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Abstract

Background: The role of copy number variants (CNVs) in susceptibility to asthma is not well understood. This is,

in part, due to the difficulty of accurately measuring CNVs in large enough sample sizes to detect associations. The
recent availability of whole-exome sequencing (WES) in large biobank studies provides an unprecedented opportu-
nity to study the role of CNVs in asthma.

Methods: We called common CNVs in 49,953 individuals in the first release of UK Biobank WES using ClinCNV soft-
ware. CNVs were tested for association with asthma in a stage 1 analysis comprising 7098 asthma cases and 36,578
controls from the first release of sequencing data. Nominally-associated CNVs were then meta-analysed in stage 2
with an additional 17,280 asthma cases and 115,562 controls from the second release of UK Biobank exome sequenc-
ing, followed by validation and fine-mapping.

Results: Five of 189 CNVs were associated with asthma in stage 2, including a deletion overlapping the HLA-DQAT
and HLA-DQBT genes, a duplication of CHROMR/PRKRA, deletions within MUC22 and TAP2, and a duplication in FBRSL].
The HLA-DQAT, HLA-DQB1, MUC22 and TAP2 genes all reside within the human leukocyte antigen (HLA) region on
chromosome 6. In silico analyses demonstrated that the deletion overlapping HLA-DQAT and HLA-DQB] is likely to be
an artefact arising from under-mapping of reads from non-reference HLA haplotypes, and that the CHROMR/PRKRA
and FBRSLT duplications represent presence/absence of pseudogenes within the HLA region. Bayesian fine-mapping
of the HLA region suggested that there are two independent asthma association signals. The variants with the largest
posterior inclusion probability in the two credible sets were an amino acid change in HLA-DQB1 (glutamine to histi-
dine at residue 253) and a multi-allelic amino acid change in HLA-DRB1 (presence/absence of serine, glycine or leucine
atresidue 11).

Conclusions: At least two independent loci characterised by amino acid changes in the HLA-DQAT, HLA-DOBT and
HLA-DRBT genes are likely to account for association of SNPs and CNVs in this region with asthma. The high diver-
gence of haplotypes in the HLA can give rise to spurious CNVs, providing an important, cautionary tale for future
large-scale analyses of sequencing data.
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Background

Asthma is a chronic, inflammatory lung condition
affecting over 300 million people worldwide. The pro-
portion of population variance in asthma risk attrib-
utable to genetic variation has been estimated to be
between 35 and 95% [1], and about 200 genetic loci have
been associated with asthma [2]. However, the variants
discovered to date only account for a small proportion
of heritability [2], and unmeasured genomic structural
variants such as copy number variants (CNVs) may also
contribute to genetic risk. Indeed, CNVs have been
shown to play a role in a number of common, complex
diseases and traits [3]. There is strong evidence that
CNVs are also important contributors to asthma risk
[4-6], but to date there have been few reported associa-
tions with specific structural variants, including CN'Vs.

Previous studies of genome-wide CNVs in common,
complex disease have detected CNVs using hybridisa-
tion-based techniques such as SNP genotyping arrays.
However, these methods have limited genome cover-
age due to variability in SNP density, and only have
the resolution to detect the largest CNVs reliably [7].
The increasing availability of large high-throughput
sequencing datasets offers an unprecedented oppor-
tunity to investigate a more comprehensive set of
CNVs and other structural variants. The UK Biobank,
a population-based cohort of half a million volun-
teer participants, released exome sequencing data on
approximately 50,000 participants deliberately enriched
for individuals with asthma in March 2019 [8]. They
released a second tranche of exome sequencing, includ-
ing an additional approximately 150,000 individuals, at
the end of 2020 [9]. This resource allows researchers to
detect exome-wide CNVs and test then for association
with asthma, potentially identifying novel genetic driv-
ers of asthma and new mechanistic insights at asthma-
associated loci.

In this study, we detected CNVs affecting exons in 7098
asthma cases and 36,578 controls from UK Biobank and
tested them for association with asthma status. We then
performed meta-analyses of asthma-associated CNVs
from this first stage with an additional set of 17,280
asthma cases and 115,562 controls from the second
tranche of UK Biobank exome sequencing. In silico vali-
dation of CNVs demonstrating reproducible association
with asthma was sought in publicly available datasets
(including those with long-read sequencing data), and the
causal role of validated CN'Vs in asthma was investigated.

