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Purpose: Heritable factors play an important etiologic role in
connective tissue disorders (CTD) with vascular involvement, and a
genetic diagnosis is getting increasingly important for gene-tailored,
personalized patient management.

Methods: We analyzed 32 disease-associated genes by using
targeted next-generation sequencing and exome sequencing in a
clinically relevant cohort of 199 individuals. We classified and
refined sequence variants according to their likelihood for
pathogenicity.

Results: We identified 1 pathogenic variant (PV; in FBNI or
SMAD3) in 15 patients (7.5%) and >1 likely pathogenic variant
(LPV; in COL3A1, FBN1, FBN2, LOX, MYH11, SMAD3, TGFBRI,
or TGFBR?2) in 19 individuals (9.6%), together resulting in 17.1%
diagnostic yield. Thirteen PV/LPV were novel. Of PV/LPV-negative
patients 47 (23.6%) showed =1 variant of uncertain significance
(VUS). Twenty-five patients had concomitant variants. In-depth

INTRODUCTION
Hereditary connective tissue disorders (HCTDs) comprise a
large group of diseases with various manifestations affecting
the skin, eyes, internal organs (e.g., the lung and intestine), as
well as the neurological, craniofacial, musculoskeletal, and
cardiovascular systems." Although conditions are individually
rare, together they represent a considerable health burden.”

evaluation of reported/calculated variant classes resulted in
reclassification of 19.8% of variants.

Conclusion: Variant classification and refinement are essential for
shaping mutational spectra of disease genes, thereby improving
clinical sensitivity. Obligate stringent multigene analysis is a
powerful tool for identifying genetic causes of clinically related
CTDs. Nonetheless, the relatively high rate of PV/LPV/VUS-
negative patients underscores the existence of yet unknown disease
loci and/or oligogenic/polygenic inheritance.
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Several HCTDs are complicated by severe, partially life-
threatening vascular complications such as aortic dilatations,
aneurysms, dissections, or arterial tortuosity.” HCTDs with
vascular involvement include both syndromic forms such as
Marfan syndrome (MFS), Loeys-Dietz syndrome (LDS), and
vascular Ehlers-Danlos syndrome (EDS) and nonsyndromic
presentations of thoracic aortic aneurysm/dissection (TAAD).
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Together, these conditions are referred to as hereditary
aortopathies.” Three main pathomechanisms have emerged
for hereditary aortopathies: (1) abnormal extracellular matrix
assembly and maintenance/homeostasis, (2) increased TGF-f
signaling, and (3) disruption of the vascular smooth muscle
cell contractile apparatus.”® Accordingly, most known genes
implicated in hereditary aortopathies encode structural
connective tissue proteins such as collagens and fibrillins,
enzymes involved in the biosynthesis or processing of
structural connective tissue proteins (e.g., PLOD1), TGF-f
signaling proteins (e.g., TGFBR1, SMAD3), or regulators and
components of the cytoskeleton (e.g, MYH11).” Connective
tissue is found in different organs, thus a genetic alteration in
a single HCTD-related disease gene can manifest in several
body systems. This pleiotropy results in clinically overlapping
multisystemic findings, which hampers clinical diagnosis of a
specific disorder in the majority of patients.' However, patient
management including proper surveillance, timely surgical
interventions, and pharmacological therapy depends on
accurate diagnosis; this is already reflected in guidelines on
the diagnosis and treatment of aortic diseases belonging to
HCTDs.”® Genetic testing provides information that enables
or supports an accurate diagnosis, which can help to define
the medical course of action and, furthermore, to identify
other at-risk family members.” Due to pronounced and still
growing heterogeneity, conventional consecutive disease/
candidate gene screenings for the highly heterogeneous group
of TAAD-related connective tissue disorders are both time-
and cost-intensive; moreover, the high rate of patients
negative for a causative sequence variant suggests that several
risk genes are still unknown.” To shorten analysis time,
minimize costs, and increase detection rates, next-generation
sequencing (NGS)-based genetic testing strategies, either
targeted NGS (tNGS) or exome sequencing (ES), for
aortopathies and related disorders of connective tissue have
been applied recently and, overall, described as a tool that
overcomes problems intrinsic to consecutive disease/candi-
date gene screening.”'? Detection rates of causative sequence
variants in 7 to 21 disease genes tested were between 3.9%
and 35.3%, thus, in more than 60% of the patients, no
causative variant was identified.”'® To date, more than 20
disease genes for aortopathies, e.g., LDS, MFS, and non-
syndromic TAAD, have been identified;’ moreover, disease
genes for several HCTDs with facultative cardiovascular
manifestations, such as congenital contractural arachnodac-
tyly (CCA), cutis laxa type IB, and arterial tortuosity
syndrome, have been established." With a special focus on
aortopathies and vascular manifestations, we selected 32
known disease genes and genetically tested a mixed cohort of
199 patients with the clinical diagnosis of hereditary
aortopathy and/or related disorder of connective tissue by
using NGS technology. Here we report on our experiences
with this NGS-based molecular test as an obligate part of the
diagnostic clarification of this group of disorders over a two-
year period.
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MATERIALS AND METHODS

