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reveal the pathogenesis and a novel biomarker
of acute exacerbation of chronic obstructive
pulmonary disease
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Abstract

Background: Acute exacerbation of chronic obstructive pulmonary disease (AECOPD) is the main factor that leads
to the deterioration of the disease. Currently, the diagnosis of AECOPD mainly relies on clinical manifestations, good
predictors or biomarkers are lacking. We aim to reveal specific biomarkers and potential pathogenesis of AECOPD and
provide a research basis for the diagnosis and treatment.

Methods: Four patients with AECOPD, four patients with stable COPD, and five control subjects were enrolled for
RNA sequencing and KEGG analysis. The mRNA level of target genes was verified by quantitative real-time PCR (gqPCR)
with an expanded sample size (30 patients with AECOPD, 27 patients with stable COPD, and 35 control subjects).
ELISA and immunofluorescence were used to identify the target proteins. Furthermore, the expression and function of
WNT/B-catenin signaling pathway were assessed in animal models of COPD.

Results: RNA sequencing showed that 54 genes were up-regulated and 111 genes were down-regulated in the
AECOPD. Differentially expressed genes were mainly enriched in WNT signaling pathway, et al. QPCR revealed that
multi-genes of the WNT/[3-catenin signaling were significantly down-regulated in AECOPD (P<0.05), and {3-catenin
protein was significantly decreased in plasma of AECOPD and stable COPD (P<0.01), while phosphorylated 3-catenin
was significantly up-regulated in peripheral blood mononuclear cells of AECOPD (P < 0.05). Similarly, WNT ligands,
WNT receptors, and downstream signaling molecules were down-regulated, with an increased phosphorylated
(3-catenin protein in animal models of COPD. Activation of WNT/{-catenin signaling pathway by lithium chloride
reduced the expression of phosphorylated (3-catenin and ameliorated the COPD-like airway inflammation in mice.

Conclusion: WNT/(-catenin signaling pathway is down-regulated in AECOPD patients and in animal models of

COPD. Increased expression of phosphorylated 3-catenin in the blood might be a potential biomarker of AECOPD.
Activation of WNT/[3-catenin pathway may also represent a therapeutic target for AECOPD.
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Introduction

Chronic obstructive pulmonary disease (COPD), charac-
terized by persistent respiratory symptoms and restricted
airflow, is a chronic airway disease that seriously endan-
gers human health [1]. With continuous exposure to ciga-
rette smoke and environmental pollutants, as well as the
aging population, COPD has become the third leading
cause of death in the world, with a global prevalence rate
of 10.1% [2]. In China, the overall prevalence of COPD in
people over 20 years old is 8.6%, in people over 40 years
old, a higher prevalence of COPD was 13.7% [3].

Acute exacerbation of chronic obstructive pulmonary
disease (AECOPD) is defined as patients who have acute
exacerbation of respiratory symptoms and require addi-
tional treatment [1]. Frequent acute exacerbation will
accelerate the deterioration of lung function and increase
the social and economic burden. Predicting and iden-
tifying AECOPD is an important part of COPD man-
agement. Clinically, the diagnosis of AECOPD mainly
depends on medical history and clinical manifestations.
In recent years, the biomarkers of COPD have been an
appealing direction of research, to find a convenient
method for early monitoring, auxiliary diagnosis, and
evaluation of treatment response.

Transcriptomics can simultaneously detect thousands
of RNA and has gradually become an important tool
for biomarker research. RNA sequencing (RNA-seq) is
a transcriptomic analysis method using deep sequenc-
ing technology, which can detect the overall transcrip-
tion activity of cells or tissues more accurately, efficiently,
and widely [4]. Currently, a variety of RNA and molecular
signaling pathways related to COPD were identified by
transcriptomic, but the results of different studies are not
highly repetitive. It is very important to verify the results
of omics in multiple levels for finding reliable signaling
pathways and biomarkers.

In this study, we performed RNA-seq of mRNA in
peripheral blood mononuclear cells (PBMC) of patients
with AECOPD, stable COPD, and control subjects,
screened differentially expressed genes (DEGs) and
multiple signaling pathways that potentially related to
the pathogenesis of AECOPD by KEGG analysis. We
use quantitative real-time PCR (qPCR) to verify the
transcription level of WNT/B-catenin signaling in an
expanded-sample size, use ELISA and immunofluo-
rescence to verify the differential expression of target
genes at the protein level. Besides, we further elucidated
the expression of WNT/B-catenin signaling pathway
in a traditional COPD model with cigarette smoke (CS)

exposure, and in a novel COPD model combining ciga-
rette smoke sensitization and elastin challenge (CE).