Methods

Study participants

The UK Biobank study is described here: https://www.
ukbiobank.ac.uk/. Participants were included in this
study if they were in the first or second tranche of exome
sequencing data [8, 9], were of genetically inferred Euro-
pean ancestry, and were not first- or second-degree rela-
tives of anyone already selected for inclusion.

Individuals were defined as having asthma if they either
self-reported doctor-diagnosed asthma (fields 6152 or
22127) or had an International Classification of Dis-
eases (ICD)10 code for asthma (J45* or J46*) in hospital
inpatient records. Individuals were defined as controls if
they had no self-reported doctor-diagnosed asthma, no
ICD10 code for asthma in hospital inpatient records, and
did not report asthma in an interview with a nurse (field
20002). Cases and controls reporting chronic bronchitis
or emphysema (fields 6152, 22128, or 22129) or with an
ICD10 code for chronic bronchitis or emphysema in hos-
pital inpatient records were excluded from the analysis.

The numbers of individuals remaining in the first and
second tranche of exome sequencing data at each stage of
selection are given in Fig. 1.

Exome sequencing

Exome sequencing data was available from UK Biobank
for 200,635 individuals (49,953 from the first release and
an additional 150,682 from the second release). Exomes
were captured using the IDT xGen Exome Research Panel
v1.0 including supplemental probes prior to 75 bp paired
end sequencing on the [llumina NovaSeq 6000 platform
using S2 (first tranche) and S4 (additional samples in the
second tranche) flow cells. For the first tranche of exome
sequencing (our stage 1 set) we used data from the March
2020 release of the UK Biobank exome data [8]. These
data had been processed using the SPB pipeline [8]. For
the second tranche of exome sequencing (our stage 2 set)
we used data from the December 2020 release processed
using the OQFE protocol, which maps sequencing reads
to the full GRCh38 reference version including all alter-
native contigs in an alt-aware manner [9].

Copy number variant calling and genotyping

Prior to CNV calling, we calculated read depth over
exome capture regions from UK Biobank CRAM files
using ngs-bits (https://github.com/imgag/ngs-bits) Bed-
Coverage function and a minimum mapping quality of
5. We then used ClinCNV (https://github.com/imgag/
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STAGE 1

STAGE 2

| Non-Europeans |

First- or second-
degree relatives

5,142

| 7,820 cases*™ | | 37,322 controls** ‘

‘ 18,570 cases* ‘ | 117,793 controls** l

| 7,098 cases | ‘ 36,578 controls l

Emphysema or
# chronic bronchitis <4

17,280 cases | 115,562 controls |

Fig. 1 Number of UK Biobank participants meeting study selection criteria. *Asthma cases defined as having self-reported doctor-diagnosed
asthma or an ICD10 code for asthma in hospital inpatient records. **Controls defined as having no self-reported doctor-diagnosed asthma, no
ICD10 code for asthma, and no self-reported asthma from nurse’s interview

ClinCNV) for the detection of medium to large (>=1
exome capture region) germline CNVs, including dele-
tions, duplications and multi-allelic CNVs, based on the
principle of depth-of-coverage (for further details see
Additional file 1: Methods).

For each call, ClinCNV generated plots of normalised
coverage colour-coded by copy number assignment. We
performed manual inspection of each call to select those
that exhibited distinct copy number clusters. CNVs were
annotated using AnnotSV.

Benchmarking
It can be challenging to assess the accuracy of CNV call-
ers due to the absence of truth sets within the tested
cohort. However, we had previously directly measured
copy number at the CCL3L1 locus using paralogue ratio
tests in a subset of approximately 5000 UK Biobank par-
ticipants of European ancestry [10], with copy numbers
ranging from 0 to 5. We compared the distribution of
copy numbers in these ~ 5000 participants to the distribu-
tion of copy numbers inferred by ClinCNV in the 49,953
participants from the first release of exome sequencing.
For 412 individuals that were genotyped in both studies,
we also compared the genotypes from experimental stud-
ies with genotypes assigned by ClinCNV for the CCL3LI
locus.