Study cohort

We recruited patients in various medical centers in Germany
(described in Supplementary Materials and Methods). Inclusion
criteria were as follows: (1) Clinical features of the probands
were suggestive of MFS, LDS, EDS, CCA, syndromic/
nonsyndromic TAAD, or an unspecified heritable disorder
of connective tissue with or without vascular involvement, i.e.,
HCTD. (2) Clinical data and samples for all individuals were
obtained with informed consent of the patients’ parents/legal
guardians or the patients themselves according to the
Declaration of Helsinki and the national legal regulations
(e.g., the German Genetic Diagnosis Act [GenDG]). In total,
we obtained blood samples from 199 consecutive, unrelated
patients with a mean age of 42 (£15.6 SD) years from January
2016 to December 2017. Characteristics of the study group
including initial diagnoses, associated structural abnormal-
ities, family history, etc. are described in the Supplementary
Materials and Methods and summarized in Table S1.

Genetic testing

Selection criteria for the 32 genes and strength of
gene-disease associations are outlined in Supplementary
Materials and Methods and Table S2, respectively. Detailed
information on targeted next-generation sequencing, exome
sequencing, Sanger sequencing, multiplex ligation-dependent
probe amplification (MLPA), transcript analysis, and statis-
tical analysis are given in the Supplementary Materials and
Methods and in Tables S2 and S3.

Variant prioritization, pathogenicity assignment and
refinement

Synonymous, missense, and nonsense variants; coding indels;
and intronic alterations at exon-intron boundaries ranging
from —40 to +40 were included in our analysis. HCTDs with
vascular involvement are relatively late-onset diseases and
unlikely to have a huge effect on fitness and hence allele
frequencies; therefore, variants with minor allele frequencies
(MAF) 2 than the respective disease prevalence were excluded
(Table S4). Variants passing these filters were assigned to
pathogenicity classes according the American College of
Medical Genetics and Genomics and the Association for
Molecular Pathology (ACMG/AMP) standards and guide-
lines: pathogenic variant (PV), likely pathogenic variant
(LPV), variant of uncertain significance (VUS), and likely
benign variant (LBV).'”'® Population and disease-specific
databases, in silico predictive algorithms, as well as additional
lines of evidence used for defining accurate classification
criteria for variants are described in the Supplementary
Materials and Methods. Variants with discordant classifica-
tions (d.c.) among this study and database on the relation-
ships between human variations and phenotypes (ClinVar)"’
or the Human Gene Mutation Database (HGMD)? entries as
well as variants with classifications having been modified
after passing the ACMG/AMP classification system were
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categorized as refined variants (Table S5). Reasons for
refinement are specified.

