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Abstract

Marfan syndrome (MFS) is a rare autosomal dominant connective tissue disorder related to variants in the FBNI gene.
Prognosis is related to aortic risk of dissection following aneurysm. MFS clinical variability is notable, for age of onset as
well as severity and number of clinical manifestations. To identify genetic modifiers, we combined genome-wide approaches
in 1070 clinically well-characterized FBNI disease-causing variant carriers: (1) an FBNI eQTL analysis in 80 fibroblasts of
FBNI stop variant carriers, (2) a linkage analysis, (3) a kinship matrix association study in 14 clinically concordant and
discordant sib-pairs, (4) a genome-wide association study and (5) a whole exome sequencing in 98 extreme phenotype
samples.

Three genetic mechanisms of variability were found. A new genotype/phenotype correlation with an excess of loss-of-
cysteine variants (P =0.004) in severely affected subjects. A second pathogenic event in another thoracic aortic aneurysm
gene or the COL4A1 gene (known to be involved in cerebral aneurysm) was found in nine individuals. A polygenic model
involving at least nine modifier loci (named gMod-M1-9) was observed through cross-mapping of results. Notably, gMod-
M2 which co-localizes with PRKG1, in which activating variants have already been described in thoracic aortic aneurysm,
and gMod-M3 co-localized with a metalloprotease (proteins of extra-cellular matrix regulation) cluster. Our results represent
a major advance in understanding the complex genetic architecture of MFS and provide the first steps toward prediction of

clinical evolution.

Introduction

Marfan syndrome (MFS) is a rare (prevalence 1/5000)
autosomal dominant connective tissue-disorder. The clinical
features of MFS may be present in multiple systems (ocular,
cardiovascular, skeletal, skin, lung, dura...). Prognosis is
related to the life-threatening complications of thoracic
aortic aneurysm rupture and dissection (TAAD) [1]. Private
variants in the FBNI gene encoding fibrillin-1, an extra-
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cellular matrix component, are responsible for most cases of
MES (#154700) [2].

MES clinical variability is notable, even within families,
for age of onset as well as severity and number of clinical
manifestations. To date, no strong genotype-phenotype
correlation between MFS and FBNI variants has been
reported except for neonatal forms of MFS associated with
missense variants in exons 25-33 (according to the NGs,
previously 24-32) [3] and truncating variants with a more
severe aortic phenotype [4, 5]. However, although a
genotype-phenotype correlation may explain interfamilial
variability, it cannot account for intrafamilial variability. For
intrafamilial variability, the accepted mechanism of varia-
bility is mostly the effect of risk alleles in modifier genes and
environmental factors. In MFS, the early-onset variability
does not support the hypothesis of environmental factors.
Identification of genetic modifiers and their alleles remains a
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Fig. 1 Study design. Three different samples (skin fibroblasts, EPS and
sibpairs) were studied by five different approaches (eQTL, WES,
GWAS, linkage analysis, kinship matrix GWAS). Cross mapping of

challenge as in others rare diseases. Indeed, despite the
availability of powerful genome-wide tools, the sample size
required to achieve usual statistical significance for dis-
covery and replication stages of a study remains unattainable
for classic study designs even through worldwide colla-
borations in rare diseases. Moreover, the ignorance of the
genetic mechanisms underlying phenotype variability (type
of disease-initiating variant, gender factor, co-occurrence of
rare variants, modifier genes) precludes the a priori design of
an optimal research strategy. Building on a collection of
MEFES samples, we show how the combination of various
genome-wide approaches and their joint analysis within a
cross-mapping framework can provide interesting insight
into mechanisms underlying MFS clinical variability.
Indeed, we demonstrated recently that the level in skin
fibroblasts of residual FBNI expression in MFS patients
with premature-truncating codon variant was significantly
associated with some features of the disease [6]. To further
identify genetic modifiers, we performed in this work, (1) an
expression Quantitative Trait Loci (eQTL) study on skin
fibroblasts of MFS patients with premature truncating codon
(PTC) variants to identify genetic regulators of FBNI
expression which could be genetic modifiers of the pheno-
type, (2) a linkage and association analysis in discordant and
concordant MFS because family-based studies enable
resistance to the effects of population structure and do
not need any prior hypothesis on the frequency of the
modifier variants, (3) Whole-Exome sequencing (WES) with
a SKAT-O analysis to identify accumulation of different rare
coding variants in presumed frequent modifier genes and
finally (4) a genome-wide association study (GWAS) to
screen for coding or non coding frequent variants in extreme
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results from the five approaches revealed modifier loci while WES
showed rare coding variants in known TAA genes