To assess false negative rates, we downloaded the struc-
tural variant calls from phase 3 of the 1000 genomes pro-
ject (http://ftp.1000genomes.ebi.ac.uk/voll/ftp/phase3/

integrated_sv_map/supporting/ GRCh38_positions/ALL.
wgs.mergedSV.v8.20130502.svs.genotypes.GRCh38.vcf.
gz). We filtered these 1000 genomes variants for copy
number changes (SVTYPE=DEL, DUP, CNV, DEL_
ALU, DEL_LINE], or DEL_SVA) with allele frequency in
Europeans greater than 5%, and which overlapped one or
more UK Biobank exome capture regions by at least 70%.
We considered these 1000 genomes CNVs to have been
called by ClinCNV in our UK Biobank cohort if the two
calls shared alternative alleles with a frequency within 5%
of each other.

Statistical analysis
We took a two-stage approach to identifying CNVs asso-
ciated with asthma. We first performed an association
analysis in individuals from the first tranche of exome
sequencing (including 7098 asthma cases and 36,578
controls). This stage 1 set produced a long-list of CNVs
nominally associated with asthma (P<0.05). We then
meta-analysed this long-list of CNVs with additional
samples from the second tranche of exome sequencing
(stage 2) (including 17,280 asthma cases and 115,562 con-
trols). In the stage 2 meta-analysis we used a Bonferroni-
corrected overall significance threshold of P <2.65 x 107,
To test each copy number variant for association with
asthma, logistic regression models were implemented in
R, with copy number, sex, age at recruitment, squared
age at recruitment, and the first twenty principal compo-
nents of genome-wide SNP genotypes, measured using
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the UK Biobank Axiom Genotyping array (to correct
for population structure) included as covariates. Condi-
tional analyses were performed by including the variants
of interest in the regression model as covariates. Locus-
Zoom was used to generate region plots.

Sensitivity analyses were performed to assess whether
the effect of CN'Vs on asthma risk was altered when aller-
gies were excluded. Individuals with self-reported doc-
tor-diagnosed hayfever, allergic rhinitis and eczema (field
6152) were excluded from cases and controls and the
association analysis described above was repeated.

Power calculations

In stage 1, we had over 80% power to detect an odds ratio
of 1.06 with a CNV with an alternate allele frequency of
0.3. Even for low frequency CNVs (alternate allele fre-
quency of 0.05) we had over 80% power to detect an odds
ratio of 1.13. Power calculations were carried out using
Quanto.

In silico validation of CNVs

CNVs that showed association with asthma were fol-
lowed up by visualising the read data in the Integrative
Genomics Viewer (IGV) (Broad) and checking for related
pseudogenes that might lead to spurious CNV calls
in resources such as the NCBI gene database (https://
www.ncbi.nlm.nih.gov/gene/). We also checked for the
presence of the CNVs in studies that used alternative
bioinformatics or experimental approaches to iden-
tify structural variants [11-13], and using public online
repositories such as the Broad CNV Browser (http://
www.broadinstitute.org/software/genomestrip/mcnv_
supplementary_data) [14], the Database of Genomic
Variation (http://dgv.tcag.ca/dgv/app/home) and the
genome aggregation database (https://gnomad.broadinsti
tute.org/). Specifically, if the CNVs we detected in UK
Biobank overlapped a CNV of the same type that had a
similar frequency in publicly available data then this was
considered to be evidence that the CNV was real.

HLA region fine-mapping

For UK Biobank participants that had SNP data pass-
ing quality control (N=487,409), we re-imputed clas-
sical HLA genotypes and constituent predicted amino
acid changes within HLA genes. For imputation, we used
IMPUTE2 v2.3.2, the UK Biobank haplotypes (Category
100319) as the input and the T1DGC reference panel
(containing haplotypes for 5225 samples from the Type
1 Diabetes Genetics Consortium (T1DGC)) [15]. These
imputed genotypes were then used alongside imputed
SNPs and CNVs of interest to fine-map the signals of
genetic association within the HLA region using a Bayes-
ian method (Susie) [16]. We restricted fine-mapping to
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variants with a minor allele frequency greater than 1%
within the UK Biobank cohort. Summary statistics from
the logistic regression were passed to the susie_rss func-
tion with a variant correlation matrix generated using
Plink v1.9. Default parameters were used for the Susie
analysis. Association of HLA region variants was plotted
using Locuszoom. While imputed amino acid changes
were included in the fine-mapping, they were excluded
from the plots (unless they were present in a credible set)
as the presence/absence alleles for all variants in a codon
are ascribed the same chromosomal position, which dis-
rupts Locuszoom plotting.