RESULTS
Identified variants by classification
We analyzed 199 individuals with hereditary aortopathy or
related connective tissue disorder. The majority of patients
had vascular complications such as TAAD, carotid artery
aneurysm and dissection (CAAD), abdominal aortic aneur-
ysm (AAA), or intracranial aneurysms (IA). One hundred
fifty-two patients were tested by tNGS and 47 were screened
by ES. In total we found 111 variants with MAF < the
respective disease prevalence (Table S4) in 24 of 32 genes
analyzed (Table S2). No variants were detected in COLIAI,
COL4A5, EFEMP2, MAT2A, MFAP5, PLOD1, SLC2A10, and
SMAD4. According to ACMG/AMP guidelines for variant
classification,'”'® we defined 15 pathogenic variants (PV), 20
likely pathogenic variants (LPV), and 72 variants of uncertain
significance (VUS) (in total 107 reportable variants) (Table 1,
S6, and S7). Details on criteria for classifying variants are
given in Table 1 and S5-S8; the types of variants identified are
summarized in the Supplementary Results.

Four sequence alterations were classified as likely benign
(LBV) and excluded from further data evaluation (Table S8).
Eleven of the 15 PV were already annotated as (likely) disease-
causing variants or (likely) pathogenic in HGMD or ClinVar,
the other 4 PV were novel (Fig. 1). Of the variants classified as
LPV, 11 were already reported, and 9 were novel (Fig. 1). The
majority of PV/LPV were detected in FBNI (23 variants)
followed by SMAD3 (5 variants), TGFBRI (2 variants) and
FBN2, COL3A1, LOX, MYH11, and TGFBR1 (1 variant each)
(Fig. 1). Of the 72 VUS, 25 were novel and 47 were already
annotated in HGMD, ClinVar, or gnomAD; most VUS were
identified in DCHSI (12), COL3A1 (7), NOTCHI (7), FBN2
(6), and FBNI (5) (Fig. 1).

For the novel variant FBN1 ¢.1589-14A>G (subject 14), we
experimentally analyzed the impact on precursor messenger
RNA (pre-mRNA) splicing because activation of a cryptic
splice acceptor site in intron 13 was predicted (Table 1). We
identified FBN1 transcripts with a 13-nucleotide 5’-expansion
of exon 14 specifically in complementary DNA (cDNA) from
patient 14, which results in a frameshift and a premature stop
codon (p.Ile531Phefs*6) (Figure S1). Accordingly, FBNI
¢.1589-14A>G was classified as LP (Table 1). In total, impact
on splicing was predicted for 30 variants, which then were
considered for variant classification according Richards et al.
(Table 1 and S5-S8).'” For the classification of seven variants
(e, by assigning BS4/PP1 attributes),”” we determined
familial segregation (Figure S2). ACTA2 c.420G>A did not
cosegregate with the disease in the family of subject 95
(Figure S2A). There was also no cosegregation of the COL3A1
variant ¢.805G>C with the disease in the family of subject 151,
however, FBN2 ¢c.1610A>G did cosegregate with the disease
(Figure S2B). Affected but not healthy family members of
subject 124 share the heterozygous FBNI ¢.1211C>G variant
(Figure S2C). Results for the remaining variants were not
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informative and, therefore, not included in variant classifica-
tion (Figures S2D and S2E).

We screened PV/LPV-negative patients with a clinical
diagnosis of MFS, LDS 1/2, and vascular EDS for copy-
number variations in FBNI1, TGFBR1, TGFBR2, and COL3A1,
respectively, by MLPA; no alteration was detected.

LOX variants

We uncovered LOX variants in two patients by retrospective
analysis of available ES data: the 23-year-old patient 188
with negative family history, aortic aneurysm, and dissection
but negative for syndromic features, has the LPV LOX
c.125G>A (p.Trp42*); in addition this patient carries a VUS
in FBN2 (Table 1 and S6). Subject 13, 48 years old and with
negative family history, initially was diagnosed with LDS
based on an aortic aneurysm, translucent skin, easy bruising,
hernia, and recurrent injuries of ankle ligaments; he under-
went an ascending aorta replacement with reconstruction
of the native aortic valve and reimplantation of the
coronary arteries. This individual carries LOX c.995A>G
(p.Tyr332Cys), which was classified as a VUS (PM1+PM2
+BP4). Taken together, these two cases demonstrate the
advantage of ES over tNGS because of the possibility to
reanalyze existing ES data of mutation-negative patients and
evaluate newly reported disease-associated genes; further-
more, ES data can be used to identify genes not yet associated
with TAAD/HCTD.

