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Summary

Variation in the elastin gene (ELN) may contribute to connective tissue disease beyond the known disease associations of supravalvar
aortic stenosis and cutis laxa. Exome data from MyCode Community Health Initiative participants were analyzed for ELN rare variants
(mean allele frequency <1%, not currently annotated as benign). Participants with variants of interest underwent phenotyping by dual
chart review using a standardized abstraction tool. Additionally, all rare variants that met inclusion criteria were collapsed into an ELN
gene burden score to perform a phenome-wide association study (PheWAS). Two hundred and ninety-six eligible participants with rele-
vant ELN variants were identified from 184,293 MyCode participants. One hundred and three of 254 living participants (41%) met
phenotypic criteria, most commonly aortic hypoplasia, arterial dilation, aneurysm, and dissection, and connective tissue abnormalities.
ELN variation was significantly (p < 2.8 x 10°) associated with “arterial dissection” in the PheWAS and two connective tissue Phecodes

approached significance. Variation in ELN is associated with connective tissue pathology beyond classic phenotypes.

Introduction

Elastin (ELN) encodes a connective tissue protein of the
same name (ELN). Secreted as a soluble monomer, it is
crosslinked by lysyl oxidase in the extracellular space
into a highly insoluble polymer through its lysines' and
serves as a component of elastic fibers. Elastic fibers pro-
vide recoil to tissues that stretch, including the skin, blood
vessels, and lungs. ELN has known associations with two
well-described genetic conditions. Haploinsufficiency for
ELN causes the disease supravalvar aortic stenosis (SVAS,
OMIM#185500 https://www.omim.org/entry/185500),
characterized by arterial narrowing and stiffness, as well
as hypertension. Missense and frameshift changes in the
C-terminal part of the gene lead to autosomal dominant
cutis laxa (OMIM#123700 https://www.omim.org/entry/
123700). Cutis laxa is a multisystem disorder consisting
of loose skin, premature emphysema, arterial tortuosity,
aortic aneurysm, and inguinal hernia.

Case studies and population-specific genome association
studies have linked variation in ELN to phenotypes such as
chronic obstructive pulmonary disease,” aneurysms,**
aortic diameter,® and hypertension,® suggesting a broader
phenotypic spectrum. A recent genome-wide association
study (GWAS) studying herniae, identified ELN (and other
genes in collagen and elastin pathways) as being associated
with inguinal hernia.” These studies, while helpful in as-
sessing the contribution of ELN to disease, have limita-
tions. Family studies generally focus on more distinct or se-
vere phenotypes and, by their nature, select for more
highly penetrant variants. GWASs depend on hypotheses

about the type of disorder more likely to be associated
with genetic variation based on pre-existing knowledge
and well-characterized phenotypes, thus are less likely to
identify novel phenotypes. GWASs use genotyping arrays
that do not include all variation in the gene and use impu-
tation, which is less accurate and poorly powered for rare
genetic variants likely to be pathogenic.

Large, unselected populations with exome or genome
sequence (ES or GS) data tied to electronic health record
(EHR) data are becoming more common and are available
for research.® This supports identification of most variants
in a gene of interest allowing comparison of the full range
of phenotypes in variant carriers to those in the population
that do not carry any variants. This approach has the po-
tential advantages of reducing selection bias and being
more agnostic to what is currently known about pheno-
types associated with genetic variation, thus promoting
novel gene-phenotype discoveries. The purpose of this
study was to apply this genotype-first approach to a large,
unselected population with ES data to examine pheno-
typic associations of variation in ELN.

Subjects, material, and methods

Population studied

Participants were identified through the Geisinger My-
Code Community Health Initiative Study (MyCode). My-
Code is a biobank of samples and linked EHR data from
over 300,000 patient-participants who have been recruited
throughout the Geisinger healthcare system irrespective of
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phenotype”'° ("MyCode ScoreCard," https://www.geisinger.
org/precision-health/mycode). Participants consent to
broad health-related research including genetic analysis,
and a subset of consented participants’ exomes
(n = 184,293 as of September 1, 2023) have been
sequenced as part of the DiscovEHR program.'' The phe-
nome-wide association study (PheWAS) included all con-
sented participants of all ages living and deceased, while
the detailed chart review was limited to living adult partic-
ipants defined as aged 18 and older.

All participants provided informed consent for participa-
tion in the MyCode Community Health Initiative as
approved by the Geisinger Institutional Review Board.'*'?
The elastin project described in this paper was reviewed
and determined to be exempt by the Geisinger Institu-
tional Review Board (IRB#: 2019-1139).

Sequencing

Sample preparation, quality controls, and ES were carried
out at the Regeneron Genetics Center as previously
described.'"'* Exome capture was performed using
NimbleGen SeqCap EZ VCRome for the first 60,960 partic-
ipants and Integrated DNA Technologies (IDT) xGen Kkits
for the remainder of the participants according to the man-
ufacturer’s protocol. Multiplexed samples were sequenced
using 75 X 75 base pair (bp) paired-end sequencing on
an [llumina v4 HiSeq 2500 or the NovaSeq 6000 platform.
All reads were aligned to the GRCh38 reference genome
using the Burrows-Wheeler Alignment tool.'> Variants
were called using weCall v1.1.2 (https://github.com/
Genomicsplc/wecall), followed by joint calling and harmo-
nization across freezes using GLnexus.'® Variants were
excluded based on genotype quality (GQ < 20), depth of
coverage (DP < 7), and allelic balance (AB < 0.15).