Results

In the first tranche of UK Biobank exome sequencing
(N=49,953), we used ClinCNV software to call a total of
665 CNVs. Of these CNV calls, 189 showed distinct and
well-separated clusters upon visual inspection. Bench-
marking showed that ClinCNV calls a high proportion
(62.5%) of the common CNVs present in phase 3 of the
1000 genomes project, and that it is capable of accu-
rately inferring copy number at complex multi-allelic loci
(Additional file 1: Results and Figure S1, Additional file 2:
Tables S1 and S2). The common CNVs present in phase
3 of the 1000 genomes project are likely to include false
positive calls and inaccurate breakpoints, therefore our
false negative rate is likely to be an overestimate.

Testing CNVs for association with asthma

After exclusion of non-European individuals and rela-
tives, data were available for 7098 cases and 36,578
controls in the stage 1 cohort, and for 17,280 cases and
115,562 controls in the independent stage 2 cohort
(Fig. 1). Baseline characteristics for these cohorts are
shown in Table 1.

We tested 189 high-quality CNVs for association with
asthma in the stage 1. Seventeen CNVs showed nominal
association with asthma (P<0.05) (Table 2, Additional
file 2: Tables S3 and S4) and were taken forward to stage
2.

In a meta-analysis of stage 1 samples and the additional
independent 17,752 cases and 115,562 controls from
the stage 2 cohort, we detected five CNVs associated
with asthma at a Bonferroni-corrected P value thresh-
old (P<2.65 x 107%) (Table 2). Cluster plots are shown in
Additional file 1: Figure S2. The CNV with the strongest
association signal is predicted to encompass exons 3-5
of the HLA-DQA1 gene and all of the HLA-DQBI gene.
These genes are adjacent to each other within the human
leukocyte antigen (HLA) region on chromosome 6p21,
and SNPs in these genes have been shown to be strongly
associated with asthma [17-20].
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Table 1 Baseline characteristics of stage 1 and stage 2 UK Biobank cohorts

Trait Stage 1

Stage 2

Cases (N=7098)

Controls (N=36,578)

Cases (N=17,280) Controls (N=115,562)

Age at recruitment, years 56 (8.09) 56.9 (7.89 55.9(8.23) 56.7 (8.02)

Female 4199 (59.2) 19,561 (53.5 10,197 (59.0) 63,424 (54.9)

Male 2899 (40.8) 17,017 (46.5 7083 (41.0) 38 (45.1)

FEV,, % predicted 85.7 (16.6) 94.0 (14.3 88.2(15.3) 942( 1)

FEV,/FVC 0.733 (0.0778) 0.769 (0.0551) 0.741 (0.0709) 0.769 (0.0555)

Ever smoker 3093 (43.6) 16,055 (43.9) 7590 (43.9) 50,413 (43.6)

Never smoker 3901 (55.0) 20,002 (54.7) 9357 (54.1) 63,253 (54.7)

Unknown 104 (1.5) 521 (14 333(1.9) 1896 (1.6)

Hayfever, rhinitis or eczema status:

Yes 3483 (49.1) 8228 (225 7727 (44.7) 23,269 (20.1)

No 3615 (50.9) 28,350 (77.5) 9553 (55.3) 92,293 (79.9)

Data are mean (SD) or N (%), FEV, =forced expiratory volume in 1 s, FVC =forced vital capacity

Table 2 Association of copy number variants with risk of asthma in UK Biobank

Chrom  Start End Genes Stage 1 Meta-analysis stages 1 and 2
OR 95% Cl P value OR 95% Cl P value

