 1.14E-05 0.0001928 1q41

DAPK2 −0.603068 Down 0.0038466 0.0188934 15q22.31

CLN3 −0.604752 Down 0.0088636 0.0357914 16p12.1
RB1CC1 −0.622768 Down 0.0002098 0.0019237 8q11.23

HGS −0.622941 Down 0.007054 0.0299605 17q25.3

RAB24 −0.623503 Down 5.40E-05 0.0006594 5q35.3
NBR1 −0.63116 Down 4.23E-05 0.0005379 17q21.31

RAC1 −0.632484 Down 8.29E-08 3.97E-06 7p22.1

IKBKB −0.652862 Down 3.05E-09 3.12E-07 8p11.21
ULK2 −0.666303 Down 0.0046861 0.0219625 17p11.2

HDAC1 −0.709992 Down 3.05E-10 5.47E-08 1p35.2-p35.1

VEGFA −0.719885 Down 0.0083788 0.0342328 6p21.1
MAPK9 −0.721893 Down 0.0002068 0.0019065 5q35.3

PRKAR1A −0.737878 Down 6.70E-05 0.0007753 17q24.2

WDR45 −0.747259 Down 0.0012551 0.008014 Xp11.23
HDAC6 −0.761707 Down 3.82E-07 1.31E-05 Xp11.23

BNIP3 −0.769753 Down 7.87E-06 0.0001451 10q26.3
ITGB1 −0.776737 Down 0.0004698 0.0036189 10p11.22

ZFYVE1 −0.791195 Down 0.0005979 0.0043929 14q24.2

DAPK1 −0.880472 Down 2.11E-05 0.0003097 9q21.33
ITPR1 −0.895618 Down 7.23E-08 3.55E-06 3p26.1

ATG16L1 −0.911281 Down 0.0003391 0.0027977 2q37.1

FAM48A −0.913225 Down 4.04E-09 3.85E-07 13q13.3
GAPDH −0.919411 Down 1.41E-06 3.66E-05 12p13.31

ERBB2 −0.983015 Down 2.12E-08 1.37E-06 17q12
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related genes in 23 COPD patients and 9 healthy individuals, 
and 40 autophagy-related genes were identified using the 
criteria of adjusted P-value <0.05 and absolute fold-change 
value >1.5, including 14 up-regulated genes and 26 down- 
regulated genes (Table 1). Following the analysis of the 
GSE38974 dataset with R software, the 40 differentially 
expressed autophagy-related genes between COPD and nor
mal groups were presented in heatmap and volcano plot 
(Figure 1B and C). Moreover, box plots showed the expres
sion patterns of 40 differentially expressed autophagy-related 
genes between COPD and normal samples (Figure 2A and 
B). The top five up-regulated genes included NAF1, HIF1A, 

CDKN1A, BAG3 and CHMP4B, and the top five down- 
regulated genes included ERBB2, GAPDH, FAM48A, 
ATG16L1, and ITPR1. (Figure 2A and B; Table 1).

PPI Network and Correlation Analysis of 
the Differentially Expressed 
Autophagy-Related Genes
To determine the interactions among differentially 
expressed autophagy-related genes, we performed PPI 
analysis. The results demonstrated that these autophagy- 
related genes interacted with each other (Figure 3A) and 
showed the interaction number of each gene (Figure 3B). 

A

B

Figure 2 The boxplot of 40 differentially expressed autophagy-related genes in COPD and healthy samples. (A) The boxplot of top 20 differentially expressed autophagy- 
related genes in COPD and healthy samples. (B) The boxplot of last 20 differentially expressed autophagy-related genes in COPD and healthy samples.
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To explore the expression correlation of these autophagy- 
related genes, correlation analysis was performed. The 
results showed the relationship of the 40 differentially 
expressed autophagy-related genes in GSE38974 dataset 
(Figure 4).

GO and KEGG Enrichment Analysis of 
the Differentially Expressed 
Autophagy-Related Genes
To analyze the potential biological functions of these dif
ferentially expressed autophagy-related genes, we con
ducted GO and KEGG enrichment analysis by using 
R software. The results revealed that the most significant 
GO enriched terms involved in autophagy, process utiliz
ing autophagic mechanism, macroautophagy (biological 
process); autophagosome, membrane raft, membrane 
microdomain (cellular component); ubiquitin-like protein 
ligase binding, ubiquitin protein ligase binding, protein 
serine/threonine kinase activity (molecular function) 
(Figure 5A and B; Supplementary Table S2). In KEGG 
enrichment analysis, the differentially expressed autop
hagy-related genes mainly involved in the process of 

autophagy and mitophagy (Figure 6; Supplementary 
Table S3).