aortic phenotype of MFS sampling (EPS) which provides
enhanced study power (Fig. 1). Results of these analyses
were crossed over and enabled a cross-mapping framework
of three major and six putative modifier loci, some of which
co-localized with excellent candidate genes.

Subjects and methods
Subjects

All subjects originated from the French National Reference
Centre for Marfan Syndrome and related disorders and
gave their written informed consent for participation in
this clinical and genetic study in agreement with the
requirements of French regulations. To ensure homogeneity,
all retrospective clinical data were reassessed by two phy-
sicians (MA and GJ) using the Ghent criteria [7, 8]. Patients
were evaluated by geneticists, rheumatologists, cardiologists
and ophthalmologists. Systematic slit-lamp examination,
cardiac ultrasonography, radiological investigations and
molecular analyses were also performed. Clinical features
used for clinical severity evaluation were as listed in the
Ghent nosology (20) with aortic diameters measured at the
level of the sinuses of Valsalva according to Roman [9]. All
patients included were adult (>18 years-old) FBNI variant-
carriers. Missense variants in exons 25-33 were excluded
since they are correlated with severe forms of MFS. Patients
for the eQTL study had a PTC FBNI variant [6].

For EPS, two groups of unrelated patients were considered
out of the cohort of 1070 FBNI pathogenic variant carriers
[557 women (52.1%) and 513 men (47.9%)]: the severe
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group (S group) formed by the 5% (n = 54) of the collection
with the most severe aortic features and the benign group (B
group) formed by the 5% (n = 54) of the collection with the
most benign aortic features, while preserving a sex ratio of 1.
The S group was defined as individuals presenting with a
dissection or preventive TAA surgery (for a diameter >
50mm at the Valsalva level [10]) at a young age. The B
group was defined as absence of TAA as late as possible in
life (no surgery and aortic diameter lower than 2 SDs).
Geographic origin of patients should be European and was
assessed by a principal component analysis (PCA) reported
to 1000 Genomes database [11] (Figure S1).

For the sib-pairs study, individuals were same-sex sib-
lings and at least one had aortic criteria corresponding to
the S group and the other aortic criteria either of the S
(concordant sib-pairs) or of the B (discordant sib-pairs)
group. Clinical and molecular comparisons between groups
were performed using a standard chi squared test.

Gene expression

Cell culture conditions and RNA extraction, RT-PCR and
Real-time quantitative PCR methods have been described
[6] and are in agreement with the minimum information
for the publication of quantitative real-time PCR experi-
ments guidelines [12].

Genotyping and quality control

Genotyping of the 80 individuals of the eQTL study was
performed using the HumanOmniExpress-24v1.0 array
(713,014 SNPs) of Illumina (San Diego, CA, USA). This
array is referred as genotyping array 1 in the results section.
All SNPs with more than 5% of missing genotypes were
removed and SNPs with a MAF>5% were kept leading
to 594,978 SNPs retained. PCA was performed with PLINK
and the two first components were used as covariates
(Figure S2) [13].

