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ABSTRACT Smoking is a notorious risk factor for chronic mucus hypersecretion (CMH). CMH
frequently occurs in chronic obstructive pulmonary disease (COPD). The question arises whether the same
single-nucleotide polymorphisms (SNPs) are related to CMH in smokers with and without COPD.

We performed two genome-wide association studies of CMH under an additive genetic model in male
heavy smokers (=20 pack-years) with COPD (n=849, 39.9% CMH) and without COPD (n=1348, 25.4%
CMH), followed by replication and meta-analysis in comparable populations, and assessment of the
functional relevance of significantly associated SNPs.

Genome-wide association analysis of CMH in COPD and non-COPD subjects yielded no genome-wide
significance after replication. In COPD, our top SNP (rs10461985, p=>5.43 x 10) was located in the GDNF-ASI
gene that is functionally associated with the GDNF gene. Expression of GDNF in bronchial biopsies of COPD
patients was significantly associated with CMH (p=0.007). In non-COPD subjects, four SNPs had a p-value
<107 in the meta-analysis, including a SNP (rs4863687) in the MAML3 gene, the T-allele showing modest
association with CMH (p=7.57 x 10°°, OR 1.48) and with significantly increased MAML3 expression in lung
tissue (p=2.59 x 10713,

Our data suggest the potential for differential genetic backgrounds of CMH in individuals with and
without COPD.
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Introduction

Chronic mucus hypersecretion (CMH) can be present in individuals with or without chronic obstructive
pulmonary disease (COPD). The prevalence of CMH varies from 3.5% to 12.7% in the general population
depending on the population studied and the CMH definition used [1, 2]. The prevalence of CMH is much
higher in individuals with COPD (30%) and increases with the severity of airflow limitation [3, 4]. Some risk
factors for COPD and CMH overlap, like smoking, occupational exposures and bacterial infections [5-9].

However, not all heavy smokers have CMH, which may be explained by a genetic contribution to CMH, as
evidenced by familial aggregation of mucus overproduction and higher concordance of CMH in
monozygotic than in dizygotic twins [10-12]. So far, only two genetic studies on CMH have been published.
One study suggested that the cytotoxic T-lymphocyte-associated protein 4 gene (CTLA4) is associated with
chronic bronchitis in individuals with COPD without a direct association with COPD itself [13]. A second
study showed that a single-nucleotide polymorphism (SNP) (rs6577641) in the SATB homeobox 1 gene
(SATBI) was strongly associated with CMH in a heavy-smoking population [14].

As not all individuals with COPD have CMH and, conversely, not all individuals with CMH have COPD,
the question arises whether similar or differential genetic factors are involved in the development of CMH
in individuals with and without COPD. Therefore, we performed a genome-wide association (GWA) study
on CMH in a group of male individuals with COPD and a group without COPD, from the same heavy-
smoking, general population-based cohort (NELSON) [15]. Subsequently, we evaluated our findings on the
association with CMH in replication cohorts including individuals with and without COPD, and searched
for features of our most significant findings.

Methods

Ethics statement

The Dutch Ministry of Health and the Medical Ethics Committee of each hospital approved the study
protocol for the Dutch centres. Ethics approval and written informed consent was obtained from all
participants in the studies. For detailed information, see the online supplementary material.

Identification population

Male Caucasian participants from Groningen and Utrecht, the Netherlands, were included from the Dutch
NELSON study [15], a heavy-smoking population-based lung cancer screening study. Information on CMH
and smoking behaviour was collected by questionnaires as published previously [14]. Spirometry was
performed according to the European Respiratory Society guidelines, including forced expiratory volume in
1 s (FEV1) and forced vital capacity (FVC), without using a bronchodilator [16]. COPD was defined as
FEV1/FVC<0.70.

Conflict of interest: Disclosures can be found alongside the online version of this article at erj.ersjournals.com

