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ABSTRACT
Background COPD is characterised by progressive lung 
function decline. Leveraging prior work demonstrating 
bronchial airway COPD- associated gene expression 
alterations, we sought to determine if there are 
alterations associated with differences in the rate of FEV1 
decline.
Methods We examined gene expression among ever 
smokers with and without COPD who at baseline had 
bronchial brushings profiled by Affymetrix microarrays 
and had longitudinal lung function measurements 
(n=134; mean follow- up=6.38±2.48 years). Gene 
expression profiles associated with the rate of FEV1 
decline were identified by linear modelling.
Results Expression differences in 171 genes were 
associated with rate of FEV1 decline (false discovery 
rate <0.05). The FEV1 decline signature was replicated 
in an independent dataset of bronchial biopsies from 
patients with COPD (n=46; p=0.018; mean follow- 
up=6.76±1.32 years). Genes elevated in individuals 
with more rapid FEV1 decline are significantly enriched 
among the genes altered by modulation of XBP1 in two 
independent datasets (Gene Set Enrichment Analysis 
(GSEA) p<0.05) and are enriched in mucin- related genes 
(GSEA p<0.05).
Conclusion We have identified and replicated an 
airway gene expression signature associated with the 
rate of FEV1 decline. Aspects of this signature are related 
to increased expression of XBP1- regulated genes, a 
transcription factor involved in the unfolded protein 
response, and genes related to mucin production. 
Collectively, these data suggest that molecular processes 
related to the rate of FEV1 decline can be detected in 
airway epithelium, identify a possible indicator of FEV1 
decline and make it possible to detect, in an early phase, 
ever smokers with and without COPD most at risk of 
rapid FEV1 decline.

INTRODUCTION
COPD is the third leading cause of death in the 
world.1 In 2016, 3 million people died of COPD, 
which accounted for 6% of all deaths globally.1 
Accelerated lung function decline is considered a 
feature of COPD and is most commonly measured 
by change in FEV1. Lower FEV1 is associated with 
an increased risk of death,2 and even smokers who 

do not yet meet the clinical definition of COPD 
may experience more rapid FEV1 decline.3 The 
rate of FEV1 decline is highly variable between 
individuals.4 Though some risk factors for rapid 
FEV1 decline have been identified, such as cigarette 
smoking,5 higher blood neutrophil counts,6 albu-
minuria7 and alpha 1- antitrypsin deficiency,8 these 
do not fully explain the heterogeneity in COPD and 
have not yet been useful in predicting FEV1 decline 
for individual patients. The ability to predict FEV1 
decline would enable clinicians to stratify at- risk 
patients towards more aggressive management. It 
might also facilitate clinical trials of therapies to 
modify the natural history of COPD, specifically 
targeting individuals more likely to experience 
greater decline in FEV1. Finally, it could lead to 
further indications for finding therapeutic targets 
to slow disease progression.

Previous studies have demonstrated that bron-
chial epithelial gene expression is altered both by 
cigarette smoking and in diseases associated with 

Key messages

What is the key question?
 ► Can gene expression profiling of the airway 
epithelium be used to identify molecular 
processes associated with the rate of FEV1 
decline?

What is the bottom line?
 ► An airway gene expression signature associated 
with the rate of subsequent decline in FEV1 
is identified and replicated. This signature 
is enriched for genes that are regulated by 
XBP1, a key transcription factor involved in the 
unfolded protein response.

Why read on?
 ► The present study highlights that molecular 
processes associated with the rate of FEV1 
decline can be detected by bronchial epithelial 
gene expression profiles. This work identifies 
a possible indicator of FEV1 decline and 
demonstrates the potential for bronchial gene 
expression to serve as an intermediate endpoint 
for studying the rate of FEV1 decline.
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Chronic obstructive pulmonary disease

cigarette smoking.9–11 We have previously described the Steiling 
et al10 bronchial airway gene expression signature of COPD and 
disease severity as measured by FEV1. Importantly, these gene 
expression alterations in the more proximal airway were similar 
to disease- associated changes present in more distal diseased 
lung tissue, suggesting that bronchial airway gene expression in 
COPD can be used to study factors in its pathobiology.

Based on these observations, we hypothesised that bron-
chial airway epithelial gene expression might reflect molecular 
processes associated with accelerated FEV1 decline. In this study, 
we identified and replicated a baseline gene expression signa-
ture associated with the rate of FEV1 decline observed during 
subsequent follow- up. We found this signature to be significantly 
enriched for genes with binding sites for the transcription factor 
encoded by XBP1, which is involved in the unfolded protein 
response (UPR) to endoplasmic reticulum (ER) stress.

Some of the results reported here have been previously 
published in abstract form.12–15

METHODS
Primary dataset and longitudinal FEV1
The individuals included in the primary dataset were recruited 
as part of the British Columbia Lung Health Study16 and Pan- 
Canadian Lung Health Study. Additional information about the 
study population can be found in the supplement. We previously 
profiled 267 bronchial airway brushings obtained from current 
and former smokers in this cohort using Affymetrix Human 
Gene 1.0 ST Arrays.10 In the current study, we used this existing 
gene expression data together with spirometry data that were 
collected during longitudinal follow- up subsequent to bronchos-
copy. FEV1, FEV1% predicted and FVC were measured using 
a flow- sensitive spirometer. The ratio between FEV1 and FVC 
were used to determine COPD status as previously described in 
Steiling et al.10 We excluded samples from individuals who did 
not have a spirometry recording within 1 year of their bronchos-
copy (n=8), did not have at least two spirometry measurements 
at least 4 years apart (n=104) or who developed cancer (n=19). 
As previously reported, two samples were excluded due to sample 
labelling errors.10 Data from the remaining 134 current and 
former smokers were included in the analysis. Because spirom-
etry was not performed at regular intervals, the rate of FEV1 
decline (∆FEV1) for each study participant was estimated using 
linear regression with all available spirometry measurements 
from that individual subsequent bronchoscopy. The relationship 
between the rate of FEV1 decline and other clinical variables was 
evaluated by analysis of variance (ANOVA) of linear models.

Identification of a rate of FEV1 decline gene expression 
signature
Genes associated with the future rate of FEV1 decline were 
identified using the following linear models calculated using the 
lm function and the anova function using R statistical software 
V.3.4.017 and RStudio V.1.0.143.18

 

ge ∼ β0 + β1Xage + β2XSmoke_Status +

β3Xpack_years + β4XSex + β5Xbaseline_FEV1 + ϵ  
(1)

 

ge ∼ β0 + β1Xage + β2XSmoke_Status + β3Xpack_years +

β4XSex + β5Xbaseline_FEV1 + β6X△lFEV1 + ϵ   
(2)

where ge is the expression level of a single gene; age is the age 
at the time of bronchoscopy, pack years is the calculated cumu-
lative cigarette smoke exposure at the time of bronchoscopy and 
smoke status is the smoking status at the time of bronchoscopy 

(participants were considered former smokers if they had quit 
for at least a year). Baseline FEV1 is the FEV1 within 1 year of 
bronchoscopy. The rate of FEV1 decline (∆FEV1) is calculated 
as described above. ε is an error term. The false discovery rate 
(FDR) was calculated from the ANOVA p values.19 Genes with 
FDR <0.05 were considered to be associated with the rate of 
FEV1 decline and included in the signature. The signature was 
divided into genes that are increased or decreased with more 
rapid FEV1 decline by hierarchical clustering which segregated 
genes according to the sign of the linear model coefficient. The 
rate of FEV1 decline signature was compared with the previously 
published Steiling et al10 airway gene expression signature of 
COPD severity by determining the number of genes overlapping 
between the signatures, and by using Gene Set Enrichment Anal-
ysis (GSEA).20

To evaluate the extent to which the FEV1 decline signature is 
a reflection of other factors that correlate with COPD, we first 
summarised the expression of the FEV1 decline signature per 
sample as the sample loading on the first principal component 
which we refer to as the FEV1 decline signature. We then tested 
the association between the signature score and the rate of FEV1 
decline in several subsets of the data. A linear model adjusting 
for age, sex, smoking status, pack years and baseline FEV1 was 
performed to test the association between the FEV1 decline 
signature score and the rate of lung function decline in current 
smokers who continued to be current smokers throughout the 
follow- up period, former smokers, individuals with COPD, 
individuals without COPD and individuals who were not using 
inhaled medications.