Methods

Patient population

Patients with stable COPD and AECOPD and control
subjects were recruited from the Second Affiliated Hospi-
tal of Zhejiang University School of Medicine, Hangzhou,
China. All participants have given written informed con-
sent to participate in the study, which was approved by
the Institutional Review Board for Human Studies of Sec-
ond Affiliated Hospital of Zhejiang University School of
Medicine (Hangzhou, China). The definition of patients
with stable COPD and AECOPD was according to the
Global Initiative for Chronic Obstructive Lung Dis-
ease (GOLD 2018) [5]. Patients with stable COPD were
enrolled based on the following criteria: (1) Over 40 years
old. (2) In line with the diagnostic criteria in GOLD 2018.
(3) With the ability to sign informed consent. (4) Can
be followed up according to the study protocol. Exclu-
sion criteria: (1) with other pulmonary diseases (such as
lung cancer, sarcoidosis, tuberculosis, pulmonary fibro-
sis, cystic fibrosis) and severe al-antitrypsin deficiency.
(2) With other inflammatory diseases (such as rheuma-
toid arthritis and inflammatory bowel disease, etc.). (3)
A history of pulmonary surgery, or a diagnosis of malig-
nant tumor recently. (4) A history of blood transfusion in
4 weeks. (5) Participating in a double-blind drug clinical
trial. (6) Unable to walk. (7) Using oral or intravenous
steroid therapy. (8) With acute exacerbation in 4 weeks.
For AECOPD, patients who were over 40 years old were
eligible for inclusion if they had a diagnosis of COPD
in their primary care clinical record and were present-
ing with an acute exacerbation of respiratory symptoms.
Other specific diseases that may account for sudden
changes in respiratory symptoms should be excluded by
clinical or laboratory tests. The remaining exclusion cri-
teria were consistent with the above five criteria in stable
COPD. The control group included healthy people over
40 years old, excluding those with respiratory symp-
toms, chronic airway diseases, and other lung diseases,
as well as heart, liver, kidney, and other important organ
diseases.

Animal models of COPD

Six to 8 weeks male C57BL/6 mice were purchased from
the Animal Centre of Slaccas (Shanghai, China). All mice
were maintained in the animal facility of the laboratory
animal center of Zhejiang University. Mice at the end of
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modeling were anesthetized by intraperitoneal injec-
tion of 0.2 mL 2% pentobarbital sodium and were killed
by cervical dislocation, in the scientific research building
of Zhejiang University. All experimental protocols were
approved by the Ethical Committee for Animal Studies at
Zhejiang University.

CE model: Mice (n=5) were exposed to CS in a stain-
less-steel chamber using a whole-body smoke exposure
system (TE-10, Teague Enterprises, Woodland, CA, USA)
for approximately 2.5 h per day (100 cigarettes), 5 days
per week, and last 2 weeks. Control subjects (n=4) were
exposed to filtered room air. Mouse elastin (E6402-SPEC)
was purchased from Sigma-Aldrich. 2 mg/ml elastin was
suspended in sterile saline and sonicated. 100 pg elas-
tin in 50 pl saline was administered intratracheally for 3
times at day 29, 30, and 31, and mice were sacrificed 48 h
after the last elastin challenge. The detailed experimental
protocol refers to the previous study [6].

CS model: Mice (n=6) were exposed to CS in a stain-
less-steel chamber using a whole-body smoke exposure
system (TE-10, Teague Enterprises, Woodland, CA,
USA) for approximately 10 times per day (5 cigarettes for
each time), 5 days per week, and last 3 months. Control
subjects (n=5) were exposed to filtered room air.

WNT/B-catenin signaling activation in vivo

The WNT/B-catenin signaling in the lungs from C57BL/6
mice was activated via intraperitoneal injection of
lithium chloride (LiCl) (200 mg/Kg/BW/day). LiCl is
a substituted compound used as activator to evaluate
the participation of WNT/B-catenin signaling path-
way. Like canonical WNT ligands, LiCl can suppresses
the B-catenin destruction complex (Axin/ APC/ CK1/
GSK3p) by inhibiting GSK-3B [7] (Fig. 3A). LiCl was
diluted in sterile water and the fresh stock was prepared
for every injection. CE model or air control subjects were
treated with LiCl or normal saline (NS) for 5 times at day
29, 30, 31, 32 and 33 (Air+NS, n=5; CE4+NS, n=4;
Air+ LiCl, n=5; CE+ LiCl, n=6). Then mice were sacri-
ficed 5 h after the last LiCl injection.

RNA sequencing and data analysis

Total RNA from PBMC of four patients with AECOPD,
four patients with stable COPD, and five control subjects
was extracted using RNAiso Reagent (TaKaRa Company,
Dalian, China) according to the manufacturer’s instruc-
tions. 2 pg RNA per sample was used as input material for
the RNA sample preparations. Sequencing libraries were
generated using NEBNext® Ultra™ RNA Library Prep Kit
for Illumina® (#£7530L, NEB, USA) following the manu-
facturer’s recommendations and index codes were added
to attribute sequences to each sample. Briefly, mRNA
was purified from total RNA using poly-T oligo-attached
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magnetic beads. Fragmentation was carried out using
divalent cations under elevated temperature in NEB-
Next First Strand Synthesis Reaction Buffer (5X). cDNA
was synthesized by reverse transcription with a reverse
transcriptase kit (Toyobo, Japan). The library fragments
were purified with QiaQuick PCR kits and elution with
EB buffer, then end repair, A-tailing, and adapter ligation
were implemented. The aimed products were retrieved
by agarose gel electrophoresis and PCR was performed,
then the library was completed. Transcriptome sequenc-
ing was performed on the Illumina Hiseq xTen platform.