Support statement: The COPACETIC study was funded by European Union (EU) Seventh Framework grant 201379. The
NELSON study was supported by Zorg Onderzoek Nederland-Medische Wetenschappen, KWF Kankerbestrijiding, and
Stichting Centraal Fonds Reserves van Voormalig Vrijwillige Ziekenfondsverzekeringen. The LifeLines Cohort Study was
sponsored by the Dutch ministry of Health, Welfare and Sport, the Ministry of Economic Affairs, Agriculture and
Innovation, the Province of Groningen, the EU Regional Development Fund, the Northern Netherlands Provinces (SNN),
the Netherlands Organisation for Scientific Research (NWO), University Medical Center Groningen, University of
Groningen, de Nierstichting (the Dutch Kidney Foundation) and the Diabetes Fonds (the Diabetic Foundation). The
COPDGene study was funded by US National Institutes of Health (NIH) grants RO1 HL089856 and R01 HL089897, and
by the COPD Foundation through contributions made to an Industry Advisory Board comprised of AstraZeneca,
Boehringer Ingelheim, Novartis, Pfizer, and Sunovion. The ECLIPSE study was funded by GlaxoSmithKline. Data
sampling for the GenKOLS study was funded by GlaxoSmithKline. The MESA Lung/SHARe Study was funded by NIH
grant RC1HL100543. MESA and the MESA SHARe project are conducted and supported by contracts N01-HC-95159
through N01-HC-95169 and RR-024156 from the National Heart, Lung, and Blood Institute (NHLBI). MESA Air is
conducted and supported by the US Environmental Protection Agency in collaboration with the MESA Air investigators,
with support provided by grant RD83169701. Funding for MESA SHARe genotyping was provided by NHLBI contract
NO02-HL-6-4278. MESA Family is conducted and supported in collaboration with the MESA investigators; support is
provided by grants and contracts RO1HL071051, RO1HL071205, RO1HL071250, RO1HL071251, RO1HL071252,
RO1HL071258, RO1HL071259, M01-RR00425, UL1RR033176 and UL1TR000124. The MESA Lung and MESA COPD
Studies are funded by NIH grants ROIHL077612 and ROIHL093081. A full list of participating MESA investigators and
institutions can be found at www.mesa-nhlbi.org. The lung eQTL study at Laval University was supported by the Chaire
de Pneumologie de la Fondation J.D. Bégin de I'Université Laval, the Fondation de I'Institut Universitaire de Cardiologie
et de Pneumologie de Québec, the Respiratory Health Network of the Fonds de Recherche Québec — Santé (FRQS), the
Canadian Institutes of Health Research (MOP - 123369), the Cancer Research Society, and Read for the Cure. Y. Bossé is
the recipient of a Junior 2 Research Scholar award from the FRQS.

DOI: 10.1183/09031936.00093314


www.mesa-nhlbi.org

DOI: 10.1183/09031936.00093314

COPD | A.E. DIJKSTRA ET AL.

To assess whether different genetic factors contribute to the presence of CMH in smoking individuals with
and without COPD, we conducted two GWA studies; one in NELSON individuals with COPD (NELSON-
COPD) and a second in NELSON participants without COPD (NELSON-non-COPD) [15].

Replication populations

Top hits associated with CMH in NELSON-COPD were in silico-analysed in individuals with >5 pack-
years smoking and FEV1/FVC<0.70 from four independent, Caucasian COPD cohorts: GenKOLS,
COPDGene, ECLIPSE and MESA [17-20]. Subsequently meta-analyses were performed across these
replication cohorts, and across NELSON-COPD and these replication cohorts.

Top hits associated with CMH in NELSON-non-COPD were analysed in the general population cohort
LifeLines by selecting individuals without COPD and >5 pack-years smoking.

A description of the replication cohorts is given in the online supplementary material. Details on the
identification and replication cohorts concerning genotyping method, genotyping imputation software, and
CMH and COPD definitions are given in online supplementary table 1.

Functional relevance of identified top SNPs

We assessed whether the top SNPs in individuals with and without COPD were associated with gene
expression levels in human lungs. Expression quantitative trait loci (eQTLs) were identified in 1095 lung
tissues from three independent cohorts recruited from Laval University (Québec City, QC, Canada), the
University of British Columbia (Vancouver, BC, USA) and the University of Groningen as described
previously [21].

Additionally, we assessed whether CMH was associated with mRNA expression of candidate genes in
bronchial biopsies from 77 COPD participants in the Groningen and Leiden Universities Study of
Corticosteroids in Obstructive Lung Disease study (GLUCOLD) (22, 23].

Details of the methods are given in the online supplementary material.

Statistical analysis

General characteristics of CMH cases and controls were compared using Student’s t- and Mann—Whitney
U-tests for continuous variables as appropriate, and using Chi-squared tests for dichotomous variables with
SPSS 20.0 (IBM, Armonk, NY, USA). Quality control of genotyping, regression and meta-analyses were
performed with PLINK 1.07 [24]. Quality control was performed in cases and controls according to the
following exclusion criteria: SNPs with call rate <95%; minor allele frequency <0.05; proportion of
individuals for which no genotype was called (mind) <0.95; and Hardy—Weinberg equilibrium p<<0.0001.
Ethnic outliers, duplicates and relatives were removed (based on the top two components from
multidimensional scaling).

Logistic regression analysis under an additive genetic model with adjustment for centre and smoking (ex/
current) was used to identify SNPs associated with CMH in NELSON participants in two separate analyses.
SNPs were included for replication if there was any nominally significant association between CMH and a
SNP (p<<2.0x10™*), and analysed using additional adjustment for sex as the replication cohorts also
included females.

Results

Populations

After quality control, out of 3005 NELSON participants, 2799 remained. Females were excluded as only 48
were present after quality control. 2194 NELSON males with complete information on CMH, spirometry
and smoking history were analysed, including 849 with and 1345 without COPD. The prevalence of CMH
in individuals with COPD was 39.8% (n=338) and in individuals without COPD 25.4% (n=342).
Demographic and clinical characteristics of NELSON participants with COPD and of the four COPD
replication cohorts are presented in table 1 [17-20].