Genotyping of the 102 individuals of the EPS and the 28
individuals of the sib-pairs was performed using the
HumanOmniExpressExome-8v1.2 array (964,192 SNPs) of
Mlumina (San Diego, CA, USA) by the Centre National de
Génotypage (CNG, Evry, France). This array is referred as
genotyping array 2 in the results section. Using the same
criteria as for array 1, 701,570 SNPs were retained. Related-
ness among the whole samples was assessed using—genome
option of PLINK version 1.90b2b. In the absence of a control
group, no Hardy-Weinberg equilibrium test was performed.

Association analyses

A linear regression on the 80 individuals of the eQTL study
was conducted using the—Ilinear option of PLINK and the 2

first principal component of PCA as covariables. Fibroblast
mRNA levels were quantified as reported [6]. They were
combined with genome-wide genotyping data to conduct
the eQTL analysis. Single-marker association analysis was
performed between the 2 EPS (S and B) using the --assoc
option of PLINK under an additive genetic model. To
increase the power of the study, the standard linear mixed

model implemented in GEMMA software version
0.94.1 [14] was also used for individuals of EPS and of sib-
pairs.

To test the association of un-genotyped SNPs, all SNPs
of the phase 3 of the 1000 Genomes Project were imputed
from their available haplotypes [software IMPUTE2 [15],
while pre phasing of data used software SHAPEIT?2 [16]].
All SNPS with a low imputation quality (IMPUTE info
metric below 0.8) or with a MAF <0.05 (in the 102 indi-
viduals of the EPS) were removed. Association of marker
dosage was conducted with SNPtest version 2.5.2 [17]
using the two first components of the PCA as covariates.
CNV genotypes were inferred using CNVision [18] mer-
ging CNV detected by QuantiSNP version 2 [19] and
PennCNV version 1.0.1 [20]. The impact of CNV was
then investigated through an association as reported by
Gamazon et al. [21]. Finally, genome-wide significance was
inferred for each analysis with a Bonferroni correction.

Submission of the data has been done to the GWAS
database (NIH) (www.ebi.ac.uk/gwas/).

Linkage analysis

Parametric linkage analyses were performed on genotyped
sib-pairs using Merlin version 1.1.2 [22]. PLINK option—
indep-pairwise 50 5 0.1 was performed to minimize linkage
disequilibrium (LD) between SNPs in the EPS samples.
This led to the definition of a set of 42,024 SNPs and their
allele frequencies determined in the sample. The genetic
model tested was autosomal dominant with complete
penetrance or 0.9 of penetrance and no phenocopy. Disease
allele frequency was set at 0.01 (and 0.1, 0.001 or 0.00001,
similar results, data not shown). To take into account
possible genetic heterogeneity, linkage was determined
using the heterogeneity Lod (HLod) score implemented
in Merlin. The highest likelihood ratio that could be
obtained with this sample was approximately HLod 4.2 in a
context of genetic homogeneity and if all sib-pairs were
informative. Since these conditions were unlikely to be met,
only the regions that provided the highest Hlod were
retained. Fine mapping of linked regions was performed
through an association studies on the sibs population.
Relatedness between individuals was taken into account
using the standard linear mixed model implemented in
GEMMA. Kinship matrix was estimated through the—
genome option of PLINK.

SPRINGER NATURE
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Whole-exome sequencing (WES)

WES of all cases was performed by the French National
Genotyping Centre (CNG). Agilent SureSelect Human All
Exon Kits V5 (Agilent Technologies, Santa Clara, CA,
USA) were used with PE Illumina HiSeq2000 (Illumina,
San Diego, CA, USA) sequencing. Bio-informatics analyses
were performed following Genome Analysis Toolkit
(GATK) best practices [23, 24]. Variants were annotated,
filtered and analyzed using Variant tools [25] and ANNO-
VAR [26]; allele frequencies were from Exome Aggrega-
tion Consortium (ExAC) database. To test the association
between rare functional variants and EPS, a SKAT-O
(optimal Sequence Kernel Association Test) was used [27]
on all functional variants.