Raw Data was processed with Perl scripts to ensure the
quality of data used in further analysis. DESeq (v1.16) was
used for differential gene expression analysis between
two samples with biological replicates using a model
based on the negative binomial distribution. The p-value
could be assigned to each gene and adjusted by Benja-
mini and Hochberg’s approach for controlling the false
discovery rate. Genes with q <0.05 and|log,Ratio|>1 are
identified as DEGs. The KEGG (Kyoto Encyclopedia of
Genes and Genomes, http://www.kegg.jp/) enrichment
of DEGs was implemented by the hypergeometric test,
in which p-value was adjusted by multiple comparisons
as g-value, which less than 0.05 was considered as signifi-
cant enrichment.

Quantitative real-time PCR

Total RNA from PBMC of 30 patients with AECOPD, 27
patients with stable COPD, and 35 control subjects or
the lungs of mice was extracted using RNAiso Reagent
(TaKaRa Company, Dalian, China) according to the man-
ufacturer’s instructions. Reverse transcription was per-
formed with a reverse transcriptase kit (Toyobo, Japan).
Real-time PCR analysis of 9 human genes (LGR6, FZD4,
and CTNNBI, etc.) and 11 mouse genes (LGR6, FZD4,
and CTNNBI, etc.) were measured using specific primers
(see Additional file 1) and gene expression assays on the
ABI ViiA 7 Real Time PCR System (Applied Biosystems,
United States of America). 2722CT values was calculated
as the relative mRNA level of genes.

ELISA

The concentration of B-catenin (CTNNBI) (BioVision,
# K3381-100) in human plasma was quantified using
ELISA Kit according to the manufacturer’s protocol.

Immunofluorescence

Immunofluorescent staining was used to quantify phos-
phorylated [-catenin (p-p-catenin) in the PBMC of
human and lung tissue of mice. PBMC was isolated
according to previous study [6], and fixed on the slide
with a cytospin (Thermo Fisher Scientific, Cheshire, UK).
PBMC and lung tissue were stained using the primary
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antibodies, p-p-catenin (SATTA CRUZ, sc-57535) and
secondary antibodies. And then counterstained with
DAPIL. Slides were imaged under fluorescent microscopy
with the appropriate excitation and emission filter, digi-
tally recorded. The specific fluorescence was analyzed
using Case Viewer (2.4.0). The proportion of fluores-
cent positive cells in each photo of PBMC was counted,
and the mean value was used to represent the relative
number of positive p-B-catenin cells in each slide. Each
scanogram of lung tissue was divided into 4-7 sections
with equal area centered on the airway, and the aver-
age score was obtained according to the distribution of
fluorescence positive cells. Relative positive p-p-catenin
cells were analyzed at 10 x images by a blinded partici-
pant using a 5-point scale as follows: airway surrounded
by a monolayer of positive cells—1, airway surrounded
by multiple layers of localized scattered positive cells—2,
airway surrounded by multiple layers of extensive scat-
tered positive cells or some of the cells are clustered
(sparse)—3, airway surrounded by multiple layers of pos-
itive cells with some of the cells are clustered (dense)—4,
airway surrounded by multiple layers of extensive posi-
tive cells with multiple positive cell masses (dense)—5.

Western blot analysis

The lung tissue was prepared with RIPA buffer (BL504A,
Biosharp, Shanghai, China) containing protease inhibi-
tors (BL507A, Biosharp, Shanghai, China). The super-
natants of lung tissue were run on gels and incubated
with relevant antibodies, p-p-catenin (SATTA CRUZ,
sc-57535). Actin was used as a loading control. Quanti-
fication was performed by densitometry and analyzed
using Image Studio Lite (LI-COR Biosciences, Lincoln,
NE, USA).

H&E staining

Morphological analysis of lung tissue sections was
done by H&E staining (American Mastertech stain kits,
#KTHNEPT), following manufacturer recommendations.

Table 1 Demographic of included subjects used for RNA-seq
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Histological changes were analyzed under microscopy at
20x.

Statistical analysis

Data were analyzed using GraphPad Prism 8.0 (Graph-
Pad Software, La Jolla, CA, USA). The Student’s t-test
was used to determine the relationship between two
groups. One-way analysis of variance (ANOVA) with
Newman-keuls test was used to analyze the statistical dif-
ferences among three or more groups. Data are expressed
as mean+ SEM and P<0.05 was considered statistically
significant.

Results

Demographic characteristics

We used 13 subjects to analyze the DEGs by RNA-seq.
Basic demographic characteristics for control subjects,
patients with stable COPD or AECOPD are summa-
rized in Table 1. The patient samples were matched for
age, gender, smoking history, body mass index (BMI)
and basic disease. The forced expiratory volume in 1 s
(FEV;, % Predicted) in stable COPD and AECOPD were
61.58£11.19 (%) and 45.23 £20.97 (%), respectively, with
no significant differences. Forced expiratory volume in
1 s/ forced vital capacity (FEV,/FVC, %) in stable COPD
and AECOPD were 57.46+13.47 (%) and 49.104+15.35
(%), respectively, with no significant differences. The con-
trol subjects had no respiratory symptoms and no previ-
ous chronic airway disease.