Demographic and clinical characteristics of NELSON participants without COPD and the replication
cohort LifeLines are presented in table 2.

In all cohorts, irrespective of COPD status, individuals with CMH had significantly lower FEV1 % predicted
and were significantly more often current smokers than individuals without CMH.

Genome-wide analyses in NELSON participants with COPD
After quality control, out of 620901 SNPs, 522 636 remained for GWA analysis in 849 individuals with
COPD, 338 with and 511 without CMH. The quantile-quantile (QQ)-plot showed no indication of
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TABLE 2 Characteristics of individuals with and without chronic mucus hypersecretion (CMH) in NELSON subjects without
chronic obstructive pulmonary disease (COPD) and in the LifeLines cohort

NELSON-non-COPD LifeLines

CMH No CMH p-value CMH No CMH p-value
Subjects n (%) 342 (25.4) 1006 (74.6) 130 (5.3) 2313 (94.7)
Age years 59.6+5.3 59.84+5.3 0.61 47.2+10.7 47.6+9.7 0.82
Females % 0 0 46.2 53.4 0.11
Smoking pack-years 38.0 (22-140) 34.2 (20-133) 0.029 15.5 (5-84) 13.0 (5-75) <0.001

median (range)

Current smokers % 70.8 45.2 <0.001 60.0 43.1 <0.001
FEV1 % predicted 105.24+13.1 107.6+13.4 0.003 100.5+14.2 103.6+12.8 0.008
FEV1/FVC % 78.0+ 4.6 78.1+4.5 0.62 771+ 4.4 78.0+4.8 0.040

Data are presented as mean+ 5D, unless otherwise stated. FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity.

population stratification (A=1.002). The p-values of the GWA study are presented in the Manhattan plot
(fig. 1). A total of 78 SNPs were associated with CMH at a p<<2 x 107 (table 3). SNP rs626326, located in an
intron in the StAR-related lipid transfer domain containing 13 gene (STARDI3) on chromosome 13q13.1,
showed the strongest association with CMH (p=3.99 x 10°°, OR 1.632).

When performing replication in males only, i.e. the same sex as in the identification cohort, results were
comparable with all SNP effects in the same direction, but with lower significance due to the deletion of 714
females (23% of the population) and, hence, lower power.

Replication of top SNPs in four COPD cohorts

Table 3 shows the results of the 78 SNPs that were analysed in 3106 individuals with COPD, including 1198
with and 1908 without CMH, participating in four different COPD cohorts. Meta-analyses of these 78 SNPs
across the replication cohorts showed borderline association to six SNPs with CMH and a similar direction
of effect (combined p-values ranging from 1.02 x 10 to 9.49 x 107%).

The strongest association in the meta-analysis, across identification and replication cohorts, was observed
for rs10461985 on chromosome 5p13.2, showing effects in the same direction in NELSON-COPD and the
replication cohorts (p=5.43 x 10, OR 0.714) (table 3), except for COPDGene, which showed no effect.
SNP 1510461985 is located in an intron in the glial cell line-derived neurotrophic factor antisense RNA 1
gene (GDNF-ASI).

Functional relevance of rs10461985 and GDNF

The Affymetrix (Santa Clara, CA, USA) chip used to investigate mRNA expression in airway wall biopsies of
COPD patients did not have probe set for GDNF-ASI. As the role of GDNF-ASI as an antisense RNA is to
prevent translation of GDNF, we assessed the association of the mRNA expression of this gene and CMH.
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FIGURE 1 a) Quantile-quantile plot and b) Manhattan plot of genome-wide association of single-nucleotide polymorphisms with chronic mucus hypersecretion
in NELSON participants with chronic obstructive pulmonary disease.
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GDNF mRNA expression was found to be significantly lower in bronchial biopsies of COPD patients with
CMH than those without CMH (b= -2.8, p=0.007).

Genome-wide analyses in NELSON-non-COPD

The same 522 636 SNPs were analysed in 1348 NELSON participants without COPD, 342 with and 1006
without CMH. The QQ-plot confirmed that there was no population stratification (A=1.009). The p-values
of this GWA study are presented in the Manhattan plot (fig. 2). There were 79 SNPs associated with CMH
with p<2.0 x 107 (table 4).

Replication of top SNPs in the general population-based LifeLines cohort

Genotypes of 74 of the 79 SNPs with a p<<2.0 x 10™* were available from the general population-based
LifeLines cohort, including 130 individuals with CMH and 2313 without CMH. 10 SNPs showed some
association with CMH in LifeLines (p<10'1), and among these, seven SNPs had effects in the same direction
in the NELSON participants without COPD and in LifeLines (table 4). In the meta-analysis across this
NELSON population and LifeLines, four SNPs were associated with CMH with a p<<107: 1) rs3845529 on
chromosome 1q41 (p=3.25x 10°%, OR 0.693), located in an intron in the Usher syndrome 2A gene
(USH2A); 2) rs1690139 on chromosome 12q (p=5.91 x 10, OR 1.673), located in a gene desert between
LOC100130336 and LOC100131830; 3) rs4863687 on chromosome 4q28 (p=7.57 X 10, OR 1.476), located
in an intron in the mastermind-like 3 gene (MAML3); and 4) rs944899 on chromosome 13q34
(p=8.40 x 10, OR 1.399), located near (<25 kb) the sex determining region Y-box 1 gene (SOXI).

