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Abstract
Adolescent idiopathic scoliosis (AIS) is a complex inherited spinal deformity whose etiology has been elusive. While common
genetic variants are associated with AIS, they explain only a small portion of disease risk. To explore the role of rare variants in
AIS susceptibility, exome sequence data of 391 severe AIS cases and 843 controls of European ancestry were analyzed using a
pathway burden analysis in which variants are first collapsed at the gene level then by Gene Ontology terms. Novel non-
synonymous/splice-site variants in extracellular matrix genes were significantly enriched in AIS cases compared with controls
(P = 6 × 10−9, OR = 1.7, CI = 1.4–2.0). Specifically, novel variants inmusculoskeletal collagen geneswere present in 32% (126/391) of
AIS cases compared with 17% (146/843) of in-house controls and 18% (780/4300) of EVS controls (P = 1 × 10−9, OR = 1.9, CI = 1.6–
2.4). Targeted resequencing of six collagen genes replicated this association in combined 919 AIS cases (P = 3 × 10−12, OR = 2.2,
CI = 1.8–2.7) and revealed a highly significant single-gene association with COL11A2 (P = 6 × 10−9, OR = 3.8, CI = 2.6–7.2).
Importantly, AIS cases harbor mainly non-glycine missense mutations and lack the clinical features of monogenic
musculoskeletal collagenopathies. Overall, our study reveals a complex genetic architecture of AIS in which a polygenic burden
of rare variants across extracellular matrix genes contributes strongly to risk.
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Introduction
Scoliosis is a common pediatric musculoskeletal disorder. Ap-
proximately 0.3% of all children have scoliosiswith a spinal curva-
ture of >20° (Cobb angle) requiring treatment (1), and more than 1
in 10 000 children have severe spine deformity requiring surgery
(2). Scoliosismay be explained by genetic syndromes or conditions
with distinguishing features in addition to scoliosis, including
Marfan syndrome, cerebral palsy and muscular dystrophy (3).
However, adolescent idiopathic scoliosis (AIS), which is defined
as isolated scoliosis without any underlying diagnosis, represents
the largest subset of scoliosis patients.

A genetic predisposition to AIS is evidenced by high rates of
concordance in twin studies and increased risk to first-degree
relatives of individuals with AIS (4–9). Despite the description of
familial cases, genetic linkage studies have been largely unsuc-
cessful in identifying AIS disease genes. In addition, many studies
now support a polygenic inheritance model of AIS (9,10). Recently
published genome-wide association studies revealed associations
of AISwith common variants near neural cell adhesionmolecules
(11), ladybird homeobox 1 (12) and G-protein-coupled receptor 126
(13), but these explain only a small proportion of disease heritabil-
ity. We recently demonstrated that rare variants in the genes
underlying Marfan syndrome (FBN1) and congenital contractural
arachnodactyly (FBN2) contribute to AIS risk and severity (14),
suggesting that rare variants may contribute significantly to the
genetic architecture of AIS.

Results
Rare variants in extracellular matrix genes collectively
influence AIS risk

To comprehensively explore the role of rare genetic variants in
AIS susceptibility, exome sequence data were generated for 391
unrelated AIS cases and 843 unrelated controls of European des-
cent. Gene-burden analysis of novel non-synonymous/splice-
site variants was performed across all genes, with novel rare
variants defined as being absent from dbSNP 141 (excluding var-
iants submitted solely by EVS). Because no single gene surpassed
exome-wide significance (Supplementary Material, Fig. S1), we
developed a pathway burden analysis framework that, unlike
some methods (15), preserves power by utilizing data from all

genes, not only those with significant single-gene associations.
With this method, variants are first collapsed at the gene level
and then by Gene Ontology (GO) term membership.