Then, 92 subjects were used for qPCR verification,
including 35 control subjects, 27 patients with stable
COPD and 30 patients with AECOPD (Table 2). The
patient samples were matched for age, current smoking,
BMI and basic disease. FEV, /Predicted in stable COPD
and AECOPD were 53.33 £ 14.64 (%) and 54.71 +26.09
(%), respectively, with no significant differences. FEV,/
FVC in stable COPD and AECOPD was 51.70+£11.18

Control Stable COPD AECOPD
Samples, N 5 4 4
Age, years 76.80+8.66 68.50+£541 74.0043.39
Sex 4 male, 1 female 4 male 3 male, 1 female

Smoking status 1 current, 2 former, 2 never

2 current, 1 former, 1 never

1 current, 2 former, 1 never

BMI, kg/m? 23994295 23544252 22854390
FEV,, %Predicted NA 61.58+11.19 4523+£2097
FEV,/FVCratio, % NA 574611347 491041535

Basic disease Hypertension, diabetes

Hypertension, coronary heart disease

Hypertension, coronary heart disease

COPD chronic obstructive pulmonary disease, AECOPD acute exacerbation of chronic obstructive pulmonary disease, BMI body mass index, NA not applicable
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Table 2 Demographics of independent cohort used for validation
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Control Stable COPD AECOPD
Samples, N 35 27 30
Age, years 67.66+£7.80 68.00£8.00 7417 +7.59
Sex 25 male, 10 female 27 male 29 male, 1 female

Smoking status 13 current, 12 former, 10 never

11 current, 11 former, 5 never

10 current, 18 former, 2 never

BMI, kg/m? 2497 £3.08 2293+£252 21424322
FEV,, %Predicted NA 5333+ 1464 54.71+26.09
FEV,/FVCratio, % NA 51.70£11.18 49.05+£1458

Basic disease Hypertension, diabetes

Hypertension, coronary heart disease

Hypertension, coronary heart disease

COPD chronic obstructive pulmonary disease, AECOPD acute exacerbation of chronic obstructive pulmonary disease, BMI body mass index, NA not applicable

(%) and 49.05+14.58 (%), respectively, with no signifi-
cant differences. The control subjects had no respira-
tory symptoms and no previous chronic airway disease.

Multiple AECOPD-related DEGs identified by RNA-seq

The genes with twofold difference in gene expression
and P value less than 0.05 were regarded as DEGs.
We identified 1572 genes significantly differentially
expressed between the stable COPD group and the
control group, 1989 genes between the AECOPD
group and the control group, and 405 genes between
the AECOPD group and the stable COPD group. The
number of up-regulated and down-regulated DEGs
between groups was shown in Fig. 1A, B. According to
the characteristics of progression from stable phase to
acute exacerbation of COPD, we further screened the
up-regulated and down-regulated DEGs in AECOPD.
Screening criteria for up-regulated DEGs: The gene
expression in the control group was 1.1 times less than
that in the stable COPD group, and the gene expression
in the AECOPD group was significantly higher than
that in the stable COPD group. Screening criteria for
down-regulated DEGs: The gene expression in the con-
trol group was 0.9 times more than that in the stable
COPD group, and the gene expression in the AECOPD
group was significantly lower than that in the stable
COPD group. According to the screening criteria, a
total of 54 up-regulated genes and 111 down-regulated
genes in the AECOPD group were obtained (Fig. 1C).
With the FPKM value of DEGs as the expression level,
a hierarchical clustering analysis was conducted. There
were significant differences in gene expression profiles
among the three groups, indicating that the changes in
gene expression levels were related to the pathogen-
esis of AECOPD. The regions with different distances
represent different gene clustering information, and
genes with similar expression patterns may have similar

functions or participate in the same biological process
(Fig. 1D).

AECOPD-related signaling pathways obtained by KEGG
pathway analysis

To clarify the signaling pathways in which the DEGs were
involved, KEGG pathway enrichment analysis was con-
ducted. The top 20 pathways are shown in Fig. 2A. Mul-
tiple AECOPD-related signaling pathways were further
obtained by using the filter conditions: the number of
gene enrichment in the pathway is no less than three, and
obvious pathogen infection-related pathways and other
disease pathways were excluded. We identified 16 sign-
aling pathways that were potentially associated with the
pathogenesis of AECOPD, including phosphoinositide
3-kinase/serine threonine-protein kinase (PI3K/Akt)
signaling pathway, mitogen-activated protein kinases
(MAPK) signaling pathway, extracellular matrix (ECM)-
receptor interaction, and WNT signaling pathway, etc.
(Fig. 2B). The RNA-seq results showed that compared
with the control group and the stable COPD group, the
expressions of LGR6 and FOSLI in the WNT pathway
were significantly down-regulated, and the expressions of
FRAT?2 were significantly up-regulated in the AECOPD

group.