Variant identification

Participants in MyCode with ES data were analyzed for
sequence variation with a minor allele frequency (MAF)
of <1% within ELN. Variants were annotated with En-
sembl Variant Effect Predictor (VEP v100) and reviewed
based on variant location, predicted impact, gnomAD
MAE, in silico predictions, ClinVar, and literature reports.
Variants annotated as benign or likely benign in ClinVar,
or that resulted in no amino acid change (i.e., synony-
mous) were excluded from analysis. From those rare non-
benign variants we selected variants with the highest po-
tential to impact the protein if they satisfied one or more
of the following criteria: (1) protein truncation (e.g.,
nonsense, frameshift, canonical splice), (2) removal or
addition of a Lysine (a residue critical for cross-linking),
or (3) REVEL score of >0.75, or a SpliceAl score of >0.2.
In addition, we also included variants previously reported
in at least one individual with a phenotype consistent with
current understanding of ELN-associated disease, in
ClinVar and/or literature (HGMD v2022.2 and Google
scholar Boolean variant-based searches). All candidate var-
iants that met minimum QC thresholds were confirmed by

an outside laboratory using an orthogonal technique
excepting variants in deceased participants. Confirmed
variants were independently interpreted by the outside
laboratory and all were classified as variant of uncertain
significance (VUS), except for the single nonsense variant
classified as likely pathogenic (LP). There were no discor-
dant interpretations between the outside laboratory and
the study variant scientist (MK).

Common variants across the genome were used to infer
family relationships using PRIMUS (Pedigree Reconstruc-
tion and Identification of Maximally Unrelated Set)'” to
identify family networks/pedigrees including all first-de-
gree relatives to inform the number of family members
with a shared variant. Additionally, PRIMUS was used to
identify a maximally unrelated subset of participants, up
to second degree, to include in PheWAS analyses.

Chart review

All living participants with variants of interest underwent
EHR review by two reviewers using a standardized abstrac-
tion tool (Table S1) that encompassed phenotypic findings
in relevant organ systems defined by the study team based
on published literature and clinical experience. Deceased
participants had a limited review to determine if the cause
of death was potentially attributable to an elastinopathy
(e.g., arterial dissection, aneurysm rupture). Reviewers
were blinded to variant type. All discrepancies were re-
viewed by a clinical geneticist (M.S.W.) and resolved in
the case of simple error or omission, or by consensus in
the case of discrepant interpretation. Absent validated diag-
nostic criteria to define disorders associated with patho-
genic variation in ELN, phenotype-positive individuals
were subjectively defined as participants with one or more
major phenotypic findings in one or more systems associ-
ated with elastin disorders (bold in Figure 1) or two or more
non-major phenotypic findings in two or more systems
(normal type in Figure 1). Family history available in the
EHR was also reviewed and documentation of a family his-
tory of major phenotypic features was captured. Presence of
a family history of one or more major phenotypic features
was scored as a major feature for the participant, while pres-
ence of a family history of non-major phenotypic features
was scored as a minor feature for the participant.

Aortic Size Normalization

To quantify the aortic diameter measurements in the
absence of matched controls, Z scores were calculated to
allow comparison to population norms. Both calculators
incorporate the variables of age, biologic sex, height, and
weight (to determine body surface area) to standardize
measurements. For the aortic root diameter, the Z score
calculator for adults published by the National Marfan
Foundation was wused (https://marfan.org/dx/z-score-
adults/). For the ascending aorta diameter, the Aorta
Calculator from the Yale School of Medicine was used
(https://medicine.yale.edu/surgery/cardio/research/aorta_
calculator_v6_by_tt 370821 _4431_v2.xlsx). A Z score less
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Phenotypes from chart review of ELN-variant carriers

A B *Aortic root or ascending aortic
diameter >2.0 or <-2.0
phenotype 48.2%
Hypoplasia Aortic Root 52.4%
Hypoplasia Ascending
» Aortal6.7%
Hypoplasia Aortic Root +
Iy Ascending Aorta — 11.9%
Dilation Aortic Root— 11.9%
Dilation Ascending Aorta— 2.4%
Dilation Aortic Root + Ascending
Aorta - 2.4%
Hypoplasia Aortic Root +

Ocular 13.6% "
Retinal detachment/tear
Myopia (severe)
Glaucoma

Dilation Ascending Aorta — 2.5%

Pulmonary 25.2% /

Pneumothorax (spontaneous)
Bullae or cysts ,
Pneumothorax with cause |V
Emphysema/COPD L
Bronchiectasis ;

Cardiovascular 73.8%

Aortic root or ascending aortic
diameter >2.0 or <-2.0*
Supravalvar Aortic Stenosis
Arterial dilation/aneurysm/
ectasia

Arterial dissection
Malformation of aortic arch
Significant valvular disease
Arterial tortuosity
Congenital cerebrovascular
anatomic variation?

Other 62.1%

Chronic Pain syndrome/
Fibromyalgia

Hernia (particularly inguinal)®
Diverticulosis/diverticulitis

Cutaneous 25.2% /

Cutis Laxa
Carbuncle/Furuncle®

Skin Hyperelasticity/atrophy/
striae

Renal 18.4%
Renal cysts (2 or more)
Renal and Hepatic cysts

\ Musculoskeletal 59.2%

Multiple joint dislocation/subluxation
Generalized hypermobility
Diagnosed generalized connective
tissue disease

Scoliosis/kyphosis (severe)
Scoliosis/kyphosis (mild)

Figure 1. Summary of phenotypic find-
ings from chart review of ELN variant car-
riers

(A) Bold text indicates major phenotypic
feature. *Not used for phenotype scoring.
PAdded after initial PheWAS. “Based on
GWAS of hernias.” Percentages are derived
from the number of participants with the
specific phenotypic feature divided by all
participants with any phenotypic feature
(n = 103) multiplied by 100.