Variant refinement

By using ACMG guidelines we obtained 12 and 14 discordant
variant classifications for in total 21 variants compared with
HGMD and ClinVar, respectively (Table S5). Ten HGMD
classifications were downgraded (7 from DM to LPV, 1 from
DM to VUS and 2 from DM[?] to VUS), and 2 were upgraded
from DM(?) to PV (Table S5). Four ClinVar classifications
were downgraded (3 from P to LPV and 1 from VUS to LBV),
and 10 were upgraded from LB and VUS to VUS and LPV/
PV, respectively (Table S5).

We also refined two classifications determined by ACMG
guidelines. First, FBN2 c.1610A>G identified in subject 151
was reclassified from VUS (PM1+PP3) to LPV (PMl
+PP1,oderate TPP3+PP4, Table 1) because it cosegregates
with the disease in four affected family members (Figure S2B)
and the differential diagnosis for this patient was CCA.
Second, LOX ¢.125G>A (p.Trp42*) was initially classified as
VUS (PM2). However, this variant has been identified in two
affected family members with familial TAAD; moreover
another nonsense variant (p.Gly202*) has been described in a
patient with familial TAAD.”' Thus, although not yet
established, evidence for loss-of-function (LOF) pathogenicity
is available,”” and we refined the LOX c.125G>A to be LP
(PVSlrong+PM2).

Taken together, variant refinement resulted in up- or
downgrading of 22 variants; thus, 19.8% of all detected
variants (22 refined variants/111 variants in total) were
reclassified.
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Fig. 1 Summary of reportable variants identified by gene. The distribution of reportable variants including pathogenic variants (PVs), likely pathogenic
variants (LPVs), and variants of uncertain significance (VUS) identified in genes associated with hereditary aortopathies and related disorders of connective
tissue across the Hamburg cohort of 199 individuals is shown. Numbers of PV, LPV, and VUS per gene are given. Among the 107 reportable variants, 15
were pathogenic (4 novel), 20 were likely pathogenic (9 of these novel), and 72 were VUS (25 previously unreported).

Identified variants by patients

In 118 individuals (59.3%) we did not identify reportable
variants with MAFs less than the respective disease pre-
valence; 81/199 patients (40.7%) were positive for reportable
variants. Several patients carry more than one PV, LPV, and/
or VUS, which explains the difference between the number of
variants and the number of patients with reportable variants.
Table S9 summarizes the distribution of reportable variants
(PV, LPV, and VUS) by patient and the 25 individuals with
more than one PV, LPV, or VUS are listed in Table S10. This
data raises the question of the relevance of additional variants
in the pathogenesis of HCTD.

Notably, four patients (14, 126, 142, and 162) had a variant
in both FBN1 and NOTCHI1 (Table S10), however, the
phenotype of the four patients was neither atypical, extra-
ordinarily severe, nor did the patients show a bicuspid aortic
valve (clinical details are described in the Supplementary
Results). Similarly, patients 97, 138, 151, 161, and 188 carry
one VUS in addition to a PV/LPV (Table S10); the clinical
manifestations in the five patients were not significantly
different from the typical clinical spectrum of the respective
disorder (clinical details are described in Supplementary
Results). Summarized, our data suggest that concomitant
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reportable variants had a minor or even no contribution to
the clinical outcome of the affected individuals.

Diagnostic yields

We identified at least one PV or LPV in 34 patients of our
cohort resulting in an overall diagnostic yield of 17.1% (34/
199 patients) (Table 2).