Validation of down-regulated WNT/B-catenin pathway

in AECOPD

Previous studies have shown that down-regulation
of WNT/B-catenin signaling pathway is associated
with impaired lung tissue repair [8—10]. The relation-
ship of WNT/B-catenin signaling genes was shown
in Fig. 3A. QPCR of 92 peripheral blood samples (27
patients with stable COPD, 30 patients with AECOPD,
and 35 healthy controls) was used to verify the accu-
racy of RNA-seq results and to elucidate the expres-
sion of WNT/B-catenin signaling genes in the blood of
AECOPD patients. As depicted in Fig. 3B, compared
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Groups up-regulation down-regulation total
Stable vs. Normal 965 607 1572
Acute vs. Normal 1154 835 1989
Acute vs. Stable 135 270 405
B

[
logs foldchange

Fig. 1 AECOPD-related DEGs identified by differential expression analysis. A The number of DEGs between the stable COPD group and the control
group, the AECOPD group and the control group, the AECOPD group and the stable COPD group, respectively. B The Volcano Plot of DEGs. Each
point in the Volcano Plot represents a gene, the horizontal axis represents the — log, (fold change) of a gene expression in two groups. — log,, (p
value) as the ordinate represents the statistical significance of the change in gene expression. The yellow dots, green dots and purple dots represent
up-regulated, down-regulated and non-differentially expressed genes, respectively. C According to the disease progression to screen DEGs. D The
clustering heat maps of DEGs. The abscissa represents the three groups, the ordinate represents the DEGs and the clustering results of the genes.
The color represents the gene expression level, the deeper the red color, the higher the gene expression level

0
Togs foldshange

= up-regulation

= down-regulation

0
Togs fodshange
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B
Description genelD GeneRatio
1 PI3K-Akt signaling pathway T OORCERECRERILAEE  ges
2 MAPK signaling pathway AREG/DUSP2/DUSP4/DUSPS/EREG/IL1B 6/65
3 ECM-receptor interaction COLB6A2/COL9A2/LAMB3/SV2A/LAMC1 5/65
4 Hematopoietic cell lineage CDS8B/HLA-DRB1/ANPEP/CR1/IL1B 5/65
5 Protein digestion and absorption COLB6A2/COL9A2/COL13A1/KCNE3 4/65
6 NF-kappa B signaling pathway CCL4/EDARADD/IL1B/TNFSF14 4/65
7 Focal adhesion COLBA2/COL9A2/LAMB3/LAMCA1 4/65
8 Cytokine-cytokine receptor interaction CCL4/IFNLR1/IL1B/TNFSF14 4/65
9 Complement and coagulation cascades F2R/CFH/CR1 3/65
10  Toll-like receptor signaling pathway CCL4/IL1B/TLRS 3/65
11 Osteoclast differentiation FOSL1/IL1B/PPARG 3/65
12 Natural killer cell mediated cytotoxicity = GZMB/KLRK1/NCR3 3/65
13 Cell adhesion molecules (CAMs) CD8B/CTLA4/HLA-DRB1 3/65
14  Wnhtsignaling pathway FOSL1/LGR6/FRAT2 3/65
15 Necroptosis SPATA2L/HIST1H2AD/IL1B 3/65
16  NOD-like receptor signaling pathway IL1B/NLRC4/NLRX1 3/65

three. 2. Exclude specific pathogen infection, and disease pathways

Fig. 2 AECOPD-related signaling pathways obtained by KEGG analysis. A KEGG pathway enrichment analysis of DEGs. The vertical axis represents
signaling pathways. The horizontal axis represents the gene ratio, which is, the number of DEGs to the number of annotated genes in pathways.

The size of the dot indicates the number of DEGs in the pathway, and the color of the dot corresponds to different adjusted p value ranges. B The
pathways and DEGs associated with the pathogenesis of AECOPD. Selection criteria: 1. The number of DEGs enriched in pathways is not less than
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Fig. 3 Validation of down-regulated WNT/B-catenin pathway in AECOPD. A WNT/[3-catenin signaling pathway. The WNT ligands bind to the
receptors, including the FZD family, the coreceptor LRP 5/6 and LGR4-6, downstream signaling molecules are activated, the destruction complex
(Axin/ APC/ CK1/ GSK-3) is inhibited. The accumulation and translocation of dephosphorylated 3-catenin to the nucleus drives the expression of
T-cell factor/lymphoid enhancer-binding factor (TCF/LEF)-dependent genes. When there are no WNT ligands or fewer WNT ligands and receptors,
the destruction complex is activated, causing phosphorylation of 3-catenin to increase and eventually be degraded. Exogenous addition of lithium
chloride can also inhibit the destruction complex, promotes (3-catenin—mediated gene transcription. B The mRNA levels of WNT10b, WNT2, LRPE,
LGRé6, FZD4, CTNNBI, LEF1, FOSL1, and FRAT2 in the control group (n =35), the stable COPD group (n=27) and the AECOPD group (n =30). Results
are presented as relative mRNA level (mean &= SEM). Stable or Acute vs. Normal, *P<0.05, **P <0.01, ***P<0.001 by one-way ANOVA. Acute vs.
Stable, P < 0.001 by one-way ANOVA