The reference sequences used for variant descriptions
are: FBNI (NG_008805.2, NM_000138.4), COL4AI
(NG_011544.2, NM_001845.5), COL3A1 (NG_007404.1,
NM_000090.3), SMAD3 (NG_011990.1, NM_005902.3),
SKI  (NG_013084.1, NM_ 003036.3), TGFBR2
(NG_007490.1, NM_003242.5). Exon numbering is
according to the NGs.

Results
eQTL of FBN1 expression in skin fibroblasts

The eQTL analysis was performed to identify only trans-
eQTLIoci. Indeed no haplotype phasing was possible
between tested markers and FBNI disease-causing variants
in isolated patients. eQTL analysis performed in 80 subjects
with PTC FBNI variants lead to the identification of 16
SNPs with P < 1x 107> distributed among 11 loci (Fig. 2
and Table S1, Figure S3). One SNP on chromosome 11
reached genome-wide significance (P value < 8 x 10~%) with
a P-value of 6 x 1073, This trans-eQTL locus was defined
by four SNPs in LD at 11q22.3 (Fig. 2) and is further
described below. Interestingly, at the FBNI locus (15921.1)
four SNPs, in partial LD, were associated with FBNI
expression with P-values between 1x 107> and 3x107°.
These SNPs were located 1.5-2Mb downstream (tran-
scription direction) from the FBNI gene.

EPS study

Clinical characteristics and new FBN1 phenotype/genotype
correlation

The S (severe) group comprised 27 males meeting the
criteria with ages at surgery between 4 and 25 y.o. and
27 females with ages at surgery from 15 to 33 y.o. The B
(benign) group comprised 27 females without surgery
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and with aortic diameter < 2 SD with ages between 53 and
79 y.o. and 27 males with ages between 22 and 75 y.o.
However, since the youngest of these 27 males were
very young, they could possibly no longer meet the diag-
nostic criteria as they grew older. Therefore, we chose
to add additional criterion for men in the B group:
Age>27 y.o. In this way, 21 males with ages between
27 and 75 y.o met the criteria of complete inclusion.
After complete genotyping, PCA identified 4 geographic
outliers who were excluded thus leading to 51 and 47 sub-
jects for the S and B group, respectively. No difference
was observed in MFS non-aortic features of between the
two groups (Table S2). Molecular data showed a significant
difference of variant types between the two groups
(55% PTC and 43% missense variants in the S group, 36
and 64%, respectively, in the B group, p = 0.05) (Table 1).
Confirming this genotype-phenotype correlation, we
found a difference among the missense variants with an
excess of loss-of-cysteine variants in the S group (63 vs
20%, p=0.004). Conversely, we observed an excess
of cysteine-forming variants in the B group (23 vs 0%,
p =0.04). However, we found no difference between the
two groups in the exons where the missense variants
were located.

Rare coding variants

WES was performed following a preliminary in silico
simulation study that provided the following results:
Under the hypothesis of the existence of 3 to 10 modifier
genes explaining phenotypic variance, a sample of 51
patients would allow observing between 50 to 100% of
the modifier genes carrying more than 5 variants among
these genes, while only 2 non modifier genes are expected
to reach this criteria by chance (Figure S4).

WES in the 51 patients from the S group and 47 patients
of the B group identified around 50,000 non-synonymous
exonic and splicing variants. No gene was identified with an
excess or a lack of variants associated with phenotype
severity (Figure S5). Indeed, SKAT-O provided the lowest
P-value (1.4 x 10~*) for TUBGCP2 (encoding an ubiquitous
protein of the gamma-tubulin complex).