Validation the Differentially Expressed 
Autophagy-Related Genes in COPD 
Patients – Prospective Analysis in New 
Population
To validate the reliability of the GSE38974 dataset, the 
expression levels of top five differentially expressed 
autophagy-related genes were further identified by qRT- 
PCR in our clinical samples. The clinicopathological vari
ables of cases and controls are summarized in Table 2. 
Similar to the results of mRNA microarray in lung tissue 
samples, the expression levels of HIF1A, CDKN1A and 
BAG3 were significantly higher in COPD blood samples 
than in normal blood samples (Figure 7A). In addition, the 
expression levels of ERBB2 and ATG16L1 were signifi
cantly decreased (Figure 7B). However, the expression 
levels of NAF1, CHMP4B, GAPDH, FAM48A and ITPR1 
showed no significant difference between the two groups 
(Figure 7A and B).

BA

Figure 3 Protein–protein interactions (PPI) analysis the 40 differentially expressed autophagy-related genes. (A) The PPI among 40 differentially expressed autophagy- 
related genes. (B) The interaction number of each differentially expressed autophagy-related gene.
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Discussion
The development of COPD is influenced by smoking, 
inflammation, airway remodeling and other factors. 
Increasing evidences suggested that autophagy may be 
involved in the pathogenesis of COPD. Smoking can 
lead to oxidative stress of lung cells, which further 
leads to autophagy activation of lung epithelial cells. 
Autophagy causes emphysema by inducing autophagic 
death of lung cells.14 Another evidence suggested that 
autophagy can promote the release of inflammatory 
cytokines, which contributes to the inflammatory 
response of COPD.15 However, extensive validations 

are needed to improve the understanding of autophagy 
in pathogenesis of COPD.

A series of recent studies have explored the link 
between PBMCs and lung tissue RNAs and COPD. 
Dang et al performed RNA profiling of PBMCs from 
smokers and COPD patients by microarray. In their 
study, some differentially expressed miRNAs and 
mRNAs including miRNA-320b, miR-24-3p, CD177 
and IL6 were identified.16 In addition, a recent study 
found that circRNA0001859 was down-regulated in 
lung tissue of mice and may be a potential biomarker 
for the treatment of COPD.17 Moreover, one previous 

Figure 4 Spearman correlation analysis of the 40 differentially expressed autophagy-related genes.
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study demonstrated that autophagy-associated protein 
levels of PBMCs in COPD patients were increased and 
were correlated with FEV1% predicted values and circu
lating levels of cytokines.15 However, there are still few 

related studies in this field, and further investigations 
will be required to better understand this field.

To the best of our knowledge, there are several published 
cancer-related articles exploring autophagy-related genes.18–20 

A

B

Figure 5 Gene Ontology (GO) enrichment analysis of 40 differentially expressed autophagy-related genes. (A) and (B) Bubble plot of enriched GO terms. 
Abbreviations: BP, biological process; CC, cellular component; MF, molecular function.
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For instance, a recent study reported 30 autophagy-related 
genes in lung adenocarcinoma, some of which are associated 
with the prognosis of patients.19 However, bioinformatics 
analysis of autophagy-related genes has not been explored in 
COPD. In this study, we were the first identified 40 potential 
autophagy-related genes in COPD through bioinformatics 
analysis. Some of these autophagy-related genes of COPD 
has been previously studied. For example, Ding et al demon
strated that the serum VEGFA is one promising diagnostic 

biomarker of asthma-COPD overlap syndrome.21 In addition, 
evidence suggested that SIRT1 and FOXO1 mRNA expression 
levels in PBMCs correlate to physical activity in COPD 
patients.22 We intend to explore more potential autophagy- 
related genes of COPD in the future.

The potential biological functions of these differen
tially expressed autophagy-related genes were also con
ducted through GO and KEGG enrichment analysis. GO 
and KEGG enrichment analysis of differentially expressed 
autophagy-related genes indicated several enriched terms 
related to autophagy and mitophagy. Several published 
articles have confirmed that autophagy can affect the pro
gress of COPD. One in vitro study revealed that miR-21 
could increase autophagy and promote the apoptosis of 
16HBE cells in COPD.23 Another recent study showed 
that FUNDC1 silencing could suppress the progress of 
COPD by inhibiting mitochondrial autophagy through 
interaction with DRP1.24 Future experiments will be 
necessary to explore the potential biological functions of 
these differentially expressed autophagy-related genes.