with the control group, significant down-regulation with the stable COPD, LEFI was significantly down-
was observed for WNT10b, WNT2, LRP6, LGR6, FZD4, regulated in AECOPD (P<0.001). Actually, most of the
CTNNBI, LEFI, and FOSLI in AECOPD (P<0.05), and  other genes were further down-regulated in AECOPD,
partial WNT/B-catenin signaling components includ-  although with no significant difference. Besides, the
ing WNTI10b, FZD4, and FOSL1 were significantly mRNA level of FRAT2 among the three groups has no
down-regulated in stable COPD (P<0.05). Compared  significant difference.
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Expression of WNT/B-catenin pathway proteins in AECOPD
To further explore the expression of proteins associated
with WNT/B-catenin signaling pathway and search for
specific biomarkers of AECOPD, we performed ELISA
of B-catenin in plasma and immunofluorescence of p-f-
catenin in PBMC. It revealed that B-catenin was signifi-
cantly down-regulated in stable COPD and AECOPD
(P<0.01), but no significant difference between the sta-
ble COPD and AECOPD (Fig. 4A). On the other side,
p-P-catenin was significantly up-regulated in AECOPD
compared with the stable COPD and the control group
(P<0.05) (Fig. 4B, C).
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Alterations of WNT/B-catenin pathway in experimental
COPD models

The above results indicated that the WNT/B-catenin
signaling is down-regulated in the blood of patients
with AECOPD. To further elucidate the expression of
the WNT/B-catenin signaling pathway in lung tissue,
two COPD mouse models were used. Given that there
is no reliable mouse model of AECOPD, we referred to
an acute inflammation model of cigarette smoke sen-
sitization combining elastin challenge, which showed
relatively high levels of neutrophilic inflammation
and mucus hyperproduction in airways [6]. Mice were
exposed to CS for 2 weeks and were hosted at room
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air for another 2 weeks, then challenged with elastin
intratracheally on three consecutive days (Fig. 5A).
Most of the WNT/B-catenin pathway components,
including WNTI10b, WNT2, LRP6, LGR6, FZD4,
CTNNBI, and LEF1I, were significantly down-regulated
in CE mice (P<0.05), except FOSL1 (Fig. 5B). The
expression of p-B-catenin protein was significantly up-
regulated in CE mice (P<0.05) (Fig. 5C, D).

In the traditional CS-induced COPD model, mice
were exposed to CS 5 days a week for 3 months
(Fig. 5E). The mRNA of LRP6, LGR6, FZD4, and
CTNNBI was also significantly down-regulated in
CS mice (P<0.05). The mRNA of WNT10b was sig-
nificantly up-regulated in CS mice (P<0.05). No sig-
nificant difference was observed for WNT2, LEFI, and
FOSL1 between CS mice and air control mice (Fig. 5F).

Activation of the WNT/B-catenin pathway reduced
phosphorylated-f-catenin and airway inflammation
Finally, we investigated whether WNT/[-catenin sign-
aling pathway activation could improve the pathologi-
cal changes of lung tissue. Lithium chloride (LiCl),
as a WNT/p-catenin pathway activator, can inhibit
the p-P-catenin through GSK3p. The dephosphoryl-
ated PB-catenin increased in cytoplasm transfers to the
nucleus, which mediates downstream signal transduc-
tion and gene expression [11]. Immunofluorescence
and Western blot analysis of p-B-catenin in the lung
tissue revealed that the level of p-B-catenin was sig-
nificantly up-regulated in CE+NS mice (P<0.01).
Importantly, after treatment with LiCl, the level of
p-P-catenin was significantly down-regulated in
CE + LiCl mice compared with CE + NS mice (P <0.05)
(Fig. 6A-D). Moreover, as shown in Fig. 6E, exten-
sive inflammation cells around the airway in CE mice
have a remarkable reduction after LiCl injection. Cor-
respondingly, the mRNA level of IL-18, IL-6, and IL-
17A was significantly up-regulated in CE+ NS mice
compared with Air+ NS mice (P<0.05) and was again
markedly down-regulated in CE + LiCl mice compared
with CE + NS mice (P <0.05) (Fig. 6F).
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Discussion

In this study, RNA-seq was used to obtain DEGs in the
blood of different stages of COPD. Combined with bio-
informatics analysis, multiple signaling pathways were
found to participate in the pathogenesis of AECOPD,
which is consistent with previous studies [9, 12-14].
Importantly, we demonstrated, for the first time, that
the WNT/B-catenin signaling pathway is decreased in
patients with AECOPD. A key component of this path-
way p-p-catenin protein is up-regulated in the blood of
patients with AECOPD. Down-regulation of WNT/p-
catenin signaling pathway was also observed in the
lung tissues of experimental COPD models. Activa-
tion of WNT/B-catenin signaling pathway can reduce
the expression of p-p-catenin protein and alleviate lung
inflammation in CE model.

In the present study, RNA-seq was used to identify
DEGs in the blood of patients with stable COPD and
AECOPD, as well as control subjects. The number of
DEGs obtained by RNA-seq was correlated with the
number of biological replicates, the sequencing depth
and the fold change. Studies have found that when the
number of biological replicates was 3, 5 and 10, the sta-
tistical power to detect DEGs of twofold change was 87%,
98% and 100%, respectively [15]. For a certain number
of biological replicates, increasing the sequencing depth
will increase the number of DEGs detected, however,
when the sequencing depth was above 10 M, the number
of DEGs increased slowly [16]. In this study, we recruited
5 control subjects, 4 patients with stable COPD, and 4
patients with AECOPD for RNA-seq, with a sequencing
depth of 40 M and a fold change of 2 times, which can
make the statistical power to detect DEGs close to 98%.
Moreover, the clinical characteristics of the subjects we
recruited were similar. After RNA-seq and data process-
ing, we obtained DEGs with good sequencing quality and
high expression levels.