Exome-wide pathway burden analysis yielded a strong asso-
ciation between AIS and novel variants in genes within the GO-
terms ‘Extracellular Matrix Structural Constituent’ (P = 6 × 10−9,
OR = 1.7 CI = 1.42–2.02) and ‘Extracellular Matrix Disassembly’
(P = 9 × 10−7, OR = 1.58 CI = 1.33–1.88) (Supplementary Material,
Table S1) when all 1234 exomes were analyzed. Notably, these
and several other top associated GO-terms are highly correlated,
often consisting of gene lists that are subsets of one another.
While the Extracellular Matrix Structural Constituent GO-term
includes only a subset of all known extracellular matrix (ECM)
genes, its 52 genes fit into several classes (Supplementary Mater-
ial, Table S2). Although the majority of genes within the top ECM
GO-term displayed a higher frequency of novel variants among
AIS cases compared with controls (41/52 genes; binomial-test
P-value = 3.6 × 10−5), only fibrillin and collagen geneswere signifi-
cantly associated with AIS risk as individual subgroups (Fig. 1).
Even after removal of FBN1 and FBN2 novel variants, which we
previously showed are associatedwith AIS risk (14), ‘Extracellular
Matrix Structural Constituent’ remained associated with AIS (P =
5 × 10−6, OR = 1.4 CI = 1.2–1.7), with a significant proportion of the
association being driven by novel variants in collagen genes. To
ensure that these findings were not due to differences in sequen-
cing coverage, we calculated the average genotypemissing rate in
cases and in-house controls separately (SupplementaryMaterial,
Table S3). These results show consistently lowmissing rates and
comparable numbers of novel variants in both AIS cases and
controls among genes within the GO-term ‘Extracellular Matrix
Structural Constituent’. Additionally, there was no association
between the number of novel synonymous variants between
AIS cases and controls, again suggesting that the observed
association with non-synonymous variants is not due to bias in
capture of sequencing depth (Supplementary Material, Fig. S2).

Harboring multiple ECM variants influences clinical
systemic features and joint hypermobility

The ECM comprises multiple interacting proteins; therefore, we
sought to determine if the associationwith AISwas due to a poly-
genic effect of having more than one variant in the 52 ECM genes

Figure 1.Genes contributing to the association of AISwith the GO-term: ECM structural constituent. All non-fibrillin, non-collagen geneswere collapsed and referred to as

‘other’. Associations with specific gene subgroups were performed as for pathway burden analysis, i.e. the number of variants observed across the set of genes were

summed and used in a linear regression with AIS status as the outcome variable.
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within this GO-term. On average, significantly more ECM gene
novel variants were observed in the AIS cohort compared with
controls (0.9 versus 0.6 variants per person, P = 6 × 10−9) (Fig. 2A)
with increased risk for every additional novel variant (Fig. 2B).
Clinical evaluations revealed that AIS cases with ≥2 novel var-
iants in ECM genes had slightly higher Ghent systemic feature
scores (16) (Marfan syndrome diagnostic criteria) (3.0 versus 2.5,
P = 0.03) (Fig. 2C) and Beighton joint hypermobility scores (17)
(1.7 versus 0.9, P = 0.01) compared with individuals with <2 var-
iants (Fig. 2D). However, very few individuals exhibited scores
high enough towarrant screening for connective tissue disorders
(Ghent systemic feature score >7 and Beighton score >5) (16,17)
and none met criteria for these disorders. These data suggest
that the polygenic accumulation of multiple novel variants
across a large set of ECM genes, only some ofwhich are contained
within the top GO-term, contributes not only to AIS risk but also
increases joint hypermobility and other clinical features known
to correlate with ECM dysfunction.

Rare variants in musculoskeletal collagen genes
are associated with AIS

Because collagens were the most significant gene class within
our top AIS-associated ECM GO term (Fig. 1), we expanded our
analysis to investigate the frequency of novel variants in all 42
knownautosomalcollagengenes,only18ofwhichwere included in
the top-ranked ECM GO term. Compared with controls, AIS cases
had a greater frequency of novel non-synonymous variants in
14 of the 17 collagen genes known to cause Mendelian musculo-
skeletal collagenopathies (Table 1) (binomial-test P-value = 0.01),