(B) Percentages of participants with an
abnormal aortic root and/or ascending
aorta. Forty-two participants had an aortic
phenotype out of 87 participants with
echo measurements to review (48.2%).
The percentages of each aortic phenotype
are calculated by the number of partici-
pants with that phenotype divided by the
total number of participants with an aortic
phenotype (N = 42). Not every echo had
measurements for both aortic root and
ascending aorta. See Table S3 for additional
details. Adapted from “Cancer-Associated
Comorbidities,” by BioRender.com (2004).
Retrieved from https://app.biorender.com/
biorender-templates.

dardized and validated phenotypes
(PheCodes) were defined based on the
PheCode Map v1.2,'®'? by extracting
all relevant International Classification
of Diseases, Ninth Revision, Clinical Modi-
fication (ICD-9-CM) and International
Classification of Diseases, 10th Revision,
Clinical Modification (ICD-10-CM) co-
des (Table S2) from all emergency
department, inpatient, outpatient, and
tele-medicine encounters. PheCode

Single joint dislocation

than —2.0 was classified as hypoplastic and a Z score of
greater than +2.0 was considered dilated. Classification
as an aneurysm was based on clinician notes. A Z score
of greater than 2.0 or less than —2.0 for either the aortic
root or ascending aorta diameter was considered a major
cardiovascular phenotypic feature (Figure 1).

Phenome-wide association study

To identify novel phenotypes or those not covered in our
chart review potentially associated with ELN variation, we
performed a phenome-wide association study (PheWAS)
with a simple unweighted burden score for ELN variants.
For this analysis, we restricted to an unrelated subset of indi-
viduals (N up to = 113,513 [195 ELN carriers]), including
only one member from each family network up to second-
degree family networks reconstructed using PRIMUS. '’ Stan-

Pes Planus®

cases were defined by the presence of a
Fracture

minimum of two encounters contain-
ing the code and without relevant ex-
clusions coded while PheCode controls
exhibited absence of that code and any
exclusion criteria. We excluded PheCodes with less than 20
cases and 20 controls from these analyses. A total of 1,781
PheCodes remained following mapping and exclusions. All
PheCode mapping association analyses were carried out us-
ing the R package PheWAS v1.0 using logistic regression
and adjusting for most recent encounter age, gender (for
non-gender-specific PheCodes), and the first five principal
components using genome-wide common variants to con-
trol for population structure. Due to the heterogeneity that
may be introduced by conducting PheWAS across race/
ethnic groups, we conducted a sensitivity analysis by restrict-
ing to White/European American participants.

To detect significant enrichment of associations across
phenotypic categories, we conducted a Kolmogorov-
Smirnov equality-of-distribution test for the distribution
of p values for each category against all others in our
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primary results including all participants. We present both
one-sided p values for enrichment for smaller p values and
overall exact combined p value. Enrichment analyses were
carried out in STATA/SE v15.1. Categories are considered
significant with a one-sided p < 0.05/17 = 2.9 x 103, after
correcting for the 17 categories.

Results

Chart Review

Two-hundred and ninety-six eligible participants with a
rare non-benign variant in ELN were identified from
184,293 MyCode participants. Forty-two were deceased
or under age 18, leaving 254 living adult participants.
The average age of the participants was 58.6 years (range
23-93). Sex was based on the EHR, with the majority being
female—158 females to 97 males (1.63:1 F:M ratio). This is
a slightly higher ratio than the MyCode population (1.56:1
F:M). Over 95% of participants self-identified as White,
non-Hispanic. On average, phenotype-positive individuals
(n = 103) were older (mean difference = 4.7 years) and
more often female than those with ELN VUS who were
phenotype negative. The male:female ratio in those with
ELN VUS compared with all ELN variant carriers was not
significantly different (55 females, 48 males 1.15:1 F:M ra-
tio chi-square = 3.33, p = 0.068). One deceased participant
had vertebral artery dissection as the cause of death but
none of the other deaths were attributable to known
elastin-associated phenotypes. No participant with a diag-
nosis of SVAS or cutis laxa was identified by chart review,
including the participant with the C-terminal stop-gain
variant (NM_000501.4:¢c.2071C>T p.GIn691Ter). Of the
254 living participants, 103 (41%) met criteria for presence
of a phenotype (Table S3). People with missense variants
had a slightly higher positive rate (78 positive of 189 total,
41%) compared with those with a splice variant (25 posi-
tive of 65 total, 38%) but the difference is not significant.
The variants identified and the associated detailed pheno-
types are presented in Table S3. Figure 1 shows the type
and frequency of phenotypes identified from the chart
review.

Findings involving the vascular system were common
affecting 76 of the 103 (73.8%) phenotype-positive partic-
ipants. Sixty-four of these were a major phenotypic finding
(bold in Table S3). Most involved the aortic root and
thoracic aorta and included hypoplasia, dilation, or aneu-
rysm, although aneurysm of the pulmonary artery and
aneurysm and/or dissection of medium-sized arteries
were also seen (Figure 1B). Two additional participants
had no evidence of vascular disease, but both had a father
who died of a ruptured aortic aneurysm (thought to be
thoracic). Hypoplasia of either the aortic root, ascending
aorta, or both was seen in 35 of the 103 phenotype-posi-
tive participants based on Z scores <—2 of echocardiogram
measurements (Figure 1B), exhibiting a much higher pro-
portions of individuals with abnormal Z scores than the

anticipated 2.5%. This was unexpected in that none of
the echocardiogram reports mentioned hypoplasia or
small diameter. This is an intriguing finding given the
known association between ELN haploinsufficiency and
SVAS. Dilation of the aortic root and/or ascending aorta
(defined as a Z score > +2.0) was seen in ~7% of partici-
pants, which is also higher than the anticipated 2.5%,
although a lower magnitude than hypoplasia. These per-
centages represent lower bounds, as the denominator
was all phenotype-positive individuals, while the percent-
ages in Figure 1B represent only those with echocardio-
graphic measurements.