One of the aims of the present study was to iden-
tify and annotate the DEGs. Thousands of DEGs were
revealed from the PBMC between different groups. And
54 up-regulated genes and 111 down-regulated genes
in AECOPD were considered as disease-related genes,
according to the characteristics of disease progression

(See figure on next page.)

Fig.5 Altered WNT/-catenin pathway in experimental COPD models. A-D CS exposure following elastin challenge in mouse lung tissues. A
Experimental outline. Mice were exposed to CS (n=>5) or room air (n=4) for 2 weeks and were hosted at room air for another 2 weeks. Mice

were then challenged with elastin (EIn, 100 pg) or normal saline (NS) intratracheally (i.t.) for 3 times at day 29, 30, and 31, and were sacrificed

48 h after the last elastin challenge. B The mRNA levels of WNT10b, WNT2, LRP6, LGR6, FZD4, CTNNBI, LEFT and FOSLT in lung tissue of CE and air
control mouse models, were assessed by gPCR. Results are presented as relative mRNA level (mean £ SEM). *P<0.05, **P <0.01, ***P<0.001 by

the Student t-test. C Representative immunofluorescent staining of lung tissue. Green fluorescence represents positive phosphorylated 3-catenin
cells. Blue fluorescence represents DAPI. D Semi-quantification of positive phosphorylated (-catenin cells. E, F CS exposure in mouse lung tissues.
E Experimental outline. Mice were exposed to cigarette smoke (n=6) or filtered room air (n=>5), and lung tissue was obtained after 3 months. F
The mRNA levels of WNT10b, WNT2, LRP6, LGR6, FZD4, CTNNBI, LEF1, and FOSLT in lung tissue of CS and air control mouse models, were assessed by
gPCR. Results are presented as relative mRNA level (mean £ SEM). *P <0.05, ***P<0.001 by the Student t-test
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from stable to acute exacerbation of COPD. To eluci-
date the biological processes involved in these genes, we
used KEGG database for enrichment analysis and iden-
tified 16 signaling pathways that may be related to the
pathogenesis of AECOPD. Some previous studies have
demonstrated the correlation between the signaling path-
ways and the pathological process of COPD. PI3K sign-
aling pathway is significantly activated and is associated
with increased susceptibility to pulmonary infection in
patients with COPD. Cigarette smoke extract can induce
Akt degradation, activate the death-signaling pathway,
and lead to cell death in normal human lung fibroblasts
[12, 17]. ECM protein promotes proliferation, migra-
tion, and adhesion of airway smooth muscle cells in
COPD rat model by activating PI3K-Akt signaling path-
way [18]. Activation of the p38 MAPK pathway appears
to be involved in the pathogenesis of COPD, and drug
inhibition of P38 MAPK can reduce the secretion of pro-
inflammatory factors in alveolar macrophages. In clinical
trials, treatment with p38 MAPK inhibitor for 6 weeks
can improve FEV; in COPD patients [13, 19, 20].

Except for the above signaling pathways, we found that
3 DEGs enriched in WNT signaling pathway. The WNT
family includes 19 glycoproteins, which interact with
transmembrane receptors to mediate the signal trans-
duction from cytoplasm to nucleus, thus regulating gene
expression, causing cytoskeleton rearrangement, and
changing cell polarity [21]. The canonical WNT signal-
ing pathway relies on a key transcriptional coactivator,
[B-catenin. When the WNT ligands bind to their recep-
tors, including the FZD family, the coreceptor LRP 5/6
and LGR4-6 (as a stabilizer for the two receptors), the
destruction complex (Axin/ APC/ CK1/ GSK-3) is inhib-
ited, and the phosphorylation of -catenin is blocked by
GSK-3. The accumulation and translocation of dephos-
phorylated B-catenin to the nucleus drives the expression
of T-cell factor/lymphoid enhancer-binding factor (TCE/
LEF)-dependent genes [22, 23]. WNT signaling pathway
plays an important role in the development and function
of many organ systems, including the respiratory system.
Dysfunction of WNT signaling pathway is related to the
occurrence and development of many lung diseases, such
as asthma, COPD, idiopathic pulmonary fibrosis, and
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non-small cell lung cancer. In studies on WNT signal-
ing pathway and COPD, it has been demonstrated that
WNT/B-catenin pathway is involved in lung epithelial
injury and repair, and the reduction of WNT/p-catenin
signaling pathway is associated with emphysema paren-
chymal tissue destruction and impaired repair capacity
[9]. The WNT receptor FZD4 is decreased in human and
experimental COPD which contributes to impaired alve-
olar repair capacity [8]. Considering the important role of
WNT/B-catenin pathway in stable COPD, whether it is
involved in the pathological process of AECOPD aroused
our interest.