Replication of the gene expression signature of rate of FEV1 
decline in GLUCOLD
We investigated the association between the expression of genes 
in the rate of FEV1 decline signature and the observed rate of 
FEV1 decline in a previously published independent dataset of 
individuals with COPD who were enrolled in the GLUCOLD 
trial, a placebo controlled randomised double- blind clinical 
trial of fluticasone with or without salmeterol21 22 (GSE36221). 
Briefly, these participants underwent bronchoscopy with endo-
bronchial biopsy followed by spirometry every 3 months during 
the 2.5- year trial. After the 2.5- year drug treatment trial, partic-
ipants performed spirometry every year up to a total of 7.5 
years (mean=6.91). The rate of FEV1 decline was estimated by 
the coefficient from a linear model for each individual using 
their baseline spirometry measurement (t=year 0), excluding 
their time on treatment (t=0.25 to t=2.5 years) and including 
measurements from 3.5 years forward, to control for treatment 
effect. In the GLUCOLD participants, the gene expression signa-
ture associated with subsequent FEV1 decline was calculated 
using principal component analysis (PCA). First, the eigenvector 
for the first principal component of the signature genes in the 
z- score normalised discovery set was calculated using the prcomp 
function in R. A summarised signature score for each sample in 
the discovery set and the GLUCOLD dataset was then calcu-
lated from the eigenvector and the z- score normalised expres-
sion data using the predict method of prcomp. The relationship 
between summarised signature score at baseline and the rate of 
FEV1 decline was evaluated using the linear model and ANOVA 
strategy outlined above for the gene expression analysis.

Identification of enriched biological pathways
To identify transcription factors enriched in the FEV1 decline 
signature, we used the Molecular Signature Database (MSigDB)20 
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Chronic obstructive pulmonary disease

to search computationally derived datasets of transcription 
factor binding sites. We divided the genes into two clusters when 
searching: genes that increase with worse FEV1 decline and 
genes that decrease with worse FEV1 decline. For each cluster 
of genes, we identified transcription factor binding sites with an 
FDR <0.05. The transcription factor binding sites were based 
on Xie et al’s work23 and TRANSFAC V.7.4.24

The transcription factor XBP1, which was identified by the 
above method, was selected for in silico validation because it 
has previously been implicated in COPD25 and because it is a 
well- studied transcription factor with several publicly available 
knockout and overexpression datasets. The Gene Expression 
Omnibus (GEO) was searched using the key terms “XBP1 knock 
out” and “XBP1 overexpression” to identify potentially useful 
datasets. This identified 38 datasets.

After searching GEO to identify publicly available datasets 
investigating the gene expression effects of modulating XBP1 
activity, we identified two datasets which we explored further: a 
dataset examining the effects of XBP1 overexpression in mouse 
adipocytes (GSE46178)26 and a dataset examining the effects 
of XBP1 knockout in mouse hepatocytes (GSE64824).27 Using 
t- statistics from a linear model, we ranked genes by their change 
in expression following XBP1 overexpression in mouse adipo-
cytes (n controls=4, n overexpression=4) using data from Affy-
metrix Mouse Genome 430A 2.0 Arrays. For the XBP1 knockout 
study, we ranked genes according to their change in expression 
between wild- type (WT) and XBP1- knockout hepatocytes by 
subtracting the gene expression of the controls (n=2) from the 
knockout hepatocytes (n=2) which had been profiled by RNA- 
seq using an Illumina HiSeq2000.27 Before sequencing, the repli-
cates were pooled. We explored the distribution of the two gene 
clusters from the rate of FEV1 decline signature in these ranked 
lists using GSEA.20 Importantly, neither of these in silico datasets 
were included in the TRANSFAC data.28–31

Because previous work has also identified association of a 
T helper type 2 cell (Th2) signature in a subset of individuals 
with COPD,32 we sought to evaluate the association of this Th2 
signature with the FEV1 decline signature. We used a three- gene 
Th2 signature derived in patients with asthma,33 which included 
POSTN, SERPINB2 and CLCA1. Expression levels of these 
genes were z- score normalised, and the first principal compo-
nent was computed to summarise their expression. The associa-
tion between the Th2 score and FEV1 decline was assessed using 
a linear model controlling for age, sex, smoking status, pack 
years and baseline FEV1. We also tested the association between 
the first principal component of the FEV1 decline signature and 
the Th2 score.

To determine if genes related to mucus hypersecretion were 
associated with FEV1 decline, we used GSEA to evaluate the 
enrichment of two mucin- related gene sets among a ranked list 
of all genes ranked by association with FEV1 decline. The gene 
sets used included the mucin type O- glycan biosynthesis gene set 
from KEGG 2019,34 and the mucin granule gene set from Jensen 
Compartments.35 In order to determine if there was an associa-
tion between ER stress and mucin hypersecretion, Gene Set Vari-
ation Analysis36 scores were calculated for the XPB1 target gene 
set, the mucin- related gene sets and the FEV1 signature score. 
Linear models were used to test pairwise associations between 
the three scores.

To determine if genes previously identified in genome- wide 
association studies (GWAS) of COPD were enriched in the FEV1 
decline signature, we used GSEA to evaluate the enrichment of a 
gene set comprised of COPD GWAS genes among the ranked list 
of all genes ordered by association with FEV1 decline. The gene 

set of COPD GWAS genes was derived from a review of GWAS 
in COPD.37

RESULTS
Participant demographics
A total of 134 current and former smokers with (n=49) and 
without COPD (n=85) were included in this analysis. Clin-
ical and demographic characteristics of the study cohort are 
provided in table 1. Demographic characteristics separated by 
GOLD status are available in online supplemental table 1. The 
correlations between demographic variables are listed in online 
supplemental table 2.

The average baseline FEV1 for participants with COPD was 
significantly lower than in participants without COPD. The rate 
of FEV1 decline is significantly higher in individuals with lower 
baseline FEV1 and/or COPD (p<0.05) (online supplemental 
table 1). Only 5 of the 59 current smokers quit smoking during 
follow- up. The initial spirometry measurements were performed 
within 1 year of bronchoscopy, with 85% performed within 
6 months of bronchoscopy and 70% within 90 days (online 
supplemental figure 1 and online supplemental table 3).

Bronchial airway gene expression signature of FEV1 rate of 
decline
The expression levels of 171 genes were significantly associated 
with the rate FEV1 decline (FDR <0.05) (figure 1 and online 
supplemental table 4). A total of 120 genes had higher expres-
sion in individuals with faster FEV1 decline (cluster 1), while 
51 genes had lower expression in individuals with faster FEV1 
decline (cluster 2).

We next wanted to determine the sensitivity of the results we 
obtained to using individuals with 4 or more years of longitu-
dinal spirometry. Therefore, we performed the same analysis 
using individuals with a shorter duration of follow- up spirometry 
to determine if the increase in the number of individuals in the 
analysis resulting from requiring less follow- up would outweigh 
the potentially less accurate estimates of the rate of FEV1 decline. 
No genes were significantly associated with FEV1 decline when 
we required a minimum of 2 years or 3 years of spirometry 
follow- up. We compared the t- statistics obtained with the 4- year 
estimate of FEV1 decline and the shorter estimates for the 171 

Table 1 Characteristics of the study participants

N=134

  Mean SD Range

Age (years) 64 ±6 49.33–77.17

Pack years (missing 8) 46 ±16 12–102

Baseline FEV1 (L) 2.48 ±0.78 0.95–4.52

Baseline FEV1 % predicted 82.16 ±20.08 31–123

  ΔFEV1 (mL/year) −33.72 ±47.78 −170 to 170

Follow- up time (years) 6.38 ±2.48 4.08–12.64

  N Per cent

Sex—male 75 55.97

Inhaled medications—yes 20 14.93

COPD status—yes 49 36.57

Smoking status—current* 59 44.03

All participants were current or former smokers. All participants had at least two 
spirometry measurements at least 4 years apart. The mean, SD and range are 
reported for continuous measures.
*Five current smokers quit during the period of follow- up spirometry.

33Becker EJ, et al. Thorax 2022;77:31–39. doi:10.1136/thoraxjnl-2019-214476
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Chronic obstructive pulmonary disease

genes in the FEV1 decline signature. We did not detect a signif-
icant correlation of the t- statistics using the estimates of FEV1 
decline based on 4 years and 2 years of follow- up (p=0.369), 
but did identify a significant association between the t- statistics 
obtained using the 4- year and 3- year estimates of FEV1 decline 
(p=2.0×10−16; online supplemental figure 2).

We also explored the sensitivity of our results to subsetting 
the cohort based on potential confounders. Toward this end, 
we summarised the expression of the genes associated with 
FEV1 decline per sample as the first principal component from 
PCA and termed this value the FEV1 decline signature score. 
Not surprisingly, using all samples, there is a strong association 
between the FEV1 decline signature score and FEV1 decline 
across the entire cohort (p=1.73×10−9; figure 2A). We also 
observed significant associations between the FEV1 decline 
signature score and FEV1 decline in current smokers, smokers 
who remained current smokers during follow- up, former 
smokers, individuals with COPD, individuals without COPD 
and individuals not on inhaled medication (figure 2). We also 
found that the association between the FEV1 decline signa-
ture score and FEV1 decline in former smokers remained even 
after correcting for the years of smoking cessation. Similarly, 

the association of the FEV1 signature score and FEV1 decline 
remained after correcting for time interval between spirometry 
and bronchoscopy.