Involvement of the musculoskeletal system was present
in 59.2% of phenotype-positive participants (61 of 103).
Only 18 participants had major musculoskeletal pheno-
typic features (bold in Table S3). One participant had a
bone dysplasia, metaphyseal acroscyphodysplasia (OMIM
#250215 https://www.omim.org/entry/250215), with an
associated atlanto-axial dislocation that required repair.
This participant carried a splice variant in ELN, NM_
000501.4:¢.542-1G>T seen in nine participants, three of
whom were phenotype positive, but had no evidence of
bone dysplasia. One participant had a diagnosis of EDS-
hypermobility type and carried the NM_000501.4:c.
2134G>A missense variant. Six other participants carried
the NM_000501.4:¢c.2134G>A missense variant, five of
whom had no phenotypic findings; the other had tortuos-
ity of the carotids but no connective tissue features. Several
participants had generalized connective tissue diagnoses
without a specific syndromic or molecular diagnosis. These
included fibromyalgia, polyarthralgia, diffuse connective
tissue disease, and sacroiliitis rheumatoid arthritis with
negative rheumatoid factor. The only other major findings
seen were three participants with retinal detachment and
two with pulmonary blebs/pneumatocele (bold in
Table S3). Involvement of other organ systems was less
commonly observed (details in Table S3).

No participant had more than one relevant variant de-
tected. In the 254 living adult participants, 25 missense
and 16 splice variants were annotated as variants of uncer-
tain significance (VUS) while the single nonsense variant
was annotated likely pathogenic. Seventy-five participants
had the same missense variant (NM_000501.4:¢c.659C>T
[p.Pro220Leu]) that at the time of submission had conflict-
ing annotation in ClinVar (VUS vs. likely benign). This
variant was linked to SVAS in 2000 by Metcalfe et al.,”’
based on an affected mother and son. However, subse-
quent annotations in ClinVar have not confirmed this.
In our cohort, 28 of the 75 participants with this variant
had a phenotype, although none had a diagnosis of
SVAS. However, Z score analysis of the 28 phenotype-pos-
itive carriers of this variant identified seven with hypopla-
sia of the aortic root, one with hypoplasia of the ascending
aorta, and two with hypoplasia of both the root and
ascending aorta. PRIMUS for the c.659C>T variant showed
that 23 of the 75 were related from nine different family
networks (see subjects, material, and methods). No other
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Table 1. Top 10 associated PheCodes for PheWAS

PheCode Beta SE OR p-value N Neases  Neontrols PheCode description PheCode category

442.4 2.473 0513 11.856 1.46E-06 85,410 196 85,214 Arterial dissection circulatory system

727.4 1.273 0.313 3.573 4.68E-05" 56,791 1,938 54,853 Ganglion and cyst of synovium, musculoskeletal
tendon, and bursa

727.7 2.791 0.726 16.289 1.21E-04" 54,932 79 54,853 Contracture of tendon (sheath) musculoskeletal

871.1 1.461 0.421 4.311 5.18E-04 81,150 820 80,330 Open wound of hand except finger(s)  injuries and poisonings

681.6 1.433 0.423 4.193 6.96E—-04 71,433 838 70,595 Cellulitis and abscess of foot, toe dermatologic

362.27 1.774 0.525 5.894 7.21E-04 90,117 449 89,668 Drusen (degenerative) of retina sense organs

751.22 1.696 0.508 5.452 8.45E-04 103,916 428 103,488  Other specified congenital congenital anomalies
anomalies of kidney

613.7 1.527 0.460 4.603 9.04E-04 101,363 661 100,702  Other signs and symptoms in breast genitourinary

010 2.312 0.719 10.090 1.30E-03 90,868 132 90,736 Tuberculosis infectious diseases

756.3 2.301 0.720 9.984 1.40E-03 102,697 136 102,561 Congenital anomalies of muscle, congenital anomalies

tendon, fascia, and connective tissue

This analysis includes all participants. SE, significant enrichment; OR, odds ratio. p-values that reach Bonferroni-corrected significance are shown in italics.

p values that reach suggestive significance.

variant was seen in more than 16 individuals (range 1-16).
The most individuals from a single family network was
four. Five variants carried by more than five participants
had phenotypic features more than 40% of the time:
NM_000501.4:c.2032G>A, 10 of 16 (62.5%); NM_
000501.4:c.2171A>T, 6 of 14 (43%); NM_000501.4:
c.1150G>A, 8 of 12 (67%); NM_000501.4:c.593C>T, 5 of
11 (45%); NM_000501.4:c.484G>A, 6 of 10 (60%). Details
in Table S4.

Of the 16 variants predicted to impact splicing based on
position, the most common variant seen was
NM_000501.4:c.1621 + 1G>A. Only two of 16 partici-
pants with this variant had a phenotype of interest. Two
other splice variants identified in more than five partici-
pants had phenotypic features 40% or more of the time:
NM_000501.4:c.1150 + 1G>A, five of 11 (45%);
c.1315 + 1G>A, three of seven (43%) (Table S4). One splice
variant, ¢.1150 + 2T>C was observed in four participants
all of whom were from the same family and all had pheno-
typic findings (see discussion). No other variant was
observed to have apparent phenotypic segregation within
a family.

Phenome-wide association study

A total of 169,378 MyCode participants with quality-
controlled ES data had available phenomic data that met
inclusion criteria, including all 296 ELN variant carriers.
Of those, we identified 113,513 unrelated participants
(92.3% with European genetic similarity and 59.3%
women) including 195 ELN variant carriers (the other
101 ELN variant carriers were removed due to the restric-
tion on relatedness). Of the 1,781 PheCodes analyzed, we
identified one phenome-wide significant (p < 0.05/1,781
test, or 2.8 x 107°) PheCode, 442.4 “Arterial dissection”
(Table 1; Figure 2). This PheCode includes ICD-10 codes
under the 177.7 branch “Other arterial dissection” and

167.0 “Dissection of cerebral arteries, nonruptured.” Two
additional PheCodes, 727.4 “Ganglion and cyst of syno-
vium, tendon, and bursa” and 727.7 “Contracture of
the tendon (sheath),” reached suggestive significance
(p < 2.8 x 10~*). PheCode 727.4 includes ICD-10 codes un-
der the M71.3 branch “Other bursal cyst” and M67.4
branch “Ganglion.” PheCode 727.7 includes M62.4
“Contracture of muscle” and members of the M67.0
branch “Short Achilles tendon” (Table S2). The 10 most
notable associations are presented in Table 1, which in-
cludes additional musculoskeletal and dermatological con-
ditions, e.g., 681.6 “Cellulitis and abscess of foot, toe,”
756.3 “Congenital anomalies of muscle, tendon, fascia,
and connective tissue.”