Since RNA-Seq was conducted on a relatively small set
of patients to reveal the transcriptome profiles, which
provided the general understanding of the AECOPD
patients compared with the controls and came out the
key targets for the following validations and functional
investigations. To validate the critical targets identified
from our RNA-Seq analysis, validation examined by a
more significant number of patients was performed. In
addition, it will aid in concluding relatively reliable con-
clusions on our findings of these main targets. By qPCR,
we found that the mRNA expression of WNT ligands
(WNT10b, WNT2), WNT receptors (LRP6, LGR6, FZD4)
and downstream signaling molecules (CTNNBI1, LEFI,
FOSLI) were down regulated in the PBMC of AECOPD
patients. Importantly, to our knowledge, it is for the first
time to identify that the expression of p-B-catenin pro-
tein was up-regulated in the PBMC of AECOPD patients,
which suggests its potential value as a novel biomarker of
AECOPD.

To further evaluate the impact of WNT/B-catenin
signaling pathway during acute airway inflammation
and stable COPD, we applied two different animal mod-
els, CE and CS exposure, respectively. The CE model
has been demonstrated with much higher levels of neu-
trophilic airway inflammation, mucus hyperproduc-
tion, and predominant Th17 response than traditional
CS model, somehow mimicking the bronchitis phe-
notype or AECOPD [6, 24, 25]. The down-regulation
of WNT/B-catenin signaling pathway was observed
in both animal models, which emphasized that the
decreased activity of WNT/B-catenin pathway was not

(See figure on next page.)

Fig. 6 Activation of the WNT pathway reduces phosphorylated-f3-catenin and COPD-like airway inflammation. Mice were exposed to CS or

room air for 2 weeks and were hosted at room air for another 2 weeks. Mice were then challenged with elastin (EIn, 100 pg) or normal saline

(NS) intratracheally (i.t) for 3 times at day 29, 30, and 31, and were injected with lithium chloride (LiCl) or NS intraperitoneally for 5 times at day
29,30,31,32 and 33 (Air+NS, n=5; CE4+ NS, n=4; Air+ LiCl, n=5; CE + LiCl, n =6). Then mice were sacrificed 5 h after the last LiCl injection.

A Representative expression and localization of phosphorylated B-catenin in mice lung tissues by immunofluorescence. B Semi-quantitative
analysis of the immunofluorescence results. Results are presented as relative number of positive phosphorylated 3-catenin cells (mean = SEM).
*P<0.05, ***P<0.001 by one-way ANOVA. C The expression of phosphorylated -catenin in mice lung tissue was analyzed by Western Blot. D
Semi-quantitative analysis of the Western Blot results. Results are presented as relative protein expression concentration (mean 4= SEM). **P<0.01 by
one-way ANOVA. E H&E staining for histologic assessment of lung tissue. D The mRNA levels of /L-18, Il-6 and IL-17A. Results are presented as relative
mMRNA level (mean = SEM). CE+ NS vs. Air+NS, *P<0.05, **P<0.01; CE+LiCl vs. CE+NS, P<0.05, #P<0.01 by one-way ANOVA
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only involved in the progression of COPD but might
also be associated with the onset of acute exacerba-
tion. Interestingly, activation of WNT/B-catenin path-
way by LiCl can reduce the expression of p-f-catenin
protein around the airway and improve lung inflam-
mation in CE mice, further suggesting p-B-catenin as
a biomarker and a therapeutic target. In recent years,
numbers of studies have reported that -catenin partic-
ipates in several inflammatory diseases, including acute
lung injury [26], chronic rhinosinusitis [27], sepsis [28],
osteoarthritis [29] and so on. Moreover, our results are
in accordance with a previous publication, reporting
that the lung inflammatory induced by cigarette smoke
extract and airspace enlargement induced by elastin in
mice can be alleviated by the WNT pathway activator,
LiCl, and it was associated with increased activation of
erythroid-2 related factor-2 pathway [30].

Some limitations of this study are also worth discuss-
ing. Firstly, although the sample size of RNA-seq in this
study was able to make the detection rate of DEGs close
to 98%, further studies with a larger sample size were
needed to confirm our results. Secondly, it is worth
further investigating the expression of WNT/B-catenin
pathway-related proteins in sputum of AECOPD
patients. Thirdly, whether the value of p-B-catenin as a
potential biomarker of AECOPD is better than clinical
indicators still needs to be explored, and it should be
noted, immunostaining of p-f-catenin is not as con-
venient as other common methods like ELISA for its
clinical application. Finally, except the WNT/B-catenin
pathway, the role of other signaling pathways obtained
by RNA-seq in the pathogenesis of AECOPD is worth
further exploring.

In conclusion, we find 16 potential signaling path-
ways related to the pathogenesis of AECOPD, including
PI3K/Akt signaling pathway, MAPK signaling path-
way, and ECM- receptor interaction, et al. Remarkable,
we demonstrated, for the first time, that the WNT/p-
catenin signaling pathway is decreased in patients
with AECOPD and CE mouse model. Phosphoryl-
ated P-catenin protein is up-regulated in the blood
of patients with AECOPD. Therapeutic activation of
WNT/B-catenin signaling pathway can alleviate lung
inflammation in CE mouse model. As a new potential
biomarker of AECOPD, p--catenin is expected to pro-
vide a new research target for the early diagnosis and
treatment of AECOPD.
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