1 16922018 16948926 CROCC 096 093-099 00222 1.00 0.98-1.01 0.6280

1 120823308 120890315  NBPF26/PPIAL4A/RNVUT-19 095 092-099 0.0121 098 096-1.00 0.1011

2 178432096 178444500  CHROMR/PRKRA 118 1.14-123 154x107° 113 1.11-1.15 3.67x107%°

5 71011274 71055457 GTF2H2/GTF2H2C/GTF2H2C_2/NAIP 093 090-097 0.0014 097 095-100 0.0189

5 139325439 139325662  MATR3 119 1.04-135 0.07100 103  096-1.11 0.3763

6 31026054 31027714 Mucz2 116 1.09-123  138x10° 107 1.04-1.10 1.25x107°

6 31995912 31996634 C4A/C4B/C4B_2/LOCT 10384692 094 091-097  0.0005 097 095-099 0.0008

6 32641971 32666607  HLA-DQAI/HLA-DQBI/HLA-DQBI-AST 083  080-087 362x107' 085 083-086 1.95x107

6 32827709 32828045  TAP2 110 106-1.15 467x10° 110 107-1.12 4.60x107'®

1M 1242887 1243906 MUC5B/MUC5B-AST 115 1.02-1.29 00186 115 1.03-1.28 00117

" 1250234 1251240 MUC5B 118  1.06-131 0.0026 118 1.07-131  0.0013

12 52692420 52692880 KRT77 090 0.84-096 0.0010 095 092-099 0.0055

12 132507235 132511952 FBRSLI 1.08 1.03-1.14  0.0032 1.08  1.05-1.11 2.71x 107

14 23965761 23965983 DHRS4 091 084-098 0.0121 096 092-100 0.0757

16 20480572 20480700 ACSM2A 094 090-099 0.0207 099 0.96-1.01 0.2713

19 49959359 49960938 SIGLECTT 115 1.01-130 0.0327 1.06  099-1.13  0.0906

19 54825027 54842918 KIR gene region* 1.06  1.02-1.11 0.0067 103  1.01-1.06  0.0060

P values in bold exceed a Bonferroni-corrected threshold

" KIR2DS1/KIR2DS2/KIR2DS3/KIR2DS4/KIR2DS5/KIR3DL1/KIR3DS1/LOC101928804/LOC102725023/LOC1 12268355

Of the remaining replicated CNVs, two affect genes
also residing in the HLA: a partial deletion of the large,
central exon of MUC22, and a small deletion within
the 3UTR of TAP2. Genetic variants in the MUC22
gene region [21, 22] and in TAP2 [2] have been previ-
ously associated with asthma and asthma-related traits.
The final two asthma-associated CNVs are partial gene
duplications on chromosome 2 (affecting exons 4-8 of
the PRKRA gene and the 3’ end of the CHROMR long

non-coding RNA gene) and chromosome 12 (affecting
exon 2 of the FBRSLI gene). These genes have not, as far
as we are aware, been genetically associated with asthma
before.

All five asthma-associated CNVs showed consistent
effect sizes in a sensitivity analysis that excluded cases
and controls with common allergic conditions: HLA-
DQAI1/HLA-DQBI (0.87 [0.84-0.89], p=1.20 x 107%%),
PRKRA (1.13 [1.10-1.16], p=4.25x10""), MUC22
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(1.04 [1.00-1.08], p=0.048), TAP2 (1.09 [1.06-1.12],
p=312x10"%), and FBRSLI (1.08 [1.04-1.12],
p=0.0001).

Validation and characterisation of asthma-associated CNVs
To seek validation for our five CNVs associated with
asthma and to identify putative breakpoints, we exam-
ined the mapped reads in the UK Biobank CRAM files
using IGV and searched for our asthma-associated CNVs
in publicly available short- and long-read sequencing
results.

MUC22 and TAP2

Examination of the mapped reads in the UK Biobank
CRAM files within the MUC22 and TAP2 CNV regions
showed no reads in individuals genotyped as homozy-
gous for the deletion, as expected (Additional file 1:
Figure S3). The MUC22 and TAP2 deletions were iden-
tified in long-read data reported by Audano et al. [11]
(hg38 coordinates chr6: 31026230-31027303 and chré:
32827728-32827904 respectively) and in Chaisson et al.
[12] (hg38 coordinates chr6: 31026229- 31027304 and
chré6: 32827726-32827903 respectively), and in the 1000
genomes dataset (hg38 coordinates: 31026238-31027306
and chr6:32827726-32827903 respectively). The allele
frequency of the deletion in individuals of European
ancestry from 1000 genomes (0.145 and 0.269 for
MUC22 and TAP2 respectively) approximately matches
the frequency amongst the UK Biobank participants
(0.115 and 0.244 respectively, Additional file 1: Table S4).
It is therefore likely that these CNV calls represent real
deletions within the MUC22 and TAP2 genes.