Functional relevance of identified top SNPs associated with CMH in individuals without COPD

The 1rs3845529 genotypes showed no significant eQTL effect on USHA2 mRNA expression levels, nor did
15944899 genotypes on SOXI mRNA expression levels, in lung tissue (p=7 x 10™'). In contrast, a strong
effect of rs4863687 genotypes (CC, n=622; TC, n=408; TT, n=66) on MAML3 mRNA expression levels
was shown; the CMH-associated risk allele T was significantly associated with higher expression of MAML3
(p=2.59 x 10™'?) (Affymetrix ID: 100146901-TGI-at; Ensemble ID: NM-018717) (fig. 3).

Gene expression profiles of genes close to rs1690139 were not present on the Affymetrix array for the eQTL
analyses.

Overlap of top SNPs associated with CMH in COPD and non-COPD subjects

Comparison of top SNPs in the GWA studies in NELSON-COPD (5146 SNPs, p<<10"?) and NELSON-non-
COPD (5186 SNPs, p<<107) showed 60 overlapping SNPs (table 5). When only SNPs with a p-value <107
were considered, only one overlapping SNP was observed: rs4306981, located close to (64 kb) the progestin
and adipoQ receptor family member III gene (PAQR3) on chromosome 4q21.21 (p=4.40x 10° in
individuals with COPD and p=5.73 x 10 in those without COPD) with effects in the same direction in
both analyses (OR 1.57 and 1.40, respectively). Follow up of this SNP in COPD cohorts did not confirm this
association (meta-analysis across NELSON and replication cohorts p=4.12 x 107).

Discussion
In the current study, we performed two separate GWA studies on smoking-induced CMH, one in
individuals with COPD and another in individuals without COPD. We did not find genome-wide
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FIGURE 2 a) Quantile—quantile plot and b) Manhattan plot of genome-wide association of single-nucleotide polymorphisms with chronic mucus hypersecretion
in NELSON participants without COPD.

8 DOI: 10.1183/09031936.00093314



COPD | A.E. DIJKSTRA ET AL.