We next examined the overlap between the longitudinal FEV1 
decline signature and the Steiling et al bronchial airway 98- gene 
expression signature of COPD severity we had previously identi-
fied in a cross- sectional analysis.10 A total of 10 genes were shared 
by the two signatures. Nine genes that were increased in associ-
ation with worse FEV1 decline were also increased in COPD. 
One gene that was decreased with more rapid FEV1 decline was 
also decreased in COPD airway (online supplemental table 4). 
Next, GSEA was also used to evaluate for enrichment between 
these signatures. There was significant concordant enrichment 
of the 171 gene signatures associated with rate of FEV1 decline 
and COPD status ranked list (positive FDR q<0.0001, negative 
FDR q<0.0001).

Figure 1 Heatmap of 171 genes associated with change in FEV1. 
One hundred and seventy- one genes were associated with the change 
in the rate of FEV1 decline using a linear model controlling for age, 
sex, smoking status, pack years and baseline FEV1 (FDR <0.05). The 
participants (columns) are arranged from slowest FEV1 decline (white) 
to most rapid FEV1 decline (black). These genes were grouped into two 
clusters based on unsupervised hierarchical clustering. Cluster 1 consists 
entirely of genes expressed at higher levels in patients with more rapid 
FEV1 decline, and cluster 2 consists entirely of genes expressed at lower 
levels in patients with more rapid FEV1 decline. FDR, false discovery rate.

Figure 2 Sensitivity analysis of the FEV1 decline signature. The 
expression levels of the 171 genes associated with FEV1 decline 
were summarised into a single value using the eigenvector for the 
first principal component in the discovery dataset. This summarised 
expression is termed the FEV1 decline signature score. The scatter plot 
and best- fit line of each panel show the association between the FEV1 
decline signature score and the change in FEV1 in various subsets of 
the dataset. (A) All the individuals included in the training analysis, 
(B) only former smokers, (C) only current smokers, (D) only individuals 
not on inhaled medications, (E) only individuals without COPD, (F) only 
individuals with COPD.
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Replication of the airway gene expression signature of rate 
of FEV1 decline in the GLUCOLD trial
We next sought to determine whether the rate of FEV1 decline 
signature is significantly associated with rate of FEV1 change in 
an independent dataset using the signature score derived from 
PCA. Demographics of this replication cohort are listed in online 
supplemental table 5. In the discovery dataset, higher signa-
ture scores are associated with a more rapid decrease in FEV1 
(p=1.73×10−9; figure 3A). Signature scores generated in an inde-
pendent dataset of individuals with COPD who were enrolled in 
a placebo controlled study of inhaled fluticasone±salmeterol21 
showed that the scores are significantly associated with future 
FEV1 decline in the independent dataset (p=0.018; figure 3B). 
These findings suggest that the airway gene expression signature 
for the rate of decline in FEV1 is similarly associated with rate 
of FEV1 decline in an independent dataset of participants with 
COPD.

Enrichment of transcription factor binding sites in the FEV1 
rate of decline signature
To explore the potential regulators of the genes associated 
with the rate of FEV1 decline, we queried MSigDB to identify 
transcription factors whose predicted binding sites are over- 
represented among the signature genes. Genes whose expres-
sion levels are increased in individuals with more rapid FEV1 
decline are enriched for genes with binding sites for XBP1 (FDR 
q=0.0302) among other transcription factors. A full list of all 
the MSigDB results can be found in online supplemental table 6.

We further investigated XBP1 due to its role in the UPR which 
has been implicated in COPD,25 and we are able to identify 
publicly available datasets profiling the gene expression effects 
of modulating XBP1 activity. Using GEO, we identified a dataset 
examining the effect of XBP1 overexpression in mouse adipo-
cytes (GSE46178)26 and a dataset examining the effect of XBP1 
knockout in mouse hepatocytes (GSE64824)27 that we used in 
further analysis.

We ranked the genes that change with XBP1 overexpression 
in mouse adipocytes (n=4 controls, n=4 XBP1 overexpression) 
and used GSEA to examine the distribution of genes in the FEV1 
decline signature in this ranked list. Genes whose expression 
is increased in individuals with more rapid decline in FEV1 are 

enriched among the genes that are induced by XBP1 overex-
pression (p<0.0001) (figure 4A). We next selected the subset of 
genes contributing the most to this significant enrichment, which 
are also known as the leading edge genes. We used these leading 
edge genes to plot a heatmap across the human bronchial airway 
gene expression data and the mouse adipocyte data. The leading 
edge genes that increased with more rapid FEV1 decline were 
also increased with XBP1 overexpression (figure 4A).

We also created a ranked list of genes based on expression 
changes in XBP1- knockout versus WT- control hepatocytes 
from 16- week- old mice (n=2 controls, n=2 XBP1 knockout).26 
Genes whose expression is increased in individuals with more 
rapid FEV1 decline are enriched among the genes that decreased 
in XBP1 knockout (p=0.025; figure 4B). There were 22 leading 
edge genes from the XBP1 overexpression analysis and 35 in the 
knockout analysis. Fifteen of these genes overlapped between 
the two sets. We also compared the leading edge genes to the 
signature genes that were in the XBP1 transcription binding site 
list (n=133). Of the four genes that overlap between the FEV1 

Figure 3 Airway gene expression signature associated with rate 
of FEV1 decline replicates in an independent dataset of patients with 
COPD. The principal component 1 eigenvector used to generate the FEV1 
decline signature score in the training data was also used to generate 
signature scores from baseline bronchial biopsies of patients with COPD 
who were followed for subsequent change in FEV1. The signature scores 
in the discovery dataset (A) and the independent dataset (B) are each 
significantly correlated with the rate of FEV1 decline (p=1.73×10−9 and 
p=0.018, respectively).

Figure 4 Genes increased in individuals with faster FEV1 decline 
are among the genes most induced by XBP1 overexpression and 
genes increased in individuals with faster FEV1 decline are among the 
genes most decreased by XBP1 knockout. (A) Genes that increase in 
individuals with more rapid FEV1 decline are significantly enriched 
among the genes that are most induced by XBP1 overexpression in 
murine adipocytes (GSEA p<0.0001). The vertical lines are the position 
of the genes with increased expression in individuals with more rapid 
FEV1 decline in a list of all genes ranked from most induced by XBP1 
overexpression to most repressed. The height of the vertical line 
represents the running enrichment score, and the lines highlighted in 
red represent the leading edge. (B) Genes that increase in individuals 
with more rapid FEV1 decline are significantly enriched among the 
genes that are most repressed in murine hepatocytes deleted for XBP1 
(GSEA p=0.025). We previously found the gene highlighted in green 
to have increased expression in bronchial epithelium from individuals 
with COPD.10 The gene highlighted in purple is involved in mucin type 
O- glycan biosynthesis. The genes in black are predicted targets of XBP1. 
GSEA, Gene Set Enrichment Analysis.

35Becker EJ, et al. Thorax 2022;77:31–39. doi:10.1136/thoraxjnl-2019-214476

 on June 22, 2022 at U
niversity of G

roningen. P
rotected by copyright.

http://thorax.bm
j.com

/
T

horax: first published as 10.1136/thoraxjnl-2019-214476 on 10 M
ay 2021. D

ow
nloaded from

 

https://dx.doi.org/10.1136/thoraxjnl-2019-214476
https://dx.doi.org/10.1136/thoraxjnl-2019-214476
https://dx.doi.org/10.1136/thoraxjnl-2019-214476
http://thorax.bmj.com/


Chronic obstructive pulmonary disease

decline signature and the XBP1 transcription factor binding 
site gene set, three of them were also in the leading edge of the 
analyses (GALE, SEC61A1 and ARMCX3). Together, these data 
suggest that XBP1- regulated genes are among the genes with 
increased expression in bronchial epithelial cells of individuals 
with more rapid FEV1 decline.

In addition to investigating the potential role of XBP1 in the 
FEV1 decline signature, we used a similar approach to evaluate 
the potential role of other significantly enriched transcription 
factors. We focused on ATF6, SP1 and FOS/JUN because they 
have been previously implicated in COPD, and we found data-
sets examining the gene expression effects of modulating these 
transcription factors (GSE124797, GSE87298, GSE37935, 
GSE31628, GSE97226, GSE7742). We examined the perturba-
tion of genes either increased or decreased with more rapid FEV1 
decline among the genes whose expression was most altered by 
transcription factor perturbation and found no significant asso-
ciation in the datasets we examined which modulated ATF6, 
SP1, c- FOS or JNK (data not shown).