suggesting that only a subset of collagen genes, predominan-
tly those that form highly interconnected networks of fibrils
within the ECM (18), contribute to AIS risk. Overall, 32% (126/
391) of AIS cases had novel non-synonymous or splice-site var-
iants in these 17 musculoskeletal collagen genes compared
with 17% (146/843) of controls (P = 3 × 10−8, OR = 2.0 CI = 1.6–2.7)
and 18% (780/4300) of individuals of European descent in the
NHLBI Exome Variant Server (EVS) (P = 1 × 10−9, OR = 1.9 CI = 1.6–
2.4) (Table 1) (variants listed in SupplementaryMaterial, Table S4).
As expected, there was no difference in the combined frequency
of novel synonymous variants in the 17musculoskeletal collagen
genes (Supplementary Material, Table S5), or in novel non-syn-
onymous/splice-site variants in the 24 non-musculoskeletal col-
lagen genes (Supplementary Material, Table S6) between AIS
cases and controls. We also observed no differences between
the frequency of novel non-synonymous/splice-site variants
among in-house controls and EVS controls at these collagen
genes, suggesting that our analysis pipeline is comparable to
that used for EVS individuals and that any differences in ethni-
city (i.e. European subgroups) between our cohorts and the EVS
cohort are minimal.

Replication of musculoskeletal collagen gene-burden
associations

To replicate our collagen association results, we sequenced a
subset of six musculoskeletal collagen genes (COL2A1, COL3A1,
COL5A2, COL6A3, COL11A1 and COL11A2) that showed associa-
tions or large numbers of carriers in the initial screen. These
genes were sequenced in an independent cohort of 435 AIS

Figure 2.A polygenic burden of novel variants in ECM genes is associatedwith AIS and correlateswith Ghent systemic feature scores and joint hypermobility (A) AIS cases

have more non-synonymous variants in genes within the ‘Extracellular Matrix Structural Constituent’ GO-term compared with controls (Fisher’s exact test

P-value = 6 × 10−9). (B) AIS prevalence increases with every additional novel variant. The blue line represents the population prevalence of 3% for individuals with

scoliosis Cobb angle >10°. (C) Ghent systemic feature score and Beighton hypermobility scores are higher in AIS cases with ≥2 novel variants in genes in the

‘Extracellular Matrix Structural Constituent’ GO-term compared with AIS cases with <2 novel variants. None of the individuals in the AIS cohort were diagnosed with

any known connective tissue disorder, including Marfan syndrome, Ehlers–Danlos syndrome or Stickler syndrome.
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cases of European descent (Cohort II) using our BAC-based Multi-
plex Direct Genomic Selection (MDiGS) targeted re-sequencing
method (19). Genotypes called using this resequencing method
were extensively validated previously (14,19) and we validated
35/35 randomly selected novel non-synonymous variants ob-
served across the six sequenced genes using Sanger sequencing.
The proportion ofmusculoskeletal collagen novel non-synonym-
ous variant carriers in the AIS cohort II (13%; 58/435) was similar
to the AIS exome discovery cohort I (16%; 63/391) andmuch high-
er than controls (7%; 371/5143) (Table 2). In order to maximize
power, all available family members of variant carriers were
Sanger sequenced and included in the analysis of the combined
sample after controlling for relatedness using famSKAT. In the
combined data set, novel variants in these six resequenced colla-
gen genes occurred at a significantly higher frequency in AIS
cases (121/826; 15%) (P = 3 × 10−12, OR = 2.2, CI = 1.8–2.7).

Novel variants in COL11A2 increase risk of AIS

Whenburden analysiswas performed on each of the sixmusculo-
skeletal collagen genes individually in the replication cohort, a

higher frequency of novel variants was seen in AIS cases com-
pared with controls, with strongest replication of the association
with COL11A2 (P = 4 × 10−4, OR = 3.8, CI = 1.8–7.4) (Table 2). For the
combined sample, COL11A2 (P = 2 × 10−9, OR = 3.8, CI = 2.2–6.6)
well surpassing the exome-wide significant P-value threshold of
2.5 × 10−6 required to correct for multiple comparisons for 20 000
genes. COL11A2 encodes a fibrillar collagen that has previously
been associated with rare cases of dominant and recessively in-
herited osteochondrodysplasia, otospondylomegaepiphyseal
(OSMED) as well as non-syndromic sensorineural hearing impair-
ment (20–22). COL11A2mutations are also a minor cause of Stick-
ler syndrome, having been described in only a few cases (20,23). As
the majority of pathogenic mutations in collagen genes reside
within the triple-helical regions critical for trimerization, we com-
pared the frequency of variants within the triple-helical domain
and the non-helical domains separately. We find that both the tri-
ple-helical and non-triple-helical regions harbor increased num-
bers of novel non-synonymous variants in AIS cases compared
with controls (P = 0.003 and 2.5 × 10−4, respectively). In addition
to the higher frequency of COL11A2 novel variants in AIS cases
compared with controls (Fig. 3A), support for COL11A2 in isolated