LAINO ‘ZN3 600 7€l 0l %x8%79 07 L'l -0L%x62'6 871 ,.0lLxGLL 87 G20 v C0€ 696761 71¢8€GC 1S4 L
960821001007 ‘719979001 0c00 7€l L 0LXLY7L Ly 160 ,.01x209 871 40Lx18% L€ €e0 \ €¢6L76801 LL66670154 L
£0dSY ‘452277201 9610 €€l ,.0lxLS'L 44 LUl 0Lxige  erl . 0lLxG6%l GG 6€°0 v 98L1GC LTl ¢¢61lSlesd 9
861621001207 '£9144099 6200 9C'L ¢ 01 x8L'L €9 L0l 0L %886 %1l ,0lxGEL 07 870 9 L7%7 699 86 G61GLE6LS 9
sGTH 770 o7l ,.01xG0'L Gl €'l -0LxXL6C &7l 0L x6EL 79 €0 9 9LZ0LL L6 87186€65 9
9LLOVVIM ‘61nd %900 el ,.01x0C'8 %4 0l 0Lx4l6 G671 0L x0€1 Ly 9€0 v €06 0L0L6 LLYL0CC LS 9
9LL0OVYIM ‘61N4 ¢0%7'0 07l 40l xZE6 ¢l ¢l -0Lx6LC &Yl L, 0Lx1ZL 9 9€0 v %720¢10L6 €%72098€s4 9
9LLOVVIM ‘61N 96€°0 61,01 x80°L 91 Ll ,-0Lxg6c  G7L ,0Lx0€1 19 9€0 9 L29000L6 ¢09G¢yYsd 9
9LL0OVYVIM ‘61n4 0Ly'0 o7l ,.0LxE0’L 7l [ 0L x¢g8e  G¥lL ,.0lx0g!L €9 9€0 9 €G8YL696 181987654 9
9LLOVVIM ‘61n4 89¢€0 071 401x18%6 €l 6L°1 0L XG9'C  G7L 4 0l%XZ6'6 09 LEO v L1696 96 6880LLLSA 9
slVECT00 %G1°0 L0 ,01%x89°L e L6'0 0L x668 890 .0L%X8LS ¥S 6€°0 v €C6968LLL 0¢029¢s4 S
76€0€100L007 '9ZAXdEHS 1000 980 .0l x€EL9 0L LUl ,-0LX%0°€ G690 ,.0l%x8C6 7 6€0 \ 0L6%700¢LL L7v7€8LELS S
0Z1d32 '9Nadd ¢c00 82l 0L x96L %S 60 0L %8G LYl ,.0lLxGY1 €e 70 v 082¢0L9¢ccClL L2G9€8YS S
£6682£4001 ‘€L 107€201 ¢0lL0 190,01 %x60°G 4% €60 00008 €50 ,.0lxLC'L 67 110 9 69G9L0€€E LECI18LS S
8645202 904 ‘61416207 0000 60°L .0l x¥0'8 €L 9L'0 L 0LxG8L GGl 4.0LXx8EC l GZ'0 v 909991 181 L0%¢5G9s y
sCTWVIN 889°0 871 4.0l XLSL € LSl ,0lLx¢el &7l ,0lx681 CL 820 v LELL680OYL £89€98%s4 7
91£9¥9007 '9452€1001007 %200 GZ'L 0L Xx¥S¢ 09 860 ,.0L%x66'8 LYl ,0l%xG91 GE L0 v C0G6LY LEL G2E889LSs ¥4
91€£979007 '7452€1001007 ¢c00 9C'L ¢ 0LXELC LS 660 ,.0Lx806 7L ,0LXx6C°L 4 LY70 9 0€8LLY LEL 0£98689s4 7
d309 ‘d¥63440 G6¢°0 L90  ,0Lx9Ll 8l 840 ,.0Lx¢ZS8'l 290 ,0Lx%6l 8G 610 v 68812808 SLLLYYLLSY y
sl CHOED 1100 091l ¢ 0LXx¥yL'l 4] ¢80 .0LxLL'S 4 ¢-0L X9L9 [44 900 \ €06 LBE 961 09196LES4 €
sl ZH0E0 600°0 ¢9'l (01 %X8EL 0§ 180 ,.01%X88% 20C 40lxEBY Ll 90°0 v €L8G8E 961 661628654 €