Based on bioinformatics analysis results, the expres
sion levels of top five differentially expressed autop
hagy-related genes were further identified by qRT-PCR 
in our clinical samples. The results of qRT-PCR showed 
that the expression levels of HIF1A, CDKN1A, BAG3, 
ERBB2 and ATG16L1 were consistent with the bioinfor
matics analysis results from mRNA microarray. Some of 

Figure 6 Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of 40 differentially expressed autophagy-related genes.

Table 2 Clinicopathological Variables of Cases and Controls in 
This Study

Variables COPD (n=20) Control (n=20) P-value

Age (years) 64.75 ± 5.33 63 ± 3.28 0.22

Gender (male/female) 12/8 13/7 0.75

BMI (kg/m2) 25.27 ± 4.49 24.91 ± 3.36 0.78

Current/ex-smokers 8/6 9/3 0.34

Lung function

FEV1%predicted 39.39 ± 16.94

FEV1/FVC 48.89 ± 12.07

Medication status

LAMA 2

ICS+LABA 3

ICS+LABA+LAMA 15

Notes: Data are presented as mean ± SD. P-values were calculated using chi-square 
test or Student’s t-test. 
Abbreviations: N, number; BMI, body mass index; SD, standard deviation.
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these verified genes have been reported to be associated 
with respiratory diseases. Wang et al revealed that the 
HIF1A gene rs10873142 polymorphism increases the 
risk of COPD in a Chinese Han population.25 Another 
study also found that the expression level of CDKN1A is 
significantly higher in COPD samples when compared 
with normal samples, in agreement with the results from 
our clinical samples.26 BAG3 has not been reported in 
COPD, but BAG3 could promote resistance to apoptosis 
through Bcl-2 family members in non-small cell lung 

cancer (NSCLC).27 One evidence demonstrated that the 
rs4719839 SNP in ATG16L1 can influence the expres
sion of miR-148 and negatively regulate ATG16L1 
expression to increase the risk of ventilator-associated 
pneumonia.28 However, the explicit mechanism of these 
verified genes in COPD remains largely unclear and 
needs to be further explored.

Several studies have reported that autophagy is 
involved in different respiratory diseases. For instance, 
one research demonstrated that YBX1 (Y-box binding 

A

B

Figure 7 RNA expression of top five autophagy-related genes were measured in COPD and healthy samples. (A) RNA expression of NAF1, HIF1A, CDKN1A, BAG3 and 
CHMP4B were measured in blood samples using qRT-PCR. (B) RNA expression of ERBB2, GAPDH, FAM48A, ATG16L1 and ITPR1 were measured in blood samples using qRT- 
PCR. P-values were calculated using a two-sided unpaired Student’s t-test. **P<0.01; ***P<0.001; ****P<0.0001. 
Abbreviation: ns, non significant.
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protein 1) could mediate autophagy by targeting p110β 
and decreasing the sensitivity to cisplatin in NSCLC.29 

Moreover, miR-30a targets ATG5 (autophagy-related 5) 
and attenuates airway fibrosis in asthma by suppressing 
autophagy.30 Recent study reported a novel role of 
CX3CR1 (C-X3-C motif chemokine receptor 1) in regula
tion of macrophage autophagy and promotion of pulmon
ary fibrosis in hyperoxic lung injured mice.31 In summary, 
autophagy plays an important role in respiratory diseases.

There are still some limitations in our research. First, 
the bioinformatics results were obtained from the lung 
tissues of smokers and COPD patients. However, we per
formed experimental verification in blood samples of the 
included individuals. Second, the number of clinical sam
ples included in our study is limited, and we need to 
confirm our conclusions in a larger COPD cohort. Third, 
we only verified the expression level of the differentially 
expressed autophagy-related genes in clinical samples, but 
did not explore the potential mechanism of these genes in 
COPD cells and mouse models. Therefore, further 
research needs to be explored in the future.

Conclusion
In conclusion, we identified 40 potential autophagy-related 
genes of COPD through bioinformatics analysis. 
Moreover, the key genes HIF1A, CDKN1A, BAG3, 
ERBB2 and ATG16L1 may affect the development of 
COPD by regulating autophagy. These results expanded 
our understanding of COPD and might be useful in treat
ment of COPD.

Abbreviations
BP, biological process; BMI, body mass index; CC, cellu
lar component; COPD, chronic obstructive pulmonary dis
ease; GEO, gene expression omnibus dataset; GO, Gene 
Ontology; KEGG, Kyoto Encyclopedia of Genes and 
Genomes; MF, molecular function; NSCLC, non-small 
cell lung cancer; PBMCs, peripheral blood mononuclear 
cells; PCA, principal component analysis; PPI, protein– 
protein interactions; qRT-PCR, quantitative real-time poly
merase chain reaction; SD, standard deviation.
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