Table 1. AIS is associated with novel variants in musculoskeletal collagen genes

AIS cases (n = 391) In-house controls EVS controls
n = 843 P-value n = 4300 Odds ratio (95% CI) P-value

COL1A1 5 (1.3%) 10 (1.1%) 0.59 27 (0.6%) 1.9 (0.57–5.1) 0.2
COL1A2 4 (1%) 6 (0.7%) 0.44 40 (0.9%) 1.0 (0.26–2.8) 0.79
COL2A1 8 (2%) 6 (0.7%) 0.05 41 (1%) 2.0 (0.81–4.4) 0.07
COL3A1 6 (1.5%) 3 (0.4%) 0.04 32 (0.7%) 1.9 (0.65–1.14) 0.14
COL5A1 9 (2.3%) 14 (1.7%) 0.34 78 (1.8%) 1.2 (0.5–2.4) 0.57
COL5A2 11 (2.8%) 9 (1.1%) 0.04 47 (1.1%) 2.4 (1.1–4.8) 0.02
COL5A3 11 (2.8%) 5 (0.6%) 0.003 47 (1.1%) 2.4 (1.1–4.8) 0.02
COL6A1 6 (1.5%) 6 (0.7%) 0.17 54 (1.3%) 1.1 (0.4–2.7) 0.65
COL6A2 6 (1.5%) 13 (1.5%) 0.64 75 (1.7%) 0.84 (0.29–1.89 0.84
COL6A3 18 (4.6%) 26 (3.1%) 0.17 118 (2.7%) 1.6 (0.9–2.6) 0.09
COL9A1 1 (0.3%) 9 (1.1%) 0.98 34 (0.8%) 0.3 (0.01–1.8) 0.36
COL9A2 4 (1%) 1 (0.1%) 0.04 14 (0.3%) 2.9 (0.7–9.4) 0.07
COL9A3 7 (1.8%) 8 (0.9%) 0.19 27 (0.6%) 2.68 (0.98–6.3) 0.03
COL10A1 1 (0.3%) 3 (0.4%) 0.8 23 (0.5%) 0.45 (0.01–2.8) 0.72
COL11A1 9 (2.3%) 8 (0.9%) 0.07 43 (1%) 2.2 (0.9–4.5) 0.05
COL11A2 11 (2.8%) 9 (1.1%) 0.04 29 (0.7%) 3.9 (1.8–8.1) 5 × 10−4

COL12A1 9 (2.3%) 10 (1.2%) 0.14 51 (1.2%) 1.8 (0.8–3.8) 0.11
Total 126 (32%) 146 (17%) 3 × 10−8 780 (18%) 1.9 (1.6–2.4) 2 × 10−9

Shown are minor allele counts for each gene with carrier percentages in parenthesis. P-values were calculated using a two-sided Fisher’s exact test. Odds ratios are

calculated for AIS cases versus EVS controls. EVS, NHLBI Exome Variant Server. Significant P-values before multiple test correction are in bold.

Table 2. Replication of AIS association with novel variants in six resequenced collagen genes

Controls
(n = 5143)

Cohort I (Exomes) Cohort II (MDiGS) Combined
AIS cases
(n = 391)

Odds ratio
(95% CI)

P-value AIS cases
(n = 435)

Odds ratio
(95% CI)

P-value AIS cases
(n = 919)

Odds ratio
(95% CI)