In a second step, we performed classic investigation
(single-gene tests) on the WES data. No significant variant
was observed in the B group. Conversely, in the S group,
careful examination of very rare filtered variants identified
nine variants of unknown significance (VUS) in nine
patients within six genes known to be involved in TAA
or other arterial aneurysm (Table 2). Four were considered
as non relevant: 2 variants in COL3A1 (#130050) because
(1) they concerned weakly conserved amino acids and
the Grantham distances were very low and (2) no familial
co-segregation with the severity of the aortic phenotype



Association of modifiers and other genetic factors explain Marfan syndrome clinical variability

A s B
.
.
.
6 4
c
3
> 4
X-]
1
2 H
.
I = ‘
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 1516 171819202122 X ¥ m <
chromosomes c ~ &
2
8 a s
o N
s o~
Q
6 x
o
= v <2 |
s S =
: 2
' &
2 g o | ’
- © i
2 H
Q i
° W o
0 20 40 60 80 100 120 Mb (chr11) s — —t
,///7 \\ o
e ~
i NS < |
g = a9 g 9 °
S o]
g g g i 8 : § HMZ_WT HTZ HMZ_var
= 3 2 = = = e
rs11212346 genotype
100%
LD (R?)
[Hapmap Data]
0

Fig. 2 FBNI eQTL Results, focus on chromosome 11. a FBNI
expression was studied in skin fibroblasts of 80 FBN/ variant-carriers
and associated with their genotyping array results in an eQTL study.
On the Manhattan Plot, red line represents the significant threshold at
8x 1078, blue line represents P-value 1x 107°. One SNP had sig-
nificant P-value (rs11212346), with three others SNPs (rs12294839,
rs11212330, rs7946302) in linkage disequilibrium (LD). LD is

could be observed; 1 variant in SKI (#182212) because it
was not located in the Smad-binding domain of SKI
which is the hot-spot for reported disease-causing variants
and because the corresponding codon has a weak coverage
in ExAC database (less than 20% of individuals with a
coverage > 10) so the rare frequency of the variant cannot
be assessed properly and finally 1 variant in TGFBR2
(#610168) which was considered as benign by Polyphen2
and for which familial segregation showed no cardiovas-
cular features in the variant carriers.

The remaining five variants were considered as
relevant: ¢.1286 G>C (p.(Argd29Pro)) in FBNI, c.304
G> A (p.(Glul02Lys)) in SMAD3 (#613795), c.1588C>T
(p.(Pro5308Ser)), ¢.329T>C (p.(Ile110Thr)) and c.3164
C>T (p.(Prol055Leu)) in COLAAI (#180000, #611773,
#607595, #175780) (Table 1). The FBNI variant is absent

determined according to R? in Haploview (Black squares correspond to
R*=100%). b Expression of FBNI in skin fibroblasts of FBNI
variant-carriers according to rs11212346 genotype (boxplot: box from
first to third quartile shift by the median, extreme lines showing the
highest and lowest value, except if they are superior to a default range
of 1.5 interquartile)

from all databases and family investigation was performed to
determine the location of this event in trans of the disease-
causing variant and allowed to diagnose compound hetero-
zygosity. For the SMAD3 variant, the proband also carried a
de novo FBNI variant while several family members without
this FBNI variant also carried the SMAD3 variant. Some of
them had histories of TAA or early-onset osteoarthritis,
allowing retrospective diagnosis of aneurysm-osteoarthritis
syndrome related to SMAD3 disease-causing variant in this
family in addition to MFS related to a FBN! variant in the
severe phenotype proband (Fig. 3a). Among the 3 variants
in COLA4AI, none affected a glycine residue as classically
reported in the different hereditary angiopathies associated
with COL4A] variants. The ¢.3164 C>T (p.(Pro1055Leu))
and ¢.329 T>C (p.(Ile110Thr)) in COL4AI variant carriers
also carried de novo FBN1 variants and no familial vascular

SPRINGER NATURE
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Table 1 FBNI1 variants in the two groups of the EPS study

S (severe phenotype)

B (benign phenotype) Chi squared

n % n % P-value
Truncating variants (PTC) 28 55 17 36 0.05
Large deletion 11% of PTC variants 18% of PTC variants NS
Splice variant 25% of PTC variants 12% of PTC variants NS
Nonsense 11 39% of PTC variants 10 59% of PTC variants NS
Frameshift 7 25% of PTC variants 2 12% of PTC variants NS
Insertion/deletion without frameshift 1 2 0 NS
Missense variants 22 43 30 64 NS
Lost of cystein 14 63% of missense variants 6 20% of missense variants 0.004
Cystein formation 0 0% of missense variants 7 23% of missense variants 0.04