While only one dermatologic trait was among our top 10
associations in our enrichment analyses, we identified a
significant enrichment for smaller p values for PheCodes
related to dermatologic traits (Table 2; Figure 3). A total
of 11 of the 94 PheCodes in the dermatologic category
were nominally associated with ELN variation (data not
shown). The majority of these PheCodes relate to disorders
and diseases of the sweat or sebaceous glands (e.g., 705.8
“Hyperhidrosis,” 706.2 “Sebaceous cyst”) or skin infections
(e.g., 686.1 “Carbuncle and furuncle”).

As a sensitivity analysis, we conducted a PheWAS
restricted to non-Hispanic White/European American par-
ticipants (Figure S1 and Table S5). Our top two associated
PheCodes from our primary analysis, 442.4 “arterial dissec-
tion” and 727.4 “ganglion and cyst of synovium, tendon,
and bursa,” reached the phenome-wide significance
threshold (p < 2.8 x 107°). No additional PheCodes
reached suggestive significance; however, nine of the top
10 PheCodes from our primary analysis were among the
top 10 associations in our sensitivity analysis, but the sug-
gestive association with 727.7 “Contracture of the tendon
(sheath)” was significantly attenuated. Instead, 735.1 “Flat
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PheWAS Manhattan plot

6 Arterial dissection

—logo(p)

Ganglion and cyst of synovium, tendon, and bursa4

Figure 2. PheWAS Manhattan plot for
ELN variant burden analysis

Arrows indicate direction of effect with
respect to carriers. The red line indicates
the phenome-wide threshold of 2.8 X
107° and the blue line indicates suggestive
significance of 2.8 x 10~*,

Conlraclurerf tendon (sheath)

only additional criterion applied was
absence in 200 controls. Splicing vari-
ants are frequently associated with
frameshifts, leading to nonsense-
mediated decay and haploinsuffi-
ciency but that may not be true with
ELN due to the in-frame nature of
the exons. While SVAS was not identi-

Phenotypes

foot” was among the top 10 associations in our sensitivity
analysis.

Discussion

This study reports findings from over 250 research partici-
pants with variants in ELN not selected on the basis of clin-
ical features. The use of chart review and PheWAS allowed
study of previously observed phenotypes and promoted
identification of novel phenotypes.

Phenotypic insights

No cases of SVAS or cutis laxa were identified in the variant
carriers. The absence of cutis laxa is not unexpected given
that this is usually associated with missense and frameshift
variants in the C-terminal part of the gene. The most
frequent missense variant studied in this project
(NM_000501.4:c.659C>T) is not located in the C-terminal
region. The lack of SVAS in the study cohort, while unex-
pected is likely due to the genetic mechanism. SVAS is
caused by haploinsufficiency for ELN. The single nucleo-
tide variants identified are not predicted to result in hap-
loinsufficiency, except for NM_000501.4:c.2071C>T,
which introduces a stop codon at amino acid position
691. This variant is located in exon 32, which is frequently
spliced out of the mRNA through a cassette-type alterna-
tive splicing, and this could attenuate the functional
impact. This participant is a 28-year-old woman with 18
years of EHR data. She has atopic dermatitis but no other
skin findings. She has not had cardiac imaging, so SVAS
cannot be ruled out. This finding is corroborated by the
SVAS sequencing study (Metcalfe et al.”’) that identified
only four missense mutations in their cohort. No definitive
assertion of causality was made by the authors and the

fied, hypoplasia of the aortic root and/
or ascending aorta was identified in
many participants. This has been pre-
viously reported in Williams syn-
drome and ELN haploinsufficiency.”!
Prior studies have not used Z scores to assess aortic diam-
eter and the focus was either on SVAS or dilation/aneu-
rysm. Based on the echocardiogram reports, it appears
that hypoplasia is underreported, as none of the individ-
uals with a Z score less than —2.0 had hypoplasia noted
in the report. Z scores are used in pediatric echocardiogra-
phy, but are not included in adult reports, at least in our
institution. If this is the case more generally, aortic hypo-
plasia may be systematically underreported. The health
consequences of milder forms of thoracic aortic hypoplasia
have not been studied. Additional research examining the
impact of these variants on aortic size and the protein
product are needed to understand the potential pheno-
typic consequences.

Vascular findings were the most common major pheno-
type identified. Beyond the aortic findings, dilation of the
pulmonary artery, aneurysm and dissection of medium-
sized arteries, arterial tortuosity, and valvar insufficiency
were seen (Figure 1). ELN accounts for more than two-
thirds of the dry weight of the aorta,”” and is present in
other arteries, so detailed review of arterial phenotypes
was defined in the abstraction guide, raising the potential
for confirmation bias. The PheWAS identifying arterial
dissection as significant mitigates this concern for this spe-
cific phenotype. The population prevalence of non-aortic
arterial dissection aggregated across anatomic sites is not
readily available, although cervical (carotid and vertebral)
artery dissection is estimated to be 2.6-2.9 per 100,000
per year.”* This means that in the MyCode population of
184,293 who were available for study, assuming 10 years
of medical data for each participant, approximately
48-53 dissection events would be anticipated. Thus, in
the 296 variant carriers we would have expected 0.08-
0.085 cases if the distribution was random. Many more
were seen supporting the PheWAS result. These findings
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Table 2. PheCode category enrichment analysis

Smaller 2-Sided PheCode with Smallest p-value in category

Category # PheCodes D p D p PheCode Description OR p

Dermatologic 94 —0.2124 3.29E—-04 0.2124 5.34E-04 681.6 Cellulitis and abscess of foot, toe 4.193 6.96E-04