HLA-DQA1/HLA-DQB1

The whole-exome sequencing data from individuals
called as homozygous for the HLA-DQA1/HLA-DQBI
deletion contained mapped reads within the reported
CNV boundaries (Additional file 1: Figure S4). Mapped
reads were also present within the reported CNV
boundaries in pilot whole-genome sequencing (https://
biobank.ndph.ox.ac.uk/showcase/field.cgi?id=23183)
from the same individuals (Additional file 1: Figure S4).
These reads exhibited greater sequence divergence from
the primary reference sequence compared to the reads
in individuals without the deletion, and divergent reads
showed supplementary alignments to alternative chro-
mosome 6 and HLA sequences within the full hg38 ref-
erence. HLA haplotypes show extremely high sequence
divergence across the DQA and DQB genes [23]. This
high sequence divergence both from other haplotypes
and the reference sequence potentially limits mappabil-
ity of sequencing reads from divergent haplotypes onto
the reference genome, leading to underestimation of the
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number of reads derived from that region. The apparent
deletion at this locus was therefore likely to be due to
under-mapping of reads from reference-divergent HLA
haplotypes.

To investigate this further, we imputed HLA alleles in
UK Biobank and found that the HLA-DQA1/DQB1 CNV
was almost perfectly correlated with the HLA-DQA1*01
type (Spearman correlation=0.97). Those without the
deletion were homozygous for the HLA-DQAI*01 type
and those heterozygous or homozygous for the dele-
tion were heterozygous or homozygous for non-HLA-
DQAI*01 types respectively.

This CNV was not found in publicly available long-read
sequencing results. However, there is evidence for a CNV
overlapping the HLA-DQAI and HLA-DQBI genes on
the Broad CNV browser for the Handsaker et al. study
[14] (CNV_M1_HG19 6 32603984 32627361) but, as
this call was based on read depth as well, it is likely to suf-
fer from the same artefacts.

The artefactual nature of this CNV may account for the
large departure of the genotype data from Hardy Wein-
berg Equilibrium (Additional file 2: Table S4).

CHROMR/PRKRA and FBRSL1
Individuals with duplications in the PRKRA gene showed
read pairs spanning exon-exon boundaries, whereas
those without the duplication did not (Additional file 1:
Figure S5). These exon-spanning reads also have sec-
ondary alignments to the alternative chromosome 6
and HLA sequences. Previous work has shown that
the HLA region DR53 haplotype contains an intron-
less, retrotransposed PRKRA pseudogene (also referred
to as PRKRAPI) proximal to the HLA-DRB7 pseudo-
gene on GL000253v2_alt and GL000256v2_alt GRCh38
sequences [24]. This suggests that the intron-spanning
read-pairs mapping to PRKRA might actually arise from
the pseudogene, resulting in an apparent increase in copy
number of PRKRA in individuals carrying HLA haplo-
types containing the pseudogene. The association with
asthma is therefore not necessarily with the PRKRA gene
but potentially with HLA variation in linkage disequilib-
rium (LD) with the presence/absence of the pseudogene.
The background noise of reads arising from the canonical
PRKRA gene, on top of the reads arising from the pseu-
dogene, probably accounts for why ClinCNV struggles to
classify individuals into copy number bands at this locus
(Additional file 1: Figure S2A). As can be seen in the clus-
ter plots, some individuals clustering with the copy num-
ber of 4 group, are nonetheless assigned a copy number
of 3, hence the large departure from Hardy—Weinberg
Equilibrium (Additional file 2: Table S4).

Similarly, individuals with the FBRSLI gene duplication
exhibit read pairs spanning exon boundaries (Additional
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file 1: Figure S5) and these reads map to alternative HLA
sequences. A recent study identified a FBRSLI processed
pseudogene on chromosome 6 [25], suggesting that this
CNV also represents variation in the HLA region.