P-value

COL2A1 47 (0.9%) 8 (2%) 2.3 (0.9–4.8) 0.06 7 (1.6%) 1.8 (0.7–4.0) 0.19 15 (1.8%) 2.0 (1.0–3.6 0.02
COL3A1 35 (0.7%) 6 (1.5%) 2.3 (0.77–5.5) 0.07 4 (0.9%) 1.0 (0.2–3.2) 1 10 (1.1%) 1.8 (0.8–3.7) 0.12
COL5A2 49 (1%) 11 (2.8%) 3.0 (1.4–5.8) 2 × 10−3 6 (1.4%) 1.5 (0.5–3.4) 0.44 17 (2.1%) 2.2 (1.2–3.8) 0.01
COL6A3 151 (2.9%) 18 (4.6%) 1.6 (0.90–2.6) 0.07 21 (4.8%) 1.7 (0.99–2.6) 0.04 39 (4.7%) 1.6 (1.1–2.3) 0.01
COL11A1 51 (1%) 9 (2.3%) 2.3(1.0–4.8) 0.04 8 (1.8%) 1.9 (0.76–4.0) 0.13 17 (2.1%) 2.1 (1.1–3.7) 0.01
COL11A2 38 (0.7%) 11 (2.8%) 3.8 (1.8–7.7) 5 × 10−4 12 (2.8%) 3.8 (1.8–7.4) 4 × 10−4 23 (2.8%) 4.3 (2.6–7.2) 6 × 10−9

Total 371 (7%) 63 (16%) 2.3 (1.7–3.1) 3 × 10−8 58 (13%) 2.0 (1.5–2.7) 7 × 10−5 121 (15%) 2.2 (1.8–2.7) 3 × 10−12

Shownareminorallele carriers for novel variantswith percentages in parentheses. P-valueswere calculated using Fisher’s exact test. For the combined analysis, famSKAT

was used to incorporate genotype information from all available AIS cases and their relatives (total n = 919). All P-values are versus combined in-house and EVS controls

(n = 5143).
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AIS pathogenesis is provided by the segregation of COL11A2 non-
glycine missense variants with AIS in four families (Fig. 3B), and
absence of cleft palate, Robin sequence, facial dysmorphism,hear-
ing loss or other features of Stickler syndrome in all of our AIS
cases and their family members (Supplementary Material,
Table S7). Because few of our AIS COL11A2 variants were inser-
tions, deletions, nonsense or glycine-altering missense variants
that are typically associated with these more severe disorders,
our data suggest a genotype–phenotype correlation, with mis-
sense variants being associated with an isolated AIS phenotype.

Novel variants in ECM genes observed in AIS are less
deleterious than mutations observed in Mendelian
collagenopathies

Further support for a genotype–phenotype correlation is provided
by the smaller proportion of coding-indels, nonsense, splice-site
altering or glycine-altering missense mutations within the triple-
helical regions of six collagen genes associatedwith Ehlers–Danlos
syndrome (COL1A1, COL1A2, COL3A1, COL5A1, COL5A2andCOL5A3)
among exome-sequenced AIS cases (17%; 8/46) compared with
those reported in Ehlers–Danlos syndrome (95%; 606/641) (http
://www.le.ac.uk/ge/collagen/) (P < 10−120) (Fig. 4A). In fact, non-gly-
cine missense mutations drive the association between novel
variants inmusculoskeletal collagen genes and AIS, with the asso-
ciation remaining strong even when only non-glycine missense
variants are included in the analysis (P = 3 × 10−6 versus in-house
controls and P = 2 × 10−8 versus EVS). Furthermore, functional algo-
rithms predicted novel collagen variants in AIS cases to be less
damaging onaverage comparedwith EDSmutations, and similarly
damaging as novel variants identified in our in-house controls
(Fig. 4B and Supplementary Material, Fig. S3). Clinical features
also support a correlation of less damaging variants with isolated
AIS, as none of our AIS carriers had clinical features associated
with the Mendelian collagenopathies (Supplementary Material,
Table S7). Our demonstration that variants observed in AIS are

less damaging than those found in Mendelian disease is also con-
sistentwith complex polygenic inheritance inwhich anaccumula-
tion of minor variants contributes to disease risk.