Mental Disorders 75 —0.1655 0.02 0.1655 0.035 313.2 Tics and stuttering 5.624 1.96E-02

Digestive 159 —0.1103 0.03 0.1103 0.055 574.1 Cholelithiasis 2.164 5.82E-03

Musculoskeletal 124 —0.1147 0.048 0.1147 0.089 727.4 Ganglion and cyst of 3.573 4.68E-05
synovium, tendon, and bursa

Circulatory system 168 —0.0903 0.084 0.0903 0.158 442.4 Arterial dissection 11.856 1.46E—06

Neurological 83 —0.1216 0.097 0.1216 0.177 327.1 Hypersomnia 2.136 9.89E-03

Sense organs 123 —0.0937 0.135 0.0937 0.252 362.27  Drusen (degenerative) of retina 5.894 7.21E-04

Respiratory 83 —0.0853 0.317 0.0853 0.583 512.9 Other dyspnea 0.530 1.56E-02

Congenital anomalies 54 —0.0859 0.462 0.2367 0.005 751.22  Other specified congenital 5.452  8.45E-04
anomalies of kidney

Symptoms 45 —0.0688 0.66 0.1181 0.536 781 Symptoms involving nervous 2.085 1.22E-02
and musculoskeletal systems

Neoplasms 135 —0.0365 0.718 0.1952 1.25E—-04 187 Cancer of other male genital organs 6.727 8.26E—03

Genitourinary 167 —0.0322 0.732 0.0996 0.093 613.7 Other signs and symptoms in breast 4.603  9.04E—04

Infectious diseases 59 —0.0438 0.803 0.104 0.533 010 Tuberculosis 10.090 1.30E-03

Hematopoietic 57 —0.0354 0.871 0.1118 0.462 280 Iron deficiency anemias 0.354 7.77E-03

Injuries and poisonings 104 —0.0196 0.928 0.1388 0.042 871.1 Open wound of hand except 4.311 5.18E-04
finger(s)

Endocrine/Metabolic 156 —0.0131 0.953 0.0737 0.403 272.12  Hyperglyceridemia 2.103 4.72E-02

Pregnancy complications 39 —0.0042 0.999 0.1973 0.089 649.1 Diabetes or abnormal glucose 2.290 4.19E-02

tolerance complicating pregnancy

Italicized p values reach Bonferroni-corrected significance level.

provide further evidence of an essential role for the elastin
protein in blood vessel integrity. Musculoskeletal and con-
nective tissue findings were also common, although only
one case of generalized joint laxity clinically diagnosed
as EDS Hypermobility type was identified. One participant
had a bone dysplasia, clinically diagnosed as metaphyseal
acroscyphodysplasia. The genetic etiology of this dysplasia
is unknown, but presence of the ELN variant is not
thought to be causal. The same is true for the participant
with a clinical diagnosis of a form of EDS. However, muscu-
loskeletal phenotypes were among the top associated
PheCodes in our PheWAS, including 727.4 “Ganglion
and cyst of synovium, tendon, and bursa” that was sugges-
tively significant in our primary analysis and phenome-
wide significant in our sensitivity analysis.

Variant specific insights

Variants of uncertain significance create dilemmas for cli-
nicians performing genetic testing for a clinical indication.
The ambiguity of the result leads to uncertainty in clinical
management creating a decisional burden for the clinician
and patient. Resources such as ClinVar that attempt to
aggregate and reconcile variant annotation coupled with
variant interpretation standards promulgated by profes-
sional organizations can help but are still hindered by reli-

ance on results obtained from clinical testing that may
have incomplete phenotype information and have an
inherent ascertainment bias. Population studies may pro-
vide additional insights for both gene-disease associations
and variant-specific annotation may resolve some of the
uncertainty given larger numbers of variant carriers and
less biased ascertainment as illustrated by the following
examples.

The study has expanded understanding of the c.659C>T
missense variant. This variant has a relatively high fre-
quency in the population (MAF = 0.000238). This, coupled
with the absence of SVAS in the MyCode population
means that the reported segregation of this variant with
SVAS (Metcalfe et al.”), may be a coincidental finding.
However, roughly one-third of carriers of this variant had
phenotypic features potentially consistent with an elastin-
opathy (Table S3). Of those, 10 of 28 (36%) had hypoplasia
of the aortic root, ascending aorta, or both. Other variant
carriers had aneurysm of the distal or abdominal aorta, an-
eurysms of smaller vessels, and arterial dissection
(Table S3), so this variant cannot be dismissed as benign.
Case-control studies treating aortic diameter as a quantita-
tive trait coupled with longitudinal measurement of
changes in aortic diameter could shed additional light on
the relationship between this variant and aortic size.
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Phenotype Category

Position NM_000501.4:c.1150 may have particular
importance. A missense variant (NM_000501.4: p.Gly384Arg)
and two splice variants (NM_000501.4:¢c.1150 + 1G>A
and NM_000501.4:c.1150 + 2T>C) were seen
recurrently and more than 40% of carriers of each variant
had phenotypic features (details in Table 3). None of these
three variants was reported by Metcalfe et al.?" in their se-
ries of SVAS patients. Overwater et al.,** in a series of 810
people with suspected heritable thoracic aortic aneurysms
and aortic dissections (TAAD), while not identifying any
ELN variants they annotated as P or LP, did identify one pa-
tient with the ¢.1150 + 1G>A variant and another with
the c.1150G>A missense variant (Overwater et al.,
Table S1). Details of individual MyCode participant pheno-
types are presented in the supplemental materials (variants
associated with phenotype >40% of participants). Studies
focused on this position of the gene and protein are
warranted.

Of the other variants found to have phenotypes in more
than 40% of participants (Figure 4), none were reported in
either the SVAS or TAAD series (Metcalfe et al.,”® Overwater
et al.>*). Details of these variants including literature re-
view and detailed phenotypic findings are presented in
the supplemental materials (variants associated with
phenotype >40% of participants).