The highest diagnostic yield, 29.8% (17/57), was obtained in
the subgroup of patients with the clinical diagnosis MFS
(Table 2). In 16.9% (12/71) and 6.6% (4/61) of patients
diagnosed with TAAD and HCTD, respectively, a PV/LPV was
found (Table 2). The diagnostic yield was not significantly
increased in patients with a positive family history compared
with those with a negative family history (18.2% [16/88] vs.
13.9% [10/72]; p=0.523) (Table 2). Next, we compared the
initial clinical diagnoses between patients with and without PV/
LPV in at least one of the analyzed 32 genes. The frequency of
the initial diagnosis MFS was significantly higher in the PV/
LPV-positive (17/34) compared with the PV/LPV-negative (40/
165) cohort (50.0% vs. 24.2%; p = 0.0059) (Table 2). In contrast,
the initial diagnoses HCTD and TAAD were not increased in
the PV/LPV-positive subcohort (Table 2). Data and calculations
for diagnostic yields considering VUS in addition to PV/LPV
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Table 2 Diagnostic yields

Initial diagnosis Number of patients

RENNER et a/

Absolute and relative frequencies of patients...

or ...with P/LP variant
(in the total cohort)

family history

...without P/LP variant
(in this subcohort)

...with P/LP variant
(in this subcohort)

HCTD 61 4/61 (6.6%)
TAAD 71 12/71 (16.9%)
MFS 57 17/57 (29.8%)
EDS 1/6 (16.7%)
LDS 3 0/3 (0%)
CCA 1 0/1 (0%)
FH pos. 88 16/88 (18.2%)
FH neg. 72 10/72 (13.9%)
FH n.d. 39 8/39 (20.5%)
Totals 199 (100%) 34/199 (17.1%)

4/34 (11.8%)
12/34 (35.3%)
17/34 (50.0%)
1/34 (2.9%)
0/34 (0%)
0/34 (0%)
16/34 (47.1%)
10/34 (29.4%)
8/34 (23.5%)
34/34 (100%)

57/165 (34.6%)
59/165 (35.8%)
40/165 (24.2%)
5/165 (3.0%)

3/165 (1.8%)
1/165 (0.6%)
72/165 (43.6%)
62/165 (37.6%)
31/165 (18.8%)
165/165 (100%)

Absolute and relative frequencies of initial diagnosis and family history are given for the entire cohort of 199 patients and for the subgroups with and without P/LP var-

iant in at least 1 of the examined 32 genes.

CCA congenital contractural arachnodactyly, EDS Ehlers—-Danlos syndrome, FH n.d. family history not determined, FH neg. negative family history, FH pos. positive family
history, HCTD hereditary connective tissue disorder, LDS Loeys-Dietz syndrome, MFS Marfan syndrome, P/LP pathogenic/likely pathogenic, TAAD thoracic aortic aneurysm

and dissection.

are presented in the Supplementary Results and Table S11.
Taken together, there is a higher a priori probability to
identify a causative variant in a patient with the clinical
diagnosis MFS than TAAD and HCDT.

DISCUSSION

Diagnostic yield

Although the knowledge of the genetic causes for hereditary
aortopathies and connective tissue disorders is constantly
growing, many affected individuals still lack a genetic
diagnosis. NGS-based multigene testing is currently regarded
as the most powerful technology for genetic testing in clinical
settings. In the cohort tested here by using NGS, 17.1% were
positive for variants classified as P/LP. For individuals with
the initial diagnosis MFS, vascular EDS, LDS, or CCA we
identified at least one PV/LPV in 18/67 patients, thus the
diagnostic yield for syndromic forms of HCTDs with vascular
involvement is 26.9%. Several studies on NGS applications for
the molecular diagnosis of TAAD have been reported.”'®
Taking into account only PV and LPV, the diagnostic yields
were documented as 3.9% (21 genes in 102 patients
analyzed),'> 4.9% (15 genes in 1025 patients analyzed),'’
8.1% (21 genes in 810 pa‘[ients),16 10.3% (10 genes in 175
patients analyzed),'' 13% (7 genes in 264 patients analyzed),"”
18.6% (11 genes in 70 patients analyzed),14 27% (14 genes in
55 patients analyzed),'” and 35.3% (10 genes in 51 patients
analyzed).” In our subcohort of 71 patients with the initial
diagnosis of TAAD, 12 individuals had a PV or LPV resulting
in a diagnostic yield of 16.9%. Given the relatively permeable
inclusion criteria resulting in a phenotypically diverse study
cohort, the total diagnostic yield of 17.1% is decent. It was
suggested that differences of the diagnostic yields may be
caused among others by differing inclusion criteria.”'
Indeed, high or increased diagnostic yields were observed
when patients with a positive family history, with early-onset
aortic disease, or with a syndromic form of TAAD were
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included primarily.”'®"* In our study, however, the diagnostic
yield was not increased in patients with a positive family
history. Furthermore, in three previous studies the cohorts
mainly included individuals with an unambiguous TAAD
phenotype; however diagnostic yields were not consistent."*"*
Factors influencing the diagnostic yield may be different
variant classification rules. First, we used phenotype pre-
valences as MAF cutoffs, whereas rather lenient/arbitrary
maximum MAFs of 0.1% or 0.5% have been considered in
other studies.”'*'*"> Second, we interpreted variants accord-
ing to the recommendations of the ACMG/AMP,"”'* which
was also done in previous studies.""'*'* A less stringent
variant classification may result in a higher number of P/LP
variants and, thereby, in an increased diagnostic yield.”'
Third, for several variants the pathogenicity predictions
strongly differ depending on the tools used.”> We used three
ensemble scoring methods, REVEL, M-CAP, and ClinPred,
each of them integrating scores from several individual tools
(such as SIFT, PolyPhen, etc.); ensemble scoring methods
constantly outperform individual tools.”>*® In contrast,
various combinations of pathogenicity prediction tools, mostly
individual tools, have been applied in previous studies.”'®
Taken together, standardization of patient inclusion criteria,
variant classification, and pathogenicity prediction may
improve study comparability and comprehensiveness.