1d8E1dY "L7L77€201 €eLo L7l ,0L%x8L°L 6l 9Ll -0LXL2E  GGL 401 %x96'G ¢S ¢co v %GL ZSL6YL 8¢venyLsd €
749624207 "7INDD 9200 9L L, 0LXYLE 8¢ 780  ,.0LX90°G 19l 4.0lLX6%E LE LLO A 00l ceeeel €S0yLLLLSd €
d/€12029 ‘2M0dd 7670 €7l 401 xZ5°L ] el L 0LxL6 871 .0LXxGL'6 0L L20 9 L1208l CL 81%7¢896S €
LdXIN3A ‘17095 GZlL0 €L0  ,0LX%Y7L 0¢ £L80 | 0LXLL'E 990 40L%xS0°L 0S €0 9 L8GY76€0C £6G89L9s €
VLINM ‘ZNT184 8100 940 ,.01x8€S €€ 701 0L X66'L 890 4.0l%x687¢ 0€ G7°0 v L160Y7LEL 66€Y7L6¢S4 €
VLINM ‘ZNT84 GE00 LLO  c0LxELL LY c0'lL -0L X€0°6 L0 ,0Lx90°L Ly 9%°0 J €8960L¢€L 91256L954 €
VLINM ‘N84 ¢l00 080 ¢.0lx1G¢ 6§ 701 1-0L X 8L L0 5.0lx%88 e 9%7°0 v 68810L€L 77€76L954 €
VZINM ZN194 8000 LLO 4,0l X%XZL'8 44 €0’ 0L xXe7'8  L90 4.0lxc20¢C 7l €70 9 L8 10LEL 89€18L9s €
VLINM ‘N84 6000 GL0 ,.0LxYCY 0€ L0°1 0L X089 990 40lxccl 91l 70 9 860G69¢€1 1 8GGLLISI €
VLINM ‘ZNT84 7100 LLO 0L x8C1 6% L0°L 0LXYL9 890 4-0LXLLS 8¢ 70 v 00Cc69¢€l 7972261954 €
VLINM ‘ZNT184 1100 8.0 ¢.0lx%x907¢C 99 701 0L X¢Z8'L 890 40Lx199 ¥4 Geo v L0€289 €L L0G9G6¢S €
s7T19A 8€0°0 671 4,0l x6%7S 7€ 780 ,.01%x88G Y9l . 0LXZL9 44 €L0 9 18761911 6LL9LLLLSH €
766061907 'GdLND 9100 6L°0 ¢ 0LXxLLC 19 G0’ 1-0L X9€°L L0 ,.0LX%XGC'L 6C 70 v €06 778 G¢CL 0S08c0€Ls 4
766061007 'GdIND 0L00 9¢'L (01 x86¢C 9 160 .0l xLES €71  ,.01Xx80°L 6l 9%7°0 9 8GC 7L GC| LGL9LYLSd 4
GYLNA 'LE6LY700T ¢S0°0 6L L, 0L XLyl ¥4 L0°1 -0LX%L9 GGl 4.0l %X02¢C 97 GZ'o 9 Ly LLY SYC 62€8¢0¢1s l
2L92dd ‘zdgz4d1 S77°0 87l ,0Lx0ll Ll Gc'l 0L x%9'€ 8L ,0lLx¥%Cl S9 610 \ 9¢L0€EBCEC 6616¢954 l
sVCHSN 08L0 690 4.0l xXGZ'€ l L90 - 0L%X86Y L0 ,.0Lx96°L €L 70 J E7¢E0CLe 625GY8€ESd l
sEWNA %6170 €el 4,0l x1Gg 1 L0l -0Lx¢el 27l ,01%x86L €5 6€°0 \ %66 1CC0LL 04£80¢¢s4 l
sgd730d 8¢¢0 7€l 4,0l xG9'L €¢ LUl 0L X688  evl  ,.0lx091L LS LE0 v 606G L0799 £0880¢CL 1S L
sc8Hd3 S7%7°0 6€°1L 4.0l %X0€S 6 8¢l ,0Lx988 971 ,0lx181 99 Gc'o 9 09L066¢¢C 196€68s4 l
sCGHd3 29€0 07’1l 40l x99% 8 9C'L -0LXx60°L LYl ,0Lx9L7L 65 9¢'0 9 9€9 886 ¢ 968L18¢S4 L
4} R[] aw.:w?n yuey yo anjeA-d yo anjeA-d yuey 4VW