Exploration of other biological pathways
Given the possibility that elevated XBP1 activity might be due 
to ER stress resulting from elevated protein secretion, we next 
sought to determine if the FEV1 decline signature might be asso-
ciated with genes involved in mucin production and secretion, 
given that airway mucus hypersecretion is a well- established 
feature of COPD.37 We evaluated two curated gene sets 
consisting of genes involved in mucin biosynthesis, including the 
KEGG 2019 mucin type O- glycan biosynthesis pathway35 and 
the Jensen Compartments mucin granule gene set.34 We iden-
tified significant enrichment of both gene sets among the genes 
expressed more highly in individuals with more rapid FEV1 
decline (KEGG 2019 FDR q<1×10−4; Jensen FDR q=0.008). 
The leading edge genes contributing most to the enrichment 
of these gene sets included several polypeptide N- acetylglucos-
aminyltransferase genes, several mucin genes and carcinoem-
bryonic antigen cell adhesion molecule 5 (online supplemental 
table 7). We also examined the potential associations between 
ER stress (using the expression of predicted targets of XBP1 as a 
surrogate of ER stress- driven XBP1 activity), mucus hypersecre-
tion and the signature of FEV1 decline. We found that the associ-
ation between the summarised expression of the mucin gene sets 
and the summarised expression of the predicted targets of XBP1 
is less pronounced (p=0.00234) than the associations between 
the summarised expression of the predicted targets of XBP1 
or the summarised expression of the mucin- related genes and 
the FEV1 decline signature (p=2.0×10−16 and p=4.82×10−12, 
respectively).

We also examined the potential association between markers 
of Th2 inflammation and FEV1 decline based on previous work 
describing an association of a Th2 signature in a subset of indi-
viduals with COPD and without a clinical history of asthma.32 
Using a three- gene Th2 score that had previously been devel-
oped in patients with asthma,33 we found a significant associ-
ation between Th2 inflammation and rate of change in FEV1 
when controlling for age, sex, smoking status, pack years and 
baseline FEV1 (p=0.045). We also found a significant correla-
tion between the FEV1 decline signature and the three- gene Th2 
score (r2=0.1187; p=2.71×10−5).

We were also interested whether the genes in the FEV1 decline 
signature included genes previously identified in GWAS of 
COPD. We found that a gene set composed of genes previously 
identified in COPD GWAS38 was significantly enriched among 

genes that are decreased in individuals with more rapid FEV1 
decline (GSEA p=0.035). Genes in the leading edge of this anal-
ysis included ARMC2, DLG2, THSD4, KLHL7, CCDC101, 
ANKH and CHRNA3.

DISCUSSION
We have identified gene expression differences at baseline in 
bronchial epithelium from current and former smokers that 
are associated with the subsequent rate of change in FEV1. We 
have replicated the airway gene expression signature of FEV1 
decline in an independent dataset of participants with COPD. 
There is significant enrichment of the FEV1 decline signature 
among genes ranked according to the presence or severity of 
COPD, suggesting that the FEV1 decline signature is related to 
the Steiling et al10 airway gene expression signature of COPD. 
Interestingly, we found that a subset of the airway gene expres-
sion changes associated with more rapid FEV1 decline may be in 
part explained by increased activity of the transcription factor 
XBP1 and mucus hypersecretion. There are also significant asso-
ciations between the FEV1 decline signature and a signature of 
Th2 inflammation.

The replication of the gene expression signature of FEV1 
decline in endobronchial biopsies from participants with COPD 
in the GLUCOLD trial is notable in two regards. First is the 
replication of the signature in a different sample type (bronchial 
biopsies vs brushes). Second, as GLUCOLD is comprised of only 
patients with COPD, replication in this cohort suggests that the 
signature can be relevant to COPD progression. Further studies 
should be conducted to determine whether the gene expression 
signature of FEV1 decline can be used to predict which individ-
uals are at risk of more rapid disease development or progression.

The transcription factor binding sites enriched in the rate of 
FEV1 decline signature support protein response39 is hypothe-
sised to play a role in the development of COPD.25 40–42 Bron-
chial airway expression of XBP1 targets is increased in advance 
of FEV1 decline in our data, even when controlled for smoking 
status.43 XBP1 has been previously shown to increase in human 
bronchial epithelial cells derived from patients with COPD 
compared with cells derived from smokers without COPD and 
non- smokers.44 Elevated XBP1 increases the expression of cyto-
kines (interleukin 8 (IL- 8) and IL- 1β) and Th1 chemokines.25 
These cytokines have been shown to be elevated in COPD.45

XBP1’s potential role to contribute to the gene expression 
changes associated with more rapid FEV1 decline is interesting 
given the role of XBP1 in the UPR to ER stress.25 41 42 46 The UPR 
is triggered by protein misfolding and/or ER overload, that may 
result from oxidative stress caused by cigarette smoking. The 
UPR is mediated by three families of signal transducers, including 
the IRE1/XBP1 pathway.47 XBP1 binds to ER stress elements 
and increases the transcription of chaperone proteins that assist 
in protein folding and reducing protein synthesis.39 Both ER 
stress and XBP1 expression levels are increased by cigarette 
smoking.40 41 Dysregulation of proteostasis and the UPR have 
previously been described in patients with smoking- associated 
COPD and have been implicated in COPD progression.48 While 
potential reducers of XBP1 such as IRE1α inhibitors49 and a 
synthetic analogue of TRPC150 have previously been investi-
gated in the setting of ER stress in cancer, this is the first study to 
our knowledge to identify XBP1 as a potential regulator of gene 
expression changes associated with the rate of FEV1 decline. We 
have found that gene expression consequences of XBP1 pertur-
bation in a cell line and a mouse model recapitulate components 
of the FEV1 decline signature, supporting a potential regulatory 
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role for XBP1 in the processes that contribute to the rate of 
FEV1 decline. However, further studies are needed to evaluate 
the effects of perturbing XBP1 in human airway epithelial cells, 
and the possible role of XBP1 in COPD pathogenesis and disease 
progression.

We also found the expression of several mucin- related genes 
(GALNT4, GALNT5, GALNT12, MUC2) to be increased in 
association with more rapid FEV1 decline.51 52 The observation 
of increased mucin- associated gene expression with more rapid 
FEV1 decline is further supported by the enrichment of two 
mucin- related gene sets34 35 among genes increased with more 
rapid FEV1 decline. Further studies are needed to determine 
if the apparent increase in XBP1 activity associated with more 
rapid FEV1 decline might be a consequence of increased mucin 
production. We also identified enrichment of COPD GWAS 
genes among genes whose airway expression decreases with 
more rapid FEV1 decline. These genes include CCDC101, also 
known as SGF29, which is a subunit of a histone acetyltransferase 
complex; THSD4, which has metalloendopeptidase activity; and 
CHRNA3, which is a member of the nicotinic acetylcholine 
receptor family of proteins.53–55 Together, these findings support 
the biological relevance of the FEV1 decline signature.

We have also identified a significant association between a 
Th2 score and the FEV1 decline signature in current and former 
smokers with and without COPD. Th2 cells mediate the inflam-
matory response that drives a subtype of asthma which is asso-
ciated with a more favourable response to corticosteroids.33 
While Th2 inflammation is traditionally associated with asthma, 
previous work has shown that a subset of patients with COPD 
and without a clinical history of asthma have increased expres-
sion of Th2- associated genes.32 This suggests that a similar 
process leads to airflow obstruction in asthma, and in a subgroup 
of patients with COPD without a clinical history of asthma. In 
this study, we show that expression of Th2- associated genes is 
also associated with more rapid decline in FEV1. This finding 
lends additional support to the hypothesis that a subgroup of 
patients with COPD have more ‘asthma- like’ molecular features 
which also place them at risk of faster decline in FEV1.

Though the data described here support a replicable gene 
expression signature of FEV1 decline, there are limitations to 
the cohort and samples from which it was derived. First, the 
signature was derived in an older population of individuals with 
and at risk of COPD and may not represent a wider spectrum 
of disease or normal airway biology. Furthermore, it is possible 
that FEV1 decline may be quicker in the earlier stages of COPD, 
and that our FEV1 decline signature reflects disease severity 
(despite our having controlled for FEV1 in the analysis), or 
that factors other than those represented by our gene expres-
sion signature might influence the rate of FEV1 decline at other 
points on the disease- severity spectrum. Second, the signature 
was derived from a cohort that was initially recruited as part of 
cancer- related studies. As a result, details about some COPD- 
related traits are unavailable, and the frequency of spirometry 
was variable. We found that a minimum of 4 years of follow- up 
spirometry was required to detect gene expression differences 
associated with the rate of FEV1 decline, presumably because 
of variability in the measurement of FEV1, and this may have 
limited our study power, especially in subgroup analyses. For 
example, we were unable to evaluate the effect of smoking cessa-
tion on the signature due to the low number of individuals who 
quit smoking during follow- up, or gene expression differences 
associated with the rate of change of other lung function metrics. 
Similarly, we were unable to evaluate the association of bron-
chodilator responsiveness, symptoms or exacerbations as these 

data were not available for the cohort. Race is known to impact 
FEV1 decline,56 but we were unable to evaluate the effect of race 
on FEV1 decline as the majority of samples were obtained from 
individuals who were white which may limit the generalisability 
of the signature. Additionally, while bronchoscopy brushings are 
composed of predominantly epithelial cells,21 57 we do not know 
the exact cell types that lead to the observed gene expression 
patterns, and variations in the cellular composition of the bron-
chial airway epithelium might contribute to the FEV1 decline 
signature. Finally, the signature was also derived using data from 
microarrays generated as part of a previous study. Gene expres-
sion profiling by RNA- seq could potentially improve signal- to- 
noise characteristics and allow for the identification of novel 
transcripts.