Discussion
ECM proteins are themost abundant proteins in the human body
(24) and have already been linked to many monogenic human
diseases. Although our data show that specific ECM genes, in-
cluding COL11A2, contribute more significantly to AIS risk than
others, what is equally striking is the combined impact of var-
iants in ECM genes as a class on AIS susceptibility. Not only do
the majority of genes within this group contribute to AIS risk,
but risk increases proportionally with the number of variants
within an individual. Demonstration of the collective effect of
multiple rare variants across ECM genes on AIS risk fits with a
polygenic burden disease model first described nearly 100 years
ago by Fisher (25). Furthermore, as monogenic collagenopathies
are associated with a spectrum of skeletal features, including
clubfoot, cleft palate, hip dysplasia and pectus excavatum in add-
ition to scoliosis, we hypothesize that the model of polygenic in-
heritance of rare ECM variants shown here for AIS will also apply
to these isolated disorders, with each gene contributing different
proportions.

In conclusion, genome-wide pathway burden analysis of
exome sequence data identifies ECM genes as a major class of
genes contributing to the polygenic inheritance of AIS. More spe-
cifically, novel coding variants inmusculoskeletal collagen genes
increase AIS risk by >2-fold with those in COL11A2 being most
strongly associated. Importantly, while damaging mutations in
collagen genes have been long known to cause Mendelian disor-
ders, our study demonstrates a role for less damaging mutations
in isolated AIS consistent with complex and polygenic inherit-
ance. These findings are of particular clinical importance be-
cause accurate prediction of scoliosis risk is needed to enable
early intervention and personalized treatment strategies for AIS.

Figure 3.Novel COL11A2 variants are enriched in AIS cases and segregatewith AIS in families. (A) Novel non-synonymous/splice-site variants observed in AIS cases (black

lines on bottom) and in-house controls (grey lines on top). Glycine altering variants within the triple-helical region are bolded. Blue, thrombospondin domains; green,

C-terminal propeptides. (B) Segregation of COL11A2 variants in families with multiple affected individuals. Black is braced or surgically treated AIS. Grey is joint

hypermobility.
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Methods
AIS subjects

Exome sequencing cohort (cohort I) comprised AIS cases re-
cruited from St Louis Children’s Hospital and Shriners Hospital
for Children—St Louis. The average age of these patients was
20, 83% were female and the average Cobb angle was 54°. Cohort
II comprised AIS cases recruited from St Louis Children’s Hos-
pital, Shriners Hospital for Children, Texas Scottish Rite Hospital,
University of Colorado and University of Iowa. The average age of
these patients was 20, 82% were female and the average Cobb
angle was 52°. All patients had Cobb angles ≥10° and were of
European ancestry. Patients with developmental delay, multiple
congenital anomalies or known underlying medical disorders or
connective tissue disorder were excluded. Beighton hypermobi-
lity scores (17) and Ghent scores (16) were also recorded for pa-
tients recruited from St Louis Children’s Hospital and Shriners
Hospital for Children—St Louis.

Control cohorts

In-house controls consisted of unrelated healthy individuals or
patients ascertained for conditions other than scoliosis (i.e. Alz-
heimer’s disease or Amyotrophic Lateral Sclerosis). As the popu-
lation prevalence of scoliosis with spinal curves ≥10° is ∼3%, we
estimate that at most 24 control individuals in our in-house con-
trol cohort would have scoliosis to the extent required to be con-
sidered a case. All in-house controls were of European ancestry.
Additional control data were derived from the National Heart,
Lung, and Blood Institute (NHLBI) GO Exome Sequencing Project
[(Exome Variant Server, NHLBI GO Exome Sequencing Project
(ESP), Seattle, WA, USA (URL: http://evs.gs.washington.edu/EVS/,
accessed February 2015)].

Sequencing analysis and validation

AIS cases and in-house control DNA were both captured with
Agilent and sequenced at GTAC using similar methodologies.
For both cases and controls, next-generation sequencing reads
were aligned to hg19 human reference sequence (Genome Refer-
ence ConsortiumHuman Build 37) using Novoalign software (No-
vocraft Technologies, Selangor, Malaysia). For both exome and
MDiGS sequencing data, only individuals with >95% of captured
nucleotide positions coveredwith at least eight sequencing reads
were used in subsequent analyses. Additionally, variant were
only included in subsequent analyses if >80% of both cases and
controls were covered >8× at that position. Variant calling was
done using SAMtools (26) for each individual separately and
merged using vcftools (27). Variants were annotated using Seat-
tleSeq Annotation 137 (28). Additionally, all low-quality variants
(phred-scaled quality score <30 or genotype quality score <75)
were excluded from analyses. Novel missense/nonsense/splice-
site changes in collagen genes were validated via Sanger sequen-
cing using an ABI 3730 Sequencer (Life Technologies, Carlsbad,
CA, USA).