It is noteworthy that two of the missense variants with a
higher proportion of phenotype-positive participants
occupy the last nucleotide position of an exon. One of
the missense variants reported by Metcalfe et al.,*’
NM_000501.4:¢c.55A>T, also occupies the last nucleotide
position of exon 3. Splice variants were also noted in this
study; however, Metcalfe et al.”’ did not report any of
the splice variants seen in this study. This suggests aberrant
splicing as a possible mechanism. Further studies of these
variants to elucidate effects on splicing, protein structure,
and function, coupled with functional studies, are needed.

) IIIIII
'a"'?'

Figure 3. PheCode enrichment analyses

Orange indicates Bonferroni-corrected sig-
nificance for enrichment of lower p values
compared with all other categories.

Insights from PheWAS

We identified two significant and
robustly associated PheCodes in our
PheWAS analysis, "arterial dissection”
and “ganglion and cyst of the syno-
vium, tendon, and bursa.” Aortic
dissection, also noted by chart review,
is a serious condition in which a tear
occurs in the inner layer of the aorta,

O 3 & )
D A\(\Q ‘O& &\00
& & ¢ usually preceded by an aneurysm.
O A\ .
;’Q &€ *cf’& Both ganglion cysts and bursae are
@ © & . . s s .
& & cystic lesions found at the joints lined
@

< by a dense fibrous connective tissue
and filled with viscous material,'??*
distinguishable based on location
(most commonly found in the wrist and knee, respec-
tively) and presence of synovial cells in the case of bursae.
These phenotypes (arterial dissection and cystic lesions)
are similar in that stretching of weakened tissue is followed
by rupture, herniation, and/or inflammation.'?'*%°-%%
Additionally, both are associated with connective tissue ab-
normalities.”*® Abnormal joints including joint laxity
and dislocation can be seen in people with pathogenic var-
iants in ELN and ganglion cysts and bursae might fit into
this spectrum,”” further supporting the hypothesis that
variation in ELN has connective tissue effects.

While no individual dermatologic trait reached a signif-
icance threshold in our analyses, the PheWAS was en-
riched for lower p values in this category. Elastin is known
to be involved in repair of cutaneous injury’’ but suscep-
tibility to skin infection has not been reported. Among
our nominally associated dermatologic PheCodes was
686.1 “Carbuncle and furuncle” (odds ratio = 2.12, p =
0.03). Carbuncles and furuncles are cutaneous infections
that form bacterial abscesses. Cutaneous infections are
not a consistent feature in patients with haploinsuffi-
ciency in ELN.?? We reviewed charts for this phenotype,
but they were not consistently observed. However, unless
severe and recurrent, they may not come to medical
attention or be documented in medical records. Further
investigation of these and other dermatological pheno-
types may require more in-depth acquisition of medical
history.

A GWAS for herniae’ identified significant associations
with ELN, and other elastic fiber genes. This association
was primarily driven by inguinal hernia. Based on this
new discovery, and prior observation that about one-half
of individuals with Williams-Beuren syndrome have an
inguinal hernia,*” the hernia PheCode and inguinal hernia
diagnostic code were reviewed from our PheWAS. Neither
were found to be significant (550 “abdominal hernia,”
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Table 3.

Phenotypes associated with variation at position c.1150 in ELN

Variant Family Hx Cardiovascular Renal Skin Lung Ocular Connective tissue Other
NM_000501.4: - Normal aortic root and ascending aorta. Bilateral Carbuncle - - - L inguinal hernia. Multiple
c.1150G>A renal cysts requiring pancreatic cysts. Multiple
(p-GLy384Arg) intervention lung granulomas.
- Stent distal abdominal aorta and iliac - Carbuncle COPD. - Sacroiliitis. -
arteries.* requiring Multiple Small hiatal
intervention  blebs* hernia
- Normal aortic root and ascending aorta. - - - Retinal Slight R inguinal hernia.
Mitral valve prolapse. detachment*  dextro- Diverticulosis
scoliosis
- Dilated aortic root (Z = 2.2) Normal - - - - Baker’s cyst Cystocele Uterine
ascending aorta.* R knee prolapse
- Hypoplastic aortic root (Z = —2.33) Normal Multiple cysts - - - - Umbilical hernia
ascending aorta.* R kidney
- Normal aortic root and ascending aorta. MRI ~ — - - - - Diverticulosis
mild dilation of root. Proxmial ascending
45.41 mm sinotubular junction 36 x 33 mm.
If used the 45.41 for the ascending aorta Z
score is 3.15 classified as ectasia.*
Son and Normal aortic root. Abdominal aorta ectasia - - - - Sacroiliitis Diverticulosis Small
daughter and tortuosity. Short segment dissection hiatal hernia
with arthritis infrarenal aorta associated with mural
thrombus.*
- Normal aortic root. Hypoplasia ascending - - - Glaucoma Syringo-myelia Complex regional

aorta (Z = —3.11). Mild to moderate mitral
regurgitation.*

spinal stenosis
grade 1 antero-
lithesis synovial
cyst. Bilateral
pes planus.

pain syndrome

(Continued on next page)
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Table 3. Continued

Variant Family Hx Cardiovascular Renal Skin Lung Ocular Connective tissue Other
NM_000501.4: - Normal aortic root and ascending aorta. Mild - - COPD - Mild scoliosis Severe diverticulosis
c.1150+1G>A aortic regurgitation. thoracic spine
- Normal aortic root and ascending aorta by - - - - Subluxation -
measurement. Aortic dilation on report. biceps tendon
Moderate aortic regurgitation.*
- Hypoplastic aortic root (Z = —3.28). - - Restrictive - Multiple Inguinal and
Vertebrobasilar dolichoectasia, mild aortic lung disease joint osteo- umbilical hernias
stenosis, and regurgitation.* arthritis*
- Normal aortic root and ascending aorta. - - - - - Severe diverticulosis
Coronary artery dissection. Mild aortic,
mitral, and pulmonary regurgitation.
Moderately severe tricuspid regurgitation.*
- - Multiple - - - R convex -
bilateral scoliosis,
renal cysts intervertebral
disk prolapse.
Shoulder
subluxation
NM_000501.4: - Thoracic aortic aneurysm, aortic root - - - - Mild levoscoliosis -
c.1150+2T>C replacement due to aortic root abscess and and spondylosis
endocarditis, aortic valve stenosis and thoracic spine
insufficiency (rheumatic).*
Father mitral Normal aortic root and ascending aorta. Mild - - Pneumothorax - - Chronic pain syndrome
valve disease mitral regurgitation.
Father Ruptured =~ Normal aortic root and ascending aorta. - - - Chronic Cervical -
diverticulum narrow spondylosis
angle Mild subluxation
glaucoma L Thumb MCP
- - - - - - Generalized -
ligamentous
laxity*