While we have derived a signature of FEV1 decline from 
smokers with and at risk of COPD and validated these findings 
in an independent cohort of individuals with COPD, our analysis 
indicates that there are individuals who have a pattern of gene 
expression that is not entirely consistent with their observed rate 
of FEV1 decline. Beyond the potential issues of confounders and 
other limitations of our study described above, it is also likely 
that the biological process or processes that contribute to the 
observed gene expression signature may not be perfect predic-
tors of FEV1 decline. FEV1 has been found to associate with the 
rate of FEV1 decline.58 Because we have previously described a 
significant number of genes associated with baseline FEV1,

21 our 
analysis included baseline FEV1 as a covariate. However, low 
baseline FEV1 may reflect low peak FEV1 in early adulthood, 
or accelerated FEV1 decline up to the time of baseline FEV1 
measurement and controlling for baseline FEV1 may obscure the 
impact of FEV1 on the rate of FEV1 decline. The FEV1 decline 
signature was derived using samples from smokers with and at 
risk of COPD, and was validated in a population of subjects 
with COPD. While this suggests a specific utility of the signature 
for assessing progression of COPD, we were unable to assess 
whether the signature reflects FEV1 decline in other clinical 
contexts.

In exploring the implications of the gene expression alterations 
associated with FEV1 decline, we largely focused our analysis 
on targets of known transcription factors given the potential to 
generate straightforward hypotheses about the molecular regu-
lation of the observed gene expression changes. However, there 
is the potential to gain additional insights from future studies 
focused on other molecular enrichments. The XBP1 knockout 
and overexpression datasets where we observed significant 
enrichment of the FEV1 decline signature genes are derived 
from adipose cells and hepatocytes. Transcription factors have 
been shown to have effects that are similar in non- lung cells59 
and these changes have been used to identify new targets.60 
Other studies have suggested that there are cell- specific effects.61 
The changes from knockout or overexpression in these datasets 
may not apply fully in lung cells.

Despite these limitations, we have identified and replicated 
gene expression differences associated with the rate of subse-
quently observed FEV1 decline using baseline gene expression 
profiling of bronchoscopy brushings. Further studies using 
larger sample sizes are needed to determine whether airway 
gene expression profiling can prospectively identify individuals 
who will experience more rapid FEV1 decline and whether this 
would also apply in more severe COPD, which may present 
with more parenchymal emphysema than primary airway 
disease. A previous study from Boudewijn et al identified a 
nasal gene expression signature associated with severe COPD 
versus controls that was also similar to the previously identified 
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bronchial airway gene expression signature of COPD from 
Steiling et al.10 62 It may therefore be possible to identify a nasal 
gene expression signature of FEV1 decline, which would be less 
invasive than a bronchial signature. Such markers could be used 
to stratify patients with and at risk of COPD, and to potentially 
evaluate the response to therapies aimed at diminishing the rate 
of FEV1 decline.
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Supplemental Methods 

Bronchial airway brushings were obtained during bronchoscopy from individuals 

recruited as part of the British Columbia Lung Health Study [1] and the Pan-Canadian 

Lung Health Study. As part of a prior cross-section study of airway gene expression in 

COPD, a total of 267 bronchial brushing samples were selected to ensure matching for 

covariates between individuals with and without COPD, and analyzed using Affymetrix 

Human Gene 1.0 ST Arrays[2]. All subjects provided written informed consent.  

For this secondary analysis, we used the existing publicly available microarray data 

from the prior study (GSE37147). As in the prior study, we excluded individuals who 

developed lung cancer or who did not have spirometry measurements within one year 

of bronchoscopy. We restricted the secondary analysis to individuals with longitudinal 

spirometry measurements available as part of the parent study. Institutional Review 

Board approval for this study was obtained from all participating institutions.  
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Supplemental Figures 

Supplemental Figure 1: Histogram showing the number of days between baseline 
spirometry and bronchoscopy.  

 

 

Supplemental Figure 2:  Determining the FEV1 measurement interval required to identify 
gene expression differences associated with FEV1 decline. Left: The correlation 

between the t-values of the 171 FEV1 decline signature genes obtained using change in 
FEV1 ascertained over 2 years vs. the t-values obtained using change in FEV1 

ascertained over 4 years. Right: The correlation between the t-values of the signature 
genes obtained using change in FEV1 ascertained over 3 years and t-values obtained 

using change in FEV1 ascertained over 4 years.  

 
 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Thorax

 doi: 10.1136/thoraxjnl-2019-214476–9.:10 2021;Thorax, et al. Becker EJ



Supplemental Tables  

Supplemental Table 1: Demographics of the training cohort separated by GOLD and COPD status. The mean, standard 

deviation, and range are shown for continuous traits. * missing 1, + missing 3, § missing 4. 

  GOLD1 GOLD2 GOLD3 No COPD 

N 22 40 9 63 

  mean 
standard 
deviation 

range mean 
standard 
deviation 

range mean 
standard 
deviation 

range mean 
standard 
deviation 

range 

age (years) 64 6 55.08 - 72.33 65 6 
54.17 - 
75.17 

61 5 
51.92 - 
66.92 

64 5 
49.33 - 
77.17 

pack years 43* 20 12 - 102 47+  18 20 - 95.8 53 13 
34.02 - 
72 

46§ 15 13 - 102 

Change in 
FEV1 (mL) 

-55.33 43.31 140 - 30 -30.81 36.35 -100 - 40 21.48 -72.41 
 -70 - 
170 

-35.91 46.23 -170 - 60  

Change in 
FEV1 % 
predicted 

-0.73 1.80  -3.92 – 2.53 -0.39 1.31 
 -2.50 – 
2.77 

0.92 2.36 
-1.77 – 
5.09) 

-0.12 1.63 
 -4.03 – 
3.38  

Baseline FEV1 

(mL) 
2811.82 756.03  1190 - 4190 1999.25 425.91 

1240 - 
2840 

1294.44 236.07 
950 - 
1700 

2846.03 687.89 
1730 - 
4520 

Baseline FEV1 
% predicted  

91.27 8.07 81-112 65.4 7.37 50-78 40.67 5.54 31-48 95.56 12.51 71-123 

Follow up time  5.51 1.72 
4.11 - 9.13 
years 

8.01 3 
4.24 - 
12.64 

7.4 3.09 
4.14 - 
11.62 

5.51 1.56 
4.08 - 
9.22 

  n Percent   n Percent   n Percent   n percent   

Smoking 
Status = 
current 

11 50.00%   14 35.00%   2 22.22%   32 50.79%   

Sex= male 13 59.09%   24 60.00%   6 66.67%   32 50.79%   

inhaled 
medication = 
yes 

4 18.18%   11 27.50%   1 11.11%   4 6.35%   

Race= Asian 0 0.00%   2 5.00%   0 0.00%   2 3.17%   
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Supplemental Table 2A: The coefficients from a Pearson’s correlation test between 
each variable.  

  ∆FEV1 age sex Smoking 
status 

Pack 
Years  

Baseline 
FEV1 

COPD 
status 

Follow 
up time 

∆FEV1 1.0000 -0.1196 0.0801 0.0124 0.0629 -0.2997 0.1996 0.0859 

age -0.1196 1.0000 -0.0332 0.2497 0.0752 -0.2098 0.0611 0.1118 

sex 0.0801 -0.0332 1.0000 -0.0612 -0.0895 -0.4964 -0.0804 0.0186 

Smoking 
status 

0.0124 0.2497 -0.0612 1.0000 0.1239 -0.1358 0.1740 0.0693 

Pack years 0.0629 0.0752 -0.0895 0.1239 1.0000 -0.0902 0.0742 0.0719 

Baseline 
FEV1 

-0.2997 -0.2098 -0.4964 -0.1358 -0.0902 1.0000 -0.5970 -0.3535 
 

COPD 
status 

0.1996 0.0611 -0.0804 0.1740 0.0742 -0.5970 1.0000 0.4656 
 

Follow up 
time 

0.0859 0.1118 0.0186 0.0693 0.0719 -0.3535 0.4656 
 

1.000 

 

Supplemental Table 2B: The p-values from a Pearson’s correlation test between each 
variable.  