Further evidence that the PRKRA and FBRSLI signals
are due to causal variation in the HLA region is provided
by linkage disequilibrium and conditional analyses with
HLA variants. Both CNVs were correlated with variation
in the HLA region, but not their supposedly surround-
ing SNPs on chromosomes 2 and 12 respectively. The
associations of PRKRA and FBRSL1 CNVs with asthma
were also abolished by conditioning on certain HLA
variants (Additional file 2: Table S5). For example, the
PRKRA CNV association was abolished by conditioning
on various amino acid changes in the HLA-DRBI, HLA-
DQA1I and HLA-DQBI genes, and the HLA-DQAI1*01
allelotype. Likewise, the FBRSL1 CNV association was
abolished by including HLA-C*07:01, HLA-B*08 and
HLA-B*08:01 types in the model, as well as amino acid
changes in HLA-C, HLA-B, HLA-DRBI, HLA-DQA1, and
HLA-DQBI.

Fine-mapping the HLA region

Having established that all our reproducible signals
derive from the HLA region, we performed fine-mapping
of this region using all imputed SNPs/indels (N=19,891),
imputed HLA alleles (N=136) and amino acid changes
(N=835) with minor allele frequency greater than 1%,
as well as the MUC22 CNV, the TAP2 CNV and the
presence of PRKRA and FBRSLI pseudogenes, in UK
Biobank. Using a Bayesian fine-mapping method (Susie),
we identified two credible sets over the HLA-DRBI,
HLA-DQA1, and HLA-DQBI genes (Fig. 2, credible set 1
variants shown in red circles and credible set 2 variants
shown in blue circles). The first set contained 66 vari-
ants and the variant with the largest posterior inclusion
probability was rs1140343 (Additional file 2: Table S6),
a missense change leading to substitution of a histidine
for glutamine at residue 253 of HLA-DQBI. However,
due to the large number of variants in this credible set,
the top variant had a modest posterior inclusion prob-
ability of 0.082. Presence/absence of arginine at residue
55 was also in the top 5 variants with a posterior inclu-
sion probability of 0.044, and this variant actually had the
largest effect size and most significant p value (Additional
file 2: Table S6). The second set contained 6 variants and
the top variant, with a posterior inclusion probability of
0.555, was presence/absence of the amino acids serine,
glycine or leucine at residue 11 in HLA-DRBI.

The variants in credible set 1 were amongst the most
significantly associated with asthma (red circles in top
panel of Fig. 2), while the variants in credible set 2 do
not reach genome-wide significance (P<5 x 1078, blue
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circles in top panel of Fig. 2). However, when rs1140343
(the SNP with the top PIP in credible set 1) is added to
the regression model, the variants in credible set 2 are
amongst the most associated with asthma (bottom panel
of Fig. 2). There are two variants not present in cred-
ible set 2 that exhibit greater statistical association with
asthma after adjustment for rs1140343. These variants
show only modest correlation with the top variants from
credible set 2 (r* =0.496 and r> = 0.209 respectively).

No CNV or pseudogene signals were part of these
credible sets, suggesting that these are not the underlying
causal variants.

Discussion

We have called CNVs using exome sequencing data in
over 200,000 individuals from the UK Biobank study.
Out of 189 putative CNV calls showing good separation
between copy number clusters, five were reproducibly
associated with asthma, including three deletions within
the HLA region on chromosome 6, a duplication affect-
ing the CHROMR/PRKRA genes on chromosome 2 and
a duplication affecting the FBRSLI gene on chromo-
some 12. Visual inspection of mapped reads from exome
sequencing and examination of publicly-available data
showed that the CNV showing the strongest association
with asthma, overlapping the HLA-DQAI and HLA-
DQBI genes, was likely to be an artefact of under-map-
ping of reads from reference-divergent HLA haplotypes,
and that the duplications affecting the CHROMR/PRKRA
and FBRSL1 genes were both likely to be artefacts of the
polymorphic presence/absence of processed pseudo-
genes within the HLA region. Fine-mapping of imputed
HLA variation and putative CNVs demonstrated that
there are likely to be at least two real, independent, asso-
ciation signals for asthma within the HLA region, one
involving primarily HLA-DQA1 and HLA-DQBI vari-
ation and one involving primarily HLA-DRBI variation.
The top variants within the credible sets are missense
amino acid changes within the HLA-DQBI and HLA-
DRBI genes respectively. The putative HLA CNVs were
not present in either of the credible sets representing
these signals, suggesting that they are not responsible for
the association of HLA variation with asthma.