The relatively low diagnostic yields (<< to <40%) observed
in all related studies with an average of 15.4% indicate that in
many patients the disease is caused by factors that are at
present unknown.”'® These can be genetic factors in coding
or noncoding regions, which may exert their pathogenic
potential in a mono-, oligo-, or polygenic manner. The latter
inheritance pattern can include (rare, uncommon, and
common) variants with relatively high MAF (e.g., >0.5%);
those have not been considered in this study.

It has been assumed that inclusion of additional genes in the
panels will increase diagnostic yields.”'' In our study the
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number of analyzed genes was extended by at least 11
compared with previous studies,””'® however, diagnostic yield
was not consistently increased; in detail, we identified only
one LPV (in addition to 18 VUS) in previously not-analyzed
genes. This suggests that, on the assumption of a monogenic
trait, pathogenic variants in yet undescribed or unknown
disease genes may explain only a small fraction of HCTD/
TAAD each.>”*® Clearly, nongenetic, i.e., environmental and
lifestyle factors, may also account for a considerable number
of cases with TAAD, and these certainly limit the diagnostic
yield of genetic testing.

Clinical sensitivity and variant classification

Variant classification is a crucial step in NGS-based
diagnostics that determines clinical sensitivity, i.e., the true
positive rate. Re-evaluation of known variants will help to
verify or falsify variant classifications, thereby uncovering
more and more true genetic risk factors and improving
clinical sensitivity. Refinement of variants in our study
resulted in up- or downgrading of 22 variants based on
ACMG/AMP classification criteria such as independent
reports, segregation data, pathogenicity predictions, novel
functional data, concomitant PV/LPV, transcript analysis, or
the patient’s phenotype. For the same reasons variants have
been reclassified in other studies.''>'* In this context, the
consequences of variants on pre-mRNA splicing should be
determined experimentally or at least by using prediction
tools, as it is also recommended by the ACMG guidelines.'” In
addition to increasing the diagnostic yield, in our study the
assessment of consequences on splicing particularly helped to
discriminate between VUS and LBV. Taken together, there is
and there will be no perfect a priori variant classification
system; rather valid classifications strongly depend on
continual a posteriori refinement of variants, and this in turn
requires ongoing data sharing within the scientific community
and incorporation of refined classification results into
databases.