Saulgsyi pue gqdoJ-uou ajane

(s)auab 3s9s019 -NOS13N sso.de sishjeue-elapy saursyn ad0J-uou-NOS13IN Joulp dq uonisod dNS 4HIY

Saul9)IT pue Qd0d-Uou-NOSTIN SSodoe siskleue-ejaw jusnbasgns pue ‘ssui]ayi] ul pue (dd0Q) 9SessIp
Ateuownd 8A13ONIISEO D1UOIYD INOYIIM S3I8IGNS NOSTIN Ul uonaisasiadAy snonw a1uodyd yim (sdNS) swsiydiowAiod apiosjonu-a16uis jo uonerdossy  379v.1

10.1183/09031936.00093314

DOl:



COPD | A.E. DIJKSTRA ET AL.

"uoJjul ul Juasald dNS ¢ ‘G00°0>D 41 o1jed
SppO WopueJ pue GpQ'0<<D 4! 013 SPPO Paxly :, ‘G00°0>D 4 dNjeA-d wopued pue Gpo'0<D §! @njeA-d paxy Yy ‘Ay1ausbouajay Joj anjea-d :p "Aousnbaly 919)18 JOUIW 4|\ ‘BWOSOWOIYD :YHD

LYAAD ‘ddV LELO0 GL'0 ,.0l%x8LC LC 880 ,.0L%X85'C 690 ,.0Lx0¢€1 LG 6€°0 v LYL9699¢ LG22€0¢sH (14
JL714SN 'Vidaxd €¢0°0 8¢l .01 %x69'S 9¢ l 0LX6L6 651 .0LXY9€E Ve 8L0 v cleysel 602270954 0z
€41679007 '€91679207 ¢lL00 L2l 0L %X9€¢ 8G G6'0 ,-0LXx90L SYL  .0LXYL'8 °14 €0 9 0€5 720 6% 096806154 Ll
s€LHAD ¥%0°0 LL0  ¢0LxZL'L 9y 86'0 ,.0LxGE6 ¢90 ,.0L%0€L %4 0 9 %GE 961 ¢8 LGEBL6C LS 9l
s€LHAD 1G00 890 ,.01%x858 Va4 8Ll ,.0Lx¥6G ¢90 ,.0L%XILEL ¥4 610 v €€1 991 ¢8 GYSEyyCLsd 9l
slddacv 6%7°0 L7l c0LXLEL 0l 6L 0LX%8L €51 ,.0Lx9€L 89 610 v 6288LCY9 LLY77ELSd 9l
sldgcv 8%7%°0 9%l 0L X0L'L Ll 6L -0LxG8'L €8l ,.0LXxX¥YL L9 610 \ GLELLCY 91€8L61Sd 9l
41491 '9691Wv4 1100 9¢l  ,.0lL%X¥8¢ 6¢ ¢80 ,.01%x89€C LGl 40LxG8'L 0¢ €0 v 62806896 Zeeey08s Sl
1789V 8000 GL'0 ¢0LXELS 99 LLL o 0LxX9gy €90 ,.0LxL9L ¢l 0 v 86G LCS Y8 £eagyelsd Sl
sLIVILl 900°0 6L°0 ¢ 0LXLYE €9 L0l 0L X8E9 890 .0L%XSGC'L Ll LEO v L0l 62799 0GeY8LES Sl
EINJ9 'VI8WVH 1000 88'0 -0l %x6£9 LL LUl 0Lx09C  L90 ,.0L%X9€1L g €0 v ¢608€9 LS 008¢*%08s4 Sl
sldI4AD <000 ¢80  -0LXLLY 69 60°L 0L X67'S 290 O0LxX¥YeE 9 9¢°0 9 G%% 66702 G6776G¢1Sd Sl
LX0S 9LY0 07l 4-.0Lx0%8 Y €l 2-0LxG0% 971 4 0LxX9LG 69 9%°0 \ 9686L1LLL 668Y76S4 €l
€826641 904 ‘£110€L001207T 1100 9L0 ¢.0L%X66°L 1] 80°L .0l xXZ€9 990 .0LXCl'L € 620 9 96660898 LEGY1GYSd €l
€82G641 924 '£110€1001207 €100 LLO ¢ 0LXL9E 79 60°L  OLXLL9  L90 ,.0lxZG'L LC 6C°0 v 9G% 108 98 76€£00€65 €l
0€81€L00L007 '9€€0€1001007T 1660 L9l 4.0L%X16'S 14 69°L  ZOLXLLL L9L ,.0Lx9L'L VL L0 9 %76 886 YL 6€10691s4 clL
sGX0S 8000 Gge'lL  ,.01%XG29 8¢ GL0 ,0LXxX%E€C 87l 4 0LXLCE Gl LE0 v LSG Y6 €L 9€980€LS4 (4}
sGX0S 900°0 Ge'L  ,.0L%X¥%E9 6€ L0 ,.0LxX80C 67l .0LXWLC 6 g0 9 €L01E6EC €6666L54 clL
sd9LNINL 8000 LE'L ¢ 0LX1LZS g9 680 ,.0L*x¢Zl'S GS1 L 0LxLYL €l 8L0 v ¢L10SLS %7€165%0154 cl
sGIMHAN %090 €9'0 ¢0L%00€ 9 690 L.0L%XL29 90 ,0LXxg9l LL LL'0 9 66l €YC6CL £0%88¢¢s LL
s7VI49 %200 9Ll 40l XGEY L L'l -0LXG0°L  LL'C 4.0L%X8C°€ 9€ L0°0 v %S¢ 7€ S0L 8G1YLYS4 Ll
Zv1La1s 900°0 7'l .0LX€09 L9 60 .0LX067 €7l ,0Lx07L ol LE0 9 812882 SE £89€06€s4 Ll
s7TLNTIVO €100 8¢l  ,.01%x909 LE 840 ,.0LxZL'€ <91 4.01%98¢€ 9¢ %20 9 9€50€e Ll L9¥1.L02s4 Ll
2434d '7566€7001 8¢0°0 LE'L ¢ 0Lx10'L Gy ¢6'0  .0LXE59 w7l o0l x6E8 6€ 70 v LYS LLC9€E £58%08¢s oL
2438d '7566€7001 0L00 ee’l ,.0L x99 35 ¢60 [ 0LX7L9 Gl 5 0LXxLGL 8l 770 9 LC60L29€E 9€LLLGLSd ol
2434d '7566€7001 9000 Ge'L ,.0L%x1lee 9¢ ¢6'0  ,.0L%X98'S  ¥§l  4.0LxXGLY 8 770 v 8106929¢ €L0L9LLSd oL
2434d '7566€7001 %000 0C'L  -0LXLCY 89 G660 ,-01%G99 Gl 40L*x6G71L L 770 9 910¢2929¢€ 01€969¢s4 oL
2434d '7566€7001 £20°0 LE'L ¢ 0LxyL7L 87 88’0 ,.0LxGlL's g7l ,.0L%X¥%0L 8¢ 870 9 966 GG 9¢ €964¢801s oL
6€2982201 'C09NIT 1000 660 .0LXY%L6 YL gl -0LX%8'G 890 ,.0Lx19°L € €0 J 8CEYSC 62 €lL66lL0Lsd 6
LSdH1 ‘G5E7791 904 L%0°0 L9°0 L 0LX97L LG ¢60  .0L%X969 6§60 ,.0Lx06'L Vs cLo v ¢L908LSLL 1629889154 8
2€226£J07 "LVdyL 000°0 €60 .01 %X86'L ¢L GZ'l ;0L%x498 L0 ,.0lLx8EL 14 670 v L1180C¢EL 8%7969¢¢€Lsd 8
096579907 '2dJ81SdHN 8020 €g’l ,.01%x¢8'L G¢ w¢'L .0LXGLZ 691 ,.0L%X8%1L 99 L0 9 LLY 6E£88 %16L00LS4 8
0 R[] gomen-d yuey 4o anjeA-d 4o anjeA-d uey 4VW

Saulqayi] pue gqdoJ-uou 9o e

(s)auab jsasoy) -NOS13N sso.de sishjeue-elapy saursyn ad0J-uou-NOS13IN Joulpy dq uonisod dNS dHI

psnunuoy 7 37gv.L

10.1183/09031936.00093314

DOlI:

10



DOI: 10.1183/09031936.00093314

COPD | A.E. DIJKSTRA ET AL.