The HLA region has long been known to play an impor-
tant role in asthma pathogenesis, presumably through
the role of HLA genes in regulating immune processes.
Indeed, the HLA-DQ locus was the first genetic locus to
be associated with asthma [26]. Since then, many genetic
studies have identified multiple, independent associa-
tions between HLA genes and susceptibility to asthma
[2, 18, 20, 27-29], as well as asthma subtypes [17, 19, 30,
31] and related traits such as serum IgE levels [32, 33].
Our fine-mapping analysis suggest that there are at least
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Fig. 2 Association of HLA variants with asthma in UK Biobank. Locuszoom plots of the HLA region showing association of HLA region variants
with asthma (top panel) and association of HLA region variants with asthma conditional on the SNP with the top posterior inclusion probability in
credible set 1 (bottom panel). Variants in credible set 1 are highlighted in red and variants in credible set 2 are highlighted in blue
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two independent genetic risk loci for asthma within the
HLA region. The first signal, represented by credible set
1, contains variants in and around the HLA-DQAI and
HLA-DQBI genes. The variant with the highest posterior
inclusion probability in credible set 1 changes amino acid
253 (predicted to lie within the cytoplasmic domain) in
the DQBI gene from glutamine to histidine. All the vari-
ants in credible set 1 are closely correlated and are also in
linkage disequilibrium with previously reported asthma
variants. For example, the Q253H amino acid change
(rs1140343) is correlated with rs9273349, the HLA-DQ
signal from the first GWAS of asthma [18] (r*=0.813).
The variant with the highest posterior inclusion prob-
ability in credible set 2 is presence/absence of the amino
acids S, G, or L at residue 11. This residue is reported to
lie in the P4 peptide binding pocket of HLA-DRBI [34]
and amino acid changes at this position have previously
been associated with autoimmune conditions such as
rheumatoid arthritis, type 1 diabetes, and systemic lupus
erythematosus [34-36]. As far as we are aware, this vari-
ant is not well-correlated with previous asthma signals.

Detection of CNVs in large sequencing datasets such
as the UK Biobank has only become feasible in the last
few years and we will see increasing numbers of publica-
tions based on these data. In our study, the presence of
pseudogenes in the HLA region led to apparent (arte-
factual) associations with regions on chromosome 2 and
12. Moreover, it is likely that the top CNV overlapping
the HLA-DQA1I and HLA-DQBI genes is an artefact of
under-mapping of reads from reference-divergent HLA
haplotypes. This demonstrates the pitfalls of using short-
read sequencing to call CNVs and the importance of vali-
dating CNV calls in independent datasets.

We acknowledge several limitations of this study. First,
we had over 80% power to detect modest effect sizes
from common CNVs in our stage 1 analysis, but might
have missed modest effect sizes from lower frequency
CNVs (we had under 80% power to detect odds ratios of
less than 1.13 for variants with allele frequency of 0.05).
Second, our benchmarking suggested that at least 62.5%
of common copy number variants over exons were iden-
tified by our CNV calling algorithm. It is therefore pos-
sible that there are undetected CNV association signals
for asthma. Third, some of our asthma-associated CNVs
from the stage 1 analysis exhibited poor quality genotyp-
ing in the stage 2 cohort and therefore lack of association
of these CNVs should be interpreted cautiously. Fourth,
we have not comprehensively assayed CNVs across the
genome or frequency spectrum. Future work will include
analysis of whole-genome sequencing data recently
released by UK Biobank and identification of rare CNVs.
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Conclusions

Our data suggests that common CNVs detectable from
exome sequencing, and at least one exon in length, are
unlikely to be as important for asthma susceptibility as
SNP loci. All the asthma-associated CNVs identified
in this study represent variation in the HLA region. We
showed how the high divergence of haplotypes in the
HLA region can give rise to spurious CNVs, providing
an important, cautionary tale for future large-scale analy-
ses of sequencing data. Fine-mapping the HLA region
suggested that there are at least two asthma association
signals in this region and that amino acid changes in
HLA-DQA1, HLA-DQBI and HLA-DRBI genes are most
likely to be the underlying causal variations.
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