  ∆FEV1 age sex Smoking 
status 

Pack 
Years  

Baseline 
FEV1 

COPD 
status 

Follow up 
time 

∆FEV1 NA 0.1688 0.3576 0.8873 0.4843 0.0004 0.0208 0.3234 

age 0.1688 NA 0.7033 0.0036 0.4026 0.0150 0.4834 0.1986 

sex 0.3576 0.7033 NA 0.4821 0.3189 0.0000 0.3560 0.8310 

Smoking 
status 

0.8873 0.0036 0.4821 NA 0.1668 0.1178 0.0444 0.4262 

Pack 
years 

0.4843 0.4026 0.3189 0.1668 NA 0.3151 0.4090 0.4234 

Baseline 
FEV1 

0.0004 0.0150 <0.0001 0.1178 0.3151 NA <0.0001 <0.0001 

COPD 
status 

0.0208 0.4834 0.3560 0.0444 0.4090 <0.0001 NA <0.0001 

Follow up 
time 

0.3234 0.1986 0.8310 0.4262 0.4234 <0.0001 <0.0001 NA 

 

Supplemental Table 3: Range of the number of days between the baseline spirometry 
measurement and bronchoscopy. The median number of days was 63.5 days before 

bronchoscopy.  

Days between spirometry and 
bronchoscopy  

Number of people (% of total)  
N=134 

0-90 days 94 (70.14%) 
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91-180 days 31 (15.67%) 
181-270 days 5 (3.73 %) 
271-365 days 4 (2.99%) 

 

Supplemental Table 4: Genes associated with lung function decline (FDR <0.05).   

 Cluster  Gene Name  Coefficient  t-value  p-value FDR 

Overlap with 
Steiling et al 
COPD 
signature [2]  

cluster 1  TCN1 -10.464 -5.8369 4.70E-08 0.0009   

cluster 1  AHCYL2 -2.4444 -5.50634 2.14E-07 0.0021   

cluster 1  MFSD4 -2.8478 -5.28954 5.66E-07 0.003   

cluster 1  GALNT4 -2.2838 -5.26957 6.18E-07 0.003   

cluster 1  PLA2G4A -4.0452 -5.18292 9.04E-07 0.0036   

cluster 1  TM9SF3 -1.6493 -5.12016 1.19E-06 0.0039   

cluster 1  TSPAN13 -2.8593 -5.0864 1.38E-06 0.0039 yes 

cluster 1  GALNT5 -4.763 -4.98636 2.12E-06 0.0052   

cluster 1  GALNT7 -3.2562 -4.94712 2.50E-06 0.0055   

cluster 1  PARM1 -4.2185 -4.86524 3.54E-06 0.007   

cluster 1  SURF4 -2.0655 -4.78617 4.93E-06 0.0088   

cluster 1  GALNT12 -2.6976 -4.74198 5.93E-06 0.0091   

cluster 2 KIF13A 1.4077 4.73841 6.02E-06 0.0091   

cluster 1  ARMCX3 -2.5391 -4.67984 7.66E-06 0.0108   

cluster 1  RDH10 -3.4605 -4.56512 1.22E-05 0.0157   

cluster 1  CEACAM5 -10.39 -4.51293 1.51E-05 0.0157 yes 

cluster 2 CCDC69 1.9568 4.52184 1.46E-05 0.0157   

cluster 2 PRKCE 1.918 4.53047 1.41E-05 0.0157   

cluster 2 TBC1D22B 1.288 4.53979 1.36E-05 0.0157   

cluster 2 BBS1 1.4065 4.49646 1.62E-05 0.0159   

cluster 1  GNPNAT1 -2.6483 -4.4101 2.28E-05 0.019   

cluster 1  TSPAN8 -3.189 -4.40552 2.32E-05 0.019   

cluster 1  MAGT1 -2.3007 -4.39711 2.40E-05 0.019   

cluster 1  PDXDC1 -1.3108 -4.39564 2.41E-05 0.019   

cluster 1  LRRC8A -1.9195 -4.36609 2.71E-05 0.019   

cluster 1  FUT6 -2.2112 -4.36209 2.76E-05 0.019   

cluster 1  ENTPD4 -1.4813 -4.35809 2.80E-05 0.019   

cluster 1  SLC26A2 -4.1649 -4.3533 2.85E-05 0.019   

cluster 1  S100A16 -3.7393 -4.35288 2.86E-05 0.019   

cluster 1  SLC39A8 -3.4425 -4.33926 3.02E-05 0.019   

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Thorax

 doi: 10.1136/thoraxjnl-2019-214476–9.:10 2021;Thorax, et al. Becker EJ



cluster 1  TMEM165 -1.5627 -4.32997 3.13E-05 0.019   

cluster 1  CTSC -2.622 -4.32131 3.24E-05 0.019   

cluster 1  ASRGL1 -3.9515 -4.31406 3.33E-05 0.019   

cluster 1  PTHLH -1.9531 -4.31073 3.37E-05 0.019   

cluster 2 FAM53B 1.5573 4.31818 3.28E-05 0.019   

cluster 1  ATP13A5 -5.9505 -4.29322 3.61E-05 0.0198   

cluster 1  ENTPD3 -2.7279 -4.2653 4.03E-05 0.0209   

cluster 1  CLDN10 -4.2711 -4.26487 4.03E-05 0.0209   

cluster 1  FER1L6 -3.2417 -4.23308 4.56E-05 0.0222   

cluster 1  PPAPDC1B -1.3953 -4.23007 4.61E-05 0.0222   

cluster 2 LINC00341 2.3221 4.23778 4.48E-05 0.0222   

cluster 1  AP2B1 -2.6973 -4.2219 4.76E-05 0.0224   

cluster 1  S100A14 -3.8189 -4.20974 4.99E-05 0.0224   

cluster 2 MAML2 1.5244 4.20987 4.99E-05 0.0224   

cluster 1  SCEL -4.9864 -4.18833 5.42E-05 0.023   

cluster 2 SRGAP2 1.7241 4.17927 5.61E-05 0.023   

cluster 2 CCDC170 1.7573 4.17981 5.60E-05 0.023   

cluster 2 CNNM2 1.4465 4.18472 5.49E-05 0.023   

cluster 1  SEC31A -1.0296 -4.16213 5.99E-05 0.0237   

cluster 1  GALE -2.4574 -4.15894 6.06E-05 0.0237   

cluster 1  AZGP1 -4.1775 -4.1514 6.24E-05 0.0237   

cluster 1  NNT -1.9732 -4.14685 6.35E-05 0.0237   

cluster 2 WWC1 1.4476 4.14138 6.48E-05 0.0237   

cluster 2 CD38 1.826 4.14279 6.45E-05 0.0237   

cluster 2 HIST3H2BB 2.0805 4.12968 6.78E-05 0.0243   

cluster 2 HEY2 2.4324 4.11715 7.11E-05 0.0246   

cluster 2 KCNB1 2.2671 4.12018 7.03E-05 0.0246   

cluster 1  ARMCX6 -1.5124 -4.11248 7.24E-05 0.0246   

cluster 1  UPK1B -7.24 -4.10726 7.38E-05 0.0247   

cluster 1  PRSS23 -2.5324 -4.08732 7.96E-05 0.0257   

cluster 1  MORC4 -1.3045 -4.08122 8.14E-05 0.0257   

cluster 2 C11orf63 1.8924 4.07885 8.22E-05 0.0257   

cluster 2 PCNT 1.0629 4.09117 7.84E-05 0.0257   

cluster 1  EIF2AK3 -1.6608 -4.06547 8.64E-05 0.0266   

cluster 1  TXNDC11 -1.1497 -4.06009 8.82E-05 0.0268   

cluster 2 GAB2 1.6751 4.05317 9.05E-05 0.027   

cluster 1  SLC31A1 -2.1688 -4.04251 9.42E-05 0.0277   

cluster 2 KIF24 1.5694 4.03829 9.57E-05 0.0278   
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cluster 2 ZNF709 1.9479 4.02668 1.00E-04 0.0286   