Phenotypes associated with variants at position c¢.1150. Asterisk indicates a major phenotypic feature.
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Figure 4. Variants with phenotype-posi-
tive individuals and phenotype domains:
(top) gray circles represent total number
of individuals with a variant listed in
HGVS, inner blue circle represents individ-
uals with phenotype (at least one major or
three minor)

Sizes of circles are proportional, and relative
to each other across variants. Variants with
no phenotype-positive participants are not
included (see Table S4 for full variant de-
tails). (Bottom) Participants classified as
having phenotype are shown in each col-
umn, each row is a phenotype domain
(FHx = family history, CV = cardiovascular,
CT = connective tissue). In the phenotype
grid, dark blue represents a major feature,
cyan a minor feature, and gray absence of
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Lung
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any feature. Variant positions are shown
against the refseq NM_000150.4 transcript
for ELN. Black connecting lines indicate
/| missense, magenta indicate splice.
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p =0.24; 550.1 “inguinal hernia,” p = 0.68). Specific infor-
mation on the single nucleotide polymorphisms (SNPs)
proximate to ELN that were driving the association was
not provided, and it is possible that our ES analysis in My-
Code would not have representation in this association re-
gion. While it is plausible that elastic tissue abnormalities
could contribute to hernias involving the abdominal
wall,** additional study is needed.

Impact and limitations

This study has some limitations. The chart review did not
include controls without a variant in ELN. This decision
was made for pragmatic reasons given the extensive nature
of the chart review (Table S1 Chart Review Form) and the
attendant time required per participant. Inclusion of the
PheWAS mitigates this weakness as does the use of popula-
tion prevalence data for arterial dissection. The use of Z
scores to allow comparison of aortic diameters to popula-
tion norms for an important phenotypic feature also ad-
dresses this concern.

Another significant weakness is related to diversity. Gei-
singer patients have a predominant genetic similarity to
populations of Europe, reflecting historic patterns of settle-
ment and low rates of in-and-out migration. While repre-
senting a population traditionally under-represented in
research (rural with lower socio-economic indices), it is
not representative of the genetic, racial, and ethnic diver-
sity of the United States as a whole. Extension of this
research to more diverse populations is needed to ascertain
the phenotypic impact associated with variation across
race/ethnic and other genetic similarity groups.

Even though this is the largest group studied to date, the
absolute number of variant carriers is still small. Thus, the

[
>
>
ra

PheWAS is underpowered to identify significant, but less
prevalent phenotypes of interest.

The study relied on EHR data and illustrates both the
strengths and weaknesses of these data for studies of this
type. Compared with other cohorts, MyCode participants
have both inpatient and outpatient records, imaging re-
ports, and more extensive longitudinal data (mean of 14
years).” However, the information recorded by clinicians
is variable with much recorded as unstructured data in
free text. Even when quantitative measurements are avail-
able, clinician interpretation may be biased. Not a single
participant had documentation of hypoplasia of the aortic
root or ascending aorta, despite this feature being present
(by Z score) in more than a quarter of participants who
had an echocardiogram. This also impacts the PheWAS,
which relies on coded data and requires a minimum of
two recorded instances of a billing code. Manual chart re-
view somewhat mitigates this weakness, as it does include
review of free text, but this analysis is qualitative and thus
may not improve the quality of the PheWAS. Additionally,
milder phenotypes such as carbuncle/furuncle or other skin
infections and pes planus may not be recorded in the EHR as
problems if they are not causing significant symptoms.

Lastly age—while age at review was captured, phenotype
development over time was not assessed as a variable in the
chart review. Certain phenotypic features are known to in-
crease with age (e.g., vessel tortuosity, valve incompetence,
and cutaneous laxity); however, there are not population
standards that can be used as an analytic comparator.
This is less likely to impact the PheWAS analysis, as all an-
alyses were adjusted for age.

In summary, this study reports the phenotypic associa-
tions of variation in ELN in a large, unselected population
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examined by two complementary approaches, chart re-
view and PheWAS. It confirms the importance of elastin
as a structural component of blood vessels, identifies a
novel phenotypic association with ganglion and bursae
cysts, and additional traits that warrant further investiga-
tion, including dermatologic traits such as carbuncle/
furuncle. Deep phenotyping of variant carriers, expansion
of variants included in analysis, case-control studies of spe-
cific phenotypes, longitudinal assessment of phenotype
development, and quantifying the effects of the splicing
variants are also warranted.

Data and code availability

There are restrictions to the sharing of DiscovEHR genetic datasets
related to the sharing agreement between Geisinger and the Re-
generon Genetics Center. Chart review data contain individually
identifiable information and can only be shared in aggregate.
Most results are included in the manuscript and supplemental ta-
bles, but specific inquiries related to the chart review for PheWAS
full summary statistics can be directed to the corresponding
author. All variants are included in the main body of the paper
and supplemental tables. Variants for all living participants with
appropriate consent have been confirmed in a clinical laboratory
and deposited in ClinVar by that clinical laboratory.
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https://marfan.org/dx/z-score-adults/

Aorta Calculator from the Yale School of Medicine https://
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