0.4+

c

o

3

(9]

s 0.2

3

<

Pz

[

E %

3

S 0.04

<

=
FIGURE 3 Lung gene expression levels % 12
of MAML3 according to genotype of eQTL p=2.59x10
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significance for CMH in either individuals with COPD or without COPD. However, we found suggestive
evidence of an association of some genes with CMH and differential mRNA expression for some of these
genes. Different genes were associated with CMH in smokers with and without COPD. We found one
overlapping SNP associated with CMH in NELSON-COPD and NELSON-non-COPD with a p-value
<107, yet this was not replicated in the validation cohorts. Together, our data raise the possibility that the
pathogenetic development of CMH is differentially regulated in individuals with and without COPD.

In the analysis of CMH performed in individuals with COPD, we found one SNP, rs10461985, in GDNF-AS]
that had a lower p-value in the replication cohorts than in the identification analysis (p=5.43 x 10~ and
p=1.82x10™, respectively), showing the same direction of effect in all cohorts except one separately.
Unfortunately, we were not able to perform a relevant study to assess the expression of GDNF-ASI in
bronchial biopsies of COPD-patients with and without CMH, as GDNF-ASI was not present on the
Affymetrix chip used to investigate mRNA expression in COPD patients (GLUCOLD). Antisense RNAs are
transcribed to prevent translation of a complementary mRNA by base pairing to it and blocking translation
[25]. In this way, GDNF-ASI prevents expression of GDNF. When assessing the effect of rs10461985 in GDNF-
AS1 on GDNF expression, we found no significant effect. However, this is not relevant in this context, as the
effect of rs10461985 is post-transcription, i.e. translational. It remains to be established whether the lower
GDNF expression in bronchial biopsies of COPD patients with CMH is due to changes in translation of GDNF
caused by GDNF-AS]. This requires further study. GDNF is a neurotrophic factor that can induce plasticity in
sensory neurons innervating the respiratory tract and is involved in lung development [26-28]. These data
suggest that GDNF is a biologically plausible candidate gene for both COPD and CMH. However, the gene has
not been identified in previous GWA studies of lung function or COPD, making it more likely that it is a gene
related to CMH in those who have COPD or a gene that interacts with genes associated with COPD. We did
not have sufficient power to investigate further the latter possibility.

The SNP rs4863687, which is located in the MAML3 gene on chromosome 4, a transcriptional co-activator
for Notch signalling, was associated with CMH in individuals without COPD. It has been suggested that
MAMLS3 interacts functionally with different transcription factors, including B-catenin and NF-kB, both of
which are associated with lung inflammation [29]. We found a strong effect of rs4863687 genotype on
MAML3 mRNA expression levels; the risk allele T was significantly associated with higher expression of
MAML3. These data suggest that MAML3 affects risk of CMH by influencing inflammation. Additionally, it
was shown in mice that coordinated cooperation between Wnt and Notch signalling in intestinal epithelium
is necessary for the maintenance of proliferative cells, and that disruption of the Notch signalling pathway
induces goblet cell conversion of crypt proliferative cells [30]. It is conceivable that the role of the Notch
signalling pathway is also important in the airway epithelium, and that MAML3 may play a role in goblet
cell hyperplasia and consequently CMH.

rs944899 was associated with CMH in individuals without COPD. It is located close to the SOXI gene that
belongs to a family of transcription factors involved in many tissues and developmental processes. SOX
proteins have unique functions in different cell types and different functions within the same cell type. The
specificity of these functions is regulated by protein—protein interactions [31]. SOX proteins also regulate
the Wnt signalling pathway required for the specification and differentiation of lung epithelial cells, by
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interacting with B-catenin [31]. As SOXI and MAML3 are both associated with B-catenin, it is conceivable
that there is a link between these genes and CMH.

There are limitations to the study. We did not have post-bronchodilator spirometry data; therefore, some
individuals without COPD may have been in advertently included in the COPD group. The power of each
identification analysis (338 cases and 511 controls with COPD, and 342 cases and 1006 controls without
COPD) is rather limited, possibly explaining the lack of genome-wide significant findings. Moreover, some
replication cohorts were underpowered and CMH is rather a rough estimate. However, we found suggestive
evidence of a genetic contribution to CMH in the full population without stratification for COPD, thus
suggesting that power would be more of a problem than the definition of CMH [14]. When we analysed
whether our previously reported gene SATBI was associated with CMH in individuals with and without
COPD, we also found that the significance was considerably reduced, p-values of rs6577641 being
2.52x 1072 and 5.69 x 102, respectively.

In summary, we found no significant overlap between genes associated with CMH in individuals with
COPD and without COPD. In COPD, lower GDNF mRNA expression in bronchial biopsies was
significantly associated with CMH, possibly by the altered action of GDNF-AS]I, our top gene. Furthermore,
in individuals without COPD, a top SNP in MAML3 that was nominally replicated in the non-COPD
cohort was an eQTL in lung tissue. Our results suggest genetic heterogeneity of CMH in individuals with
and without COPD, and indicate that it is worthwhile to repeat this study in much larger cohorts.
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