cluster 1  S100P -4.1727 -4.00659 0.000108 0.0299   

cluster 2 CYP27A1 3.2116 4.00764 0.000107 0.0299   

cluster 1  EPT1 -2.0385 -3.99705 0.000112 0.03   

cluster 1  FAM177B -7.5999 -3.99366 0.000113 0.03 yes 

cluster 1  WDR72 -3.3747 -3.98683 0.000116 0.03   

cluster 1  CREB3L1 -3.1 -3.98494 0.000117 0.03   

cluster 1  HMGCS2 -5.4842 -3.97451 0.000121 0.03   

cluster 1  MUC2 -3.8157 -3.97049 0.000123 0.03   

cluster 1  FZD5 -1.7413 -3.96905 0.000124 0.03   

cluster 1  TMPRSS4 -2.7115 -3.96629 0.000125 0.03   

cluster 1  MIA3 -1.8609 -3.96036 0.000128 0.03   

cluster 1  SLC44A3 -1.7244 -3.95725 0.000129 0.03 yes 

cluster 2 ZNF382 4.2946 3.95381 0.000131 0.03   

cluster 2 ZNF473 1.1667 3.95404 0.000131 0.03   

cluster 2 BRF1 1.0322 3.95619 0.00013 0.03   

cluster 2 FHAD1 1.4909 3.96247 0.000127 0.03   

cluster 2 SCAI 1.4052 3.97566 0.000121 0.03   

cluster 2 ZNF544 1.1378 3.94993 0.000133 0.0301   

cluster 1  MTHFD2 -3.043 -3.9405 0.000138 0.0304 yes 

cluster 1  PRRC1 -1.2498 -3.93466 0.000141 0.0304   

cluster 1  VTCN1 -3.2947 -3.93389 0.000141 0.0304   

cluster 1  STK38L -1.5853 -3.93262 0.000142 0.0304   

cluster 2 SNRK 1.2327 3.94403 0.000136 0.0304   

cluster 1  DISP1 -2.0634 -3.92329 0.000147 0.0307   

cluster 1  KDELR2 -1.815 -3.9206 0.000148 0.0307 yes 

cluster 2 CEP250 1.0346 3.92537 0.000146 0.0307   

cluster 2 USP2 1.3642 3.91639 0.00015 0.0309   

cluster 1  SEC24A -1.3454 -3.89593 0.000162 0.033   

cluster 1  KCNK6 -1.6357 -3.87926 0.000172 0.0343   

cluster 2 STXBP1 1.4889 3.88067 0.000171 0.0343   

cluster 1  RPN2 -1.3912 -3.87084 0.000178 0.0345   

cluster 1  ATP6V0E1 -1.7274 -3.86919 0.000179 0.0345   

cluster 1  MYO1C -1.7383 -3.86711 0.00018 0.0345   

cluster 1  DGKA -3.105 -3.86674 0.00018 0.0345   

cluster 1  ACBD3 -0.8868 -3.85338 0.000189 0.0358   

cluster 1  FUT2 -3.26 -3.85115 0.000191 0.0358   

cluster 1  B4GALT4 -2.693 -3.84516 0.000195 0.0358   
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cluster 1  CYP2C18 -3.3432 -3.83689 0.000201 0.0358   

cluster 1  VIPR1 -1.7688 -3.83287 0.000204 0.0358   

cluster 1  ANO10 -1.6109 -3.83196 0.000205 0.0358   

cluster 1  PRSS8 -2.5934 -3.83105 0.000205 0.0358   

cluster 1  MFSD1 -1.5788 -3.83078 0.000205 0.0358   

cluster 2 ENO4 1.6146 3.8362 0.000201 0.0358   

cluster 2 RGAG4 1.6659 3.84485 0.000195 0.0358   

cluster 1  SLC1A5 -2.3667 -3.82351 0.000211 0.036   

cluster 1  TSPAN5 -3.0642 -3.82344 0.000211 0.036   

cluster 1  GNE -1.9163 -3.82084 0.000213 0.036   

cluster 1  TMEM39A -1.2691 -3.82034 0.000213 0.036   

cluster 2 STPG1 1.4569 3.81535 0.000217 0.0363   

cluster 1  TMEM167A -1.9301 -3.80489 0.000226 0.0369   

cluster 1  IDH1 -2.2404 -3.80073 0.000229 0.0369   

cluster 1  C12orf23 -1.8034 -3.79807 0.000231 0.0369   

cluster 1  FUT3 -2.9334 -3.79734 0.000232 0.0369   

cluster 1  LOC100128816 -2.4998 -3.797 0.000232 0.0369 yes 

cluster 2 IL5RA 1.7962 3.79672 0.000232 0.0369   

cluster 1  AP4B1 -1.1531 -3.7931 0.000235 0.0371   

cluster 1  PDK1 -1.6119 -3.78851 0.000239 0.0374   

cluster 1  SPTSSA -2.0225 -3.78291 0.000244 0.0379   

cluster 1  SMPDL3A -2.6578 -3.77223 0.000254 0.0391   

cluster 2 ULK2 1.2915 3.7693 0.000256 0.0392   

cluster 2 ZBTB44 1.3698 3.76431 0.000261 0.0396   

cluster 1  ADAM9 -1.9957 -3.7589 0.000266 0.04   

cluster 1  SLC16A9 -2.6703 -3.75655 0.000268 0.0401 yes 

cluster 1  SEC61A1 -1.5947 -3.75383 0.000271 0.0402 yes 

cluster 2 NSUN7 1.821 3.75086 0.000274 0.0403   

cluster 1  ANP32E -2.2045 -3.74436 0.00028 0.0409   

cluster 2 KCNJ2 2.0652 3.7407 0.000284 0.0411   

cluster 1  TMEM211 -3.1984 -3.73378 0.000291 0.0414   

cluster 1  CEACAM6 -2.9929 -3.73256 0.000292 0.0414   

cluster 1  OPN1LW -2.3305 -3.73252 0.000292 0.0414   

cluster 2 NEK4 1.0945 3.72762 0.000297 0.0419   

cluster 1  SLC12A8 -1.6888 -3.71954 0.000306 0.0426   

cluster 1  FGFBP1 -4.7744 -3.71881 0.000307 0.0426   

cluster 2 CEP104 0.7202 3.71602 0.00031 0.0427   

cluster 1  SERPINB8 -2.3042 -3.70542 0.000322 0.0428   
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cluster 1  CTTNBP2 -2.5074 -3.70515 0.000322 0.0428   

cluster 2 ZFP82 2.0472 3.70405 0.000323 0.0428   

cluster 2 NEK11 1.4543 3.70571 0.000321 0.0428   

cluster 2 CCDC151 1.6148 3.71089 0.000315 0.0428   

cluster 2 LAMC2 1.6012 3.71366 0.000312 0.0428   

cluster 1  BCL2L15 -3.357 -3.70114 0.000327 0.0429   

cluster 1  ALG14 -1.4318 -3.69193 0.000337 0.044   

cluster 1  FKBP14 -2.2071 -3.68887 0.000341 0.0442   

cluster 2 ZNF391 2.4311 3.68616 0.000344 0.0444   

cluster 1  DHX15 -1.0895 -3.67935 0.000353 0.0449   

cluster 2 EZH1 1.1255 3.67881 0.000353 0.0449   

cluster 2 PCSK6 2.0747 3.67481 0.000358 0.0453   

cluster 1  MOB4 -2.6686 -3.67044 0.000364 0.0454   

cluster 1  TUBA1C -2.637 -3.6702 0.000364 0.0454   

cluster 1  PGBD2 -1.7254 -3.66542 0.00037 0.0459   

cluster 1  KCNK1 -1.4739 -3.65087 0.00039 0.048   

cluster 2 PRSS12 1.5289 3.64465 0.000398 0.0488   

cluster 1  MAL2 -1.2395 -3.6406 0.000404 0.0492   

cluster 1  PDIA5 -1.8686 -3.63485 0.000412 0.0498   

cluster 1  TIMP1 -2.9324 -3.62684 0.000424 0.0499   

cluster 1  GPT2 -2.4736 -3.62484 0.000427 0.0499   

cluster 1  TMED3 -1.8777 -3.62363 0.000428 0.0499   

cluster 1  NIPA2 -1.0976 -3.62323 0.000429 0.0499   

cluster 1  TPBG -1.3092 -3.62306 0.000429 0.0499   

cluster 1  CANT1 -1.598 -3.62093 0.000433 0.0499   

cluster 2 FXYD6 1.9572 3.62206 0.000431 0.0499   

cluster 2 PYGO1 3.2936 3.62903 0.00042 0.0499   
 

 

Supplemental Table 5: Demographics of the GLUCOLD cohort. The mean and standard 

deviation are shown for continuous variables.  