Targeted resequencing

Targeted resequencing of six collagen genes (COL2A1, COL3A1,
COL5A2, COL6A3, COL11A1 and COL11A2) was performed using
the Multiplexed Direct Genomic Selection (MDiGS) method as
previously described (19). Six bacterial artificial chromosomes
(BACs) spanning the coding regions of COL2A1 [RP11-805I19
(chr12:48236980–48428284)], COL5A2 and COL3A1 [RP11-844M2
(chr2:189805929–189986514)], COL6A3 [RP11-66F3 (chr2:238145641–
238332665)], COL11A1 [RP11-644O22 (chr1:103285556–103479392)
and RP11-483E5 (chr1:103471921–103612378)] and COL11A2 [CTD-
2054I15 (chr6:33092626–33234941)] were purchased from either

Figure 4. Novel collagen variants identified in AIS cases are less damaging than those reported in Ehlers–Danlos syndrome. (A) Variant class distribution of novel coding

variants observed in six Ehlers–Danlos syndrome (EDS) genes (COL1A1, COL1A2, COL3A1, COL5A1, COL5A2 andCOL5A3) in AIS cases (n = 46), EVS controls (n = 47) or reported

in EDS (n = 1171) (http://www.le.ac.uk/ge/collagen/). (B) Three functional prediction algorithms report EDS variants to be more deleterious than variants in AIS cases or

controls. ***P < 10−16.
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Millipore or BACPAC and used as baits. Indexed samples were
pooled in batches of 48–96 prior to capture. BACswere biotinylated
using nick translation with biotin-16-dUTP (Roche). Pooled sam-
ples were then hybridized with biotinylated BACs and sequenced
on one lane of a MiSeq (Illumina).

Pathway burden analysis

Only novel variants were included in pathway burden analysis.
First, non-synonymous/splice-site variants within a gene were
collapsed to obtain the number of novel (not present in dbSNP
141 or submitted by EVS only) variants per gene. The numbers of
variants within groups of genes are then summed based onmem-
bership within a given GO-term and used as the dependent vari-
able in a linear regression. GO-terms were obtained from the
UniProt Knowledgebase (http://www.uniprot.org/help/uniprotkb).

Statistical analysis

To reduce the risk of population stratification, only cases and
controls with principal components confirmed European ances-
try were included. Principal components were calculated using
EIGENSTRAT (29) fromwhole-exome SNP data using all common
(MAF > 10%) SNPs or all common SNPs present within the MDIGs
captured regions for individuals with collagen resequencing data
only to ensure the accuracy of self-reported race (Supplementary
Material, Fig. S4). For statistical analysis of exome sequencing
data, affected individuals from cohorts I and II (discovery and
replication cohorts) were compared with exome controls, EVS
controls or combined exome and EVS controls. For individual
genes and for collapsed collagen association analyses, Fisher’s
exact tests were performed using R to compare the frequency
of novel variants in cases and controls. The Wilcoxon rank-
sum tests were performed using R to compare the average
Ghent systemic feature score and Beighton hypermobility
score among AIS cases who are carriers of 2+ or <2 novel non-
synonymous/splice-site variants in the GO-term: ECM Struc-
tural Constituent gene set. The prevalence of AIS among carriers
of differing numbers of novel non-synonymous/splice-site var-
iants inmusculoskeletal collagen genes or novel non-synonym-
ous variants musculoskeletal collagen genes was calculated
assuming a population prevalence of AIS of 3% (1) according to
the formula P(AIS | # of variants) = P(# of variants | AIS) × P(AIS)/P
(# of variants).

Supplementary Material
Supplementary Material is available at HMG online.
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