Genotype and phenotype

Similar to our results, pathogenic and likely pathogenic
variants in ACTA2, COLIAI, COL3Al, COL5A2, FBNI,
NOTCHI1, MHY11, MYLK, SLC2A10, TGFBRI, and TGFBR2
were the most abundant in TAAD cohorts.'”'*'*!® These
results may reflect the well-described involvement of the
reported genes in the pathogenesis of aortopathies and related
disorders of connective tissue.”” On the other hand, these
genes (and their products) are better characterized than most
of the other genes tested, which likely contributed to the
predominance of PV/LPV in these genes. Thus, variants in
other genes may be underestimated and underclassified due to
limited available evidence for pathogenicity. For example, the
LOX c.995A>G (p.Tyr332Cys) variant identified in patient 13
was classified as VUS based on ACMG guidelines.'” It affects
the LOX catalytic domain that covers all pathogenic missense
variants reported to date.”** This domain contains ten fully
conserved cysteine residues, which all are involved in disulfide
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bonds and render extracellular LOX an unusually stable
enzyme.”' Thus, the change of tyrosine for a further cysteine
has high potential to disturb the structure of the LOX catalytic
domain, thereby, suggesting pathogenic consequences for the
p-Tyr332Cys variant. Similarly, the pathogenicity of FBN2
variants identified in our cohort may also be underestimated
(details are outlined in the Supplementary Discussion).

In 17/57 patients with the clinical diagnosis of MFS, the
identification of a PV/LPV in FBNI confirmed the clinical
diagnosis. We did not detect a PV/LPV in FBNI in 40 (70.2%)
of 57 individuals with the initial clinical diagnosis of MFS. In
keeping with this, in a recent study 40% of patients with a PV/
LPV in FBNI had a known or suspected clinical diagnosis of
MES." These data strongly differ from detection rates for
pathogenic FBNI variants of >90% in patients fulfilling a
clinical diagnosis of MFS based on the Ghent nosology.”>** In
clinical practice MFS or MFS-like often is suspected for
clinically ambiguous cases who have heritable aortopathy (i.e.,
TAAD) but do not obviously have MFS. Thus, the diagnostic
pipeline should a priori include genetic analyses, thereby
integrating the benefits of molecular genetics testing for the
growing heterogeneity and pleiotropy of HCTD with vascular
involvement. Given the highly variable expressivity and the
marked phenotypic overlap observed in connective tissue
disorders with vascular involvement, we and others conclude
that a more lenient clinical evaluation of patients followed by
an obligate stringent multigene analysis may help to avoid
misdiagnoses.''

Notably, 25 individuals were found to carry more than one
PV, LPV, or VUS. Concomitant variants in different genes in
patients with TAAD have been reported previously, and the
difficulty of variant classification and prioritization in these
cases was highlighted.'*** Severe clinical manifestations have
been described in three patients with concomitant variants in
different genes;'* however, it remained unclear whether
multiple variants in different genes predict disease severity.
Here, we describe four patients with reportable variants each
in FBNI and NOTCHI but no atypical or severe clinical
features. This suggests minor or no relevance of the identified
NOTCH]1 variants in the pathogenesis of the disease and/or a
bias for overclassification of NOTCHI variants, which may
result from pronounced intolerance to variation/loss of
function (missense Z Score=3.95, pLI Score=1.00) of
NOTCHI.

Summary and conclusion

We applied NGS-based gene test approaches in a clinically
relevant cohort of sporadic and familial individuals with
hereditary aortopathies and related disorders and identified
PV/LPV in 17.1% of patients. The highest diagnostic yield
(29.8%) was obtained for patients with the clinical diagnosis of
MES. The lower detection rates for PV/LPV in patients with
TAAD (16.9%) and HCTD (6.6%), and in parallel the higher
incidence of VUS in these subcohorts suggest the existence of
yet unknown disease loci and/or oligogenic/polygenic inheri-
tance. In total 23.6% of PV/LPV-negative patients had VUS in
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genes associated with connective tissue disorders; these variants
have to be re-evaluated in the future. Ultimately, gene-specific
functional assays, RNA splicing studies, and further genetic
analyses such as genome sequencing and/or genetic burden tests
are needed to provide further evidence for the pathogenicity of
variants, thereby increasing both the diagnostic yield and the
clinical sensitivity. For the patients’ benefits, refining variant
classifications will strongly support counseling of affected
individuals as well as shaping therapeutic strategies.

SUPPLEMENTARY INFORMATION

The online version of this article (https://doi.org/10.1038/s41436-
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