 N=46   

 Mean Standard deviation Range 

Age (years) 61.11    +/-7.97 (46-74) 
Baseline FEV1 (L) 2.09  +/- 0.49 (1.33-3.28 )  
ΔFEV1 (mL/year) -60.53  +/- 44.29 (-211.34 – 57.44) 
Follow up time (years) 6.76  +/- 1.32 (3.5-7.5) 
 N Percent  

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Thorax

 doi: 10.1136/thoraxjnl-2019-214476–9.:10 2021;Thorax, et al. Becker EJ



Smoking Status= 
Current 

26  65.00%  

Sex = Male 40 86.96%  
 

Supplemental Table 6A: Transcription Factor binding sites enriched in the genes that 
increase with more severe lung function decline (cluster 1)  

Gene Set Name 

# 
Gene
s in 
Gene 
Set 
(K) Description 

# 
Gene
s in 
Overl
ap (k) k/K 

p-
value 

FDR q-
value 

TTGTTT_FOXO4
_01 2061 

Genes having at least one occurence 
of the highly conserved motif M60 
TTGTTT sites. The motif matches 
transcription factor binding site 
V$FOXO4_01 (v7.4 TRANSFAC). 19 0.0092 

8.78E
-07 

3.68E-
04 

CAGGTG_E12_Q
6 2485 

Genes having at least one occurence 
of the highly conserved motif M12 
CAGGTG sites. The motif matches 
transcription factor binding site 
V$E12_Q6 (v7.4 TRANSFAC). 21 0.0085 

8.80E
-07 

3.68E-
04 

HTF_01 72 

Genes having at least one occurence 
of the transcription factor binding site 
V$HTF_01 (v7.4 TRANSFAC) in the 
regions spanning up to 4 kb around 
their transcription starting sites. 4 0.0556 

3.36E
-05 

8.37E-
03 

GGGCGGR_SP1
_Q6 2940 

Genes having at least one occurence 
of the highly conserved motif M6 
GGGCGGR sites. The motif matches 
transcription factor binding site 
V$SP1_Q6 (v7.4 TRANSFAC). 20 0.0068 

4.00E
-05 

8.37E-
03 

TGANNYRGCA_
TCF11MAFG_01 301 

Genes having at least one occurence 
of the highly conserved motif M67 
TGANNYRGCA sites. The motif 
matches transcription factor binding 
site V$TCF11MAFG_01 (v7.4 
TRANSFAC). 6 0.0199 

1.16E
-04 

1.47E-
02 

CTTTGT_LEF1_
Q2 1972 

Genes having at least one occurence 
of the highly conserved motif M13 
CTTTGT sites. The motif matches 
transcription factor binding site 
V$LEF1_Q2 (v7.4 TRANSFAC). 15 0.0076 

1.23E
-04 

1.47E-
02 
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CTTTAAR_UNKN
OWN 972 

Genes having at least one occurence 
of the highly conserved motif M29 
CTTTAAR in the region spanning up 
to 4 kb around their transcription start 
sites. The motif does not match any 
known transcription factor binding 
site (v7.4 TRANSFAC). 10 0.0103 

1.73E
-04 

1.80E-
02 

ATF6_01 123 

Genes having at least one occurence 
of the transcription factor binding site 
V$ATF6_01 (v7.4 TRANSFAC) in the 
regions spanning up to 4 kb around 
their transcription starting sites. 4 0.0325 

2.69E
-04 

2.49E-
02 

XBP1_01 133 

Genes having at least one occurence 
of the transcription factor binding site 
V$XBP1_01 (v7.4 TRANSFAC) in 
the regions spanning up to 4 kb 
around their transcription starting 
sites. 4 0.0301 

3.61E
-04 

3.02E-
02 

GGGAGGRR_M
AZ_Q6 2274 

Genes having at least one occurence 
of the highly conserved motif M24 
GGGAGGRR sites. The motif 
matches transcription factor binding 
site V$MAZ_Q6 (v7.4 TRANSFAC). 15 0.0066 

5.61E
-04 

4.26E-
02 

 

 

Supplemental Table 6B: Transcription Factor binding sites enriched in the genes that 
decrease with more severe lung function decline (cluster 2)  

Gene Set 
Name 

# 

Gene
s in 

Gene 
Set 
(K) Description 

# 
Genes 

in 
Overlap 
(k) k/K 

p-
value 

FDR q-
value 

CAGGTG_

E12_Q6 2485 

Genes having at least one 

occurence of the highly conserved 
motif M12 CAGGTG sites. The 

motif matches transcription factor 
binding site V$E12_Q6 (v7.4 

TRANSFAC). 14 

0.005

6 

1.49E-

07 1.24E-04 

GGGAGGR
R_MAZ_Q6 2274 

Genes having at least one 

occurence of the highly conserved 
motif M24 GGGAGGRR sites. The 

12 
0.005
3 

2.76E-
06 7.69E-04 
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motif matches transcription factor 
binding site V$MAZ_Q6 (v7.4 
TRANSFAC). 

TEF1_Q6 226 

Genes having at least one 

occurence of the transcription 
factor binding site V$TEF1_Q6 

(v7.4 TRANSFAC) in the regions 
spanning up to 4 kb around their 

transcription starting sites. 5 

0.022

1 

3.97E-

06 8.29E-04 

TTGTTT_F

OXO4_01 2061 

Genes having at least one 
occurence of the highly conserved 

motif M60 TTGTTT sites. The motif 
matches transcription factor 
binding site V$FOXO4_01 (v7.4 

TRANSFAC). 11 

0.005

3 

6.99E-

06 1.17E-03 

SRY_01 224 

Genes having at least one 
occurence of the transcription 

factor binding site V$SRY_01 (v7.4 

TRANSFAC) in the regions 

spanning up to 4 kb around their 
transcription starting sites. 4 

0.017
9 

9.04E-
05 1.22E-02 

E2A_Q2 243 

Genes having at least one 

occurence of the transcription 
factor binding site V$E2A_Q2 
(v7.4 TRANSFAC) in the regions 

spanning up to 4 kb around their 
transcription starting sites. 4 

0.016
5 

1.24E-
04 1.22E-02 

S8_01 245 

Genes having at least one 

occurence of the transcription 
factor binding site V$S8_01 (v7.4 

TRANSFAC) in the regions 

spanning up to 4 kb around their 

transcription starting sites. 4 

0.016

3 

1.28E-

04 1.22E-02 

ZIC2_01 247 

Genes having at least one 
occurence of the transcription 
factor binding site V$ZIC2_01 

(v7.4 TRANSFAC) in the regions 

spanning up to 4 kb around their 

transcription starting sites. 4 

0.016

2 

1.32E-

04 1.22E-02 
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E12_Q6 262 

Genes having at least one 
occurence of the transcription 
factor binding site V$E12_Q6 (v7.4 

TRANSFAC) in the regions 
spanning up to 4 kb around their 

transcription starting sites. 4 

0.015

3 

1.65E-

04 1.29E-02 

LMO2COM
_01 264 

Genes having at least one 
occurence of the transcription 

factor binding site 
V$LMO2COM_01 (v7.4 

TRANSFAC) in the regions 
spanning up to 4 kb around their 
transcription starting sites. 4 

0.015
2 

1.70E-
04 1.29E-02 

AP1_Q2_0

1 275 

Genes having at least one 

occurence of the transcription 
factor binding site V$AP1_Q2_01 

(v7.4 TRANSFAC) in the regions 
spanning up to 4 kb around their 

transcription starting sites. 4 

0.014

5 

1.98E-

04 1.38E-02 

TGACAGN

Y_MEIS1_0
1 827 

Genes having at least one 
occurence of the highly conserved 

motif M41 TGACAGNY sites. The 
motif matches transcription factor 

binding site V$MEIS1_01 (v7.4 
TRANSFAC). 6 

0.007
3 

2.15E-
04 1.38E-02 

GGGYGTG

NY_UNKN
OWN 664 

Genes having at least one 
occurence of the highly conserved 

motif M31 GGGYGTGNY in the 
region spanning up to 4 kb around 

their transcription start sites. The 
motif does not match any known 

transcription factor binding site 
(v7.4 TRANSFAC). 5 

0.007
5 

6.36E-
04 3.32E-02 

TGCCAAR

_NF1_Q6 722 

Genes having at least one 

occurence of the highly conserved 
motif M47 TGCCAAR sites. The 
motif matches transcription factor 

binding site V$NF1_Q6 (v7.4 

TRANSFAC). 5 

0.006

9 

9.25E-

04 4.30E-02 
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Supplemental Table 7: List of the leading edge genes contributing the most to the 

enrichment of mucin gene sets in genes ranked by association with FEV1 decline.  

Gene Set Leading edge genes 
KEGG 2019 Mucin type O-glycan 
biosynthesis 

GALNT2, GALNT3, GCNT1, GALNT14, 
ST6GALNAC1, GALNT1, GALNT4, 
GALNT3, B3GNT6, GALNT6, GALNT5, 
GALNT7, GALNT12, BGALT5 

Jensen components Mucin granule  SLC17A9, P2RY2, TFF3, CLCA1, MUC2, 
MUC16, MYO5C, TFF1, UNC13B, AGR2, 
MUC1, and CEACAM5 
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