If not cystein, consensus/not consensus aminoacid 4/4

18/18% of missense variants 7/10

23/33% of missense variants NS

Exons concerned 3a63 — 1a63 —

Missense variant in signal peptide 0 0% of missense variants 1 3% of missense variants NS
Missense variant in hybrid domains 2 9% of missense variants 4 13% of missense variants NS
Missense variant in TGFB binding domains 3 14% of missense variants 3 10% of missense variants NS

Missense variant in calcium binding (like) domains 17

77% of missense variants 22

73% of missense variants NS

The bold values in table 1 correspond to main titles = main lines comparing to others which are subtitles (and sub percentages) of these main lines

features were reported. For the third, and most frequent
COL4AI variant c¢.1588C>T (p.(Pro530Ser)), family
investigation showed it was present in a total of four MFS
patients, two children with a TAA and two adults who
underwent preventive surgery for TAA (at 17 y.o. in the
man, 43 y.o. in the woman) (Fig. 3b). Four other family
members carried the FBNI variant but not the COL4AI
variant and none of these had TAA.

GWAS in EPS groups

Genotyping with array 2 followed by quality control led to
the study of 701,570 SNPswith the Bonferroni-adjusted
significance threshold set at P <7 x 10~%. No SNP reached
this value but 22 SNPs tagging 14 different LD blocks
reached P<10~* (Figure S6 and Table S4). Three tagged
regions included candidate genes (COLI6AI, SMADG,
and MEF2C). No significant results were obtained when
association studies were performed with frequent variants
typed by WES, or with CNVs, or using imputation with
1000 Genomes SNPs.

Concordant/discordant sib-pairs study

Linkage analysis for severe aortic disease was performed in
eight severe concordant and six discordant same-sex sib-
pairs. Nine sib-pairs were females (five concordant and four
discordant pairs) and five were males (respectively three
and two). Assuming an autosomal dominant model with a
modifier allele frequency of 0.01 and complete penetrance

SPRINGER NATURE

of the trait, Hlods > 1.5 were found in five chromosomal
regions (Table S4). The use of lower allele frequencies or of
lower penetrance did not significantly change the results
(data not shown). The lead locus had a HLod of 2.7
(ALPHA = 1) and was located on chromosome 10. This
locus comprises 10 genes among which PRKGI, a gene
encoding a cGMP-dependent protein kinase strongly
expressed in the aortic wall. Interestingly, missense variants
in this gene are known to be involved in familial TAAD
(#615436) [28]. WES was also performed in the sib-pairs
and no rare functional variant was found in either of the five
genomic regions of interest. Subsequently, an association
study was performed in these 28 subjects using array 2 data
and a mixed model to account for the kinship matrix.
Seventeen SNPs representing 14 loci showed P-values
between 1.5x107® and 1x 10™* (Table S5). The lowest
P-value was obtained at 7q21.11 with a SNP located within
intron 1 of MAGI2, encoding a protein that serves as a
scaffold for the assembly of synaptic protein complexes but
with GO annotations related to this gene including SMAD
binding.

Cross-mapping of the results

Convergence of results between the different studies led to
the identification of 3 modifier regions (gMod-M1 to 3) and
6 putative modifier regions (gMod-M4 to 9) (Figs. 4, 5 and
Figure S7). gMod-M1 is located at 1p36.12 (Fig. 5a) in a
region defined by 3 SNPs in LD with a P-value of 4 x 107>
(GWAS EPS study), a HLod of 1.7 (sib-pair linkage
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Family 1

Clinical MFS
Clinical Osteoarthnitis- Aneurysm syndrome (OAS)
No clinical features of MFS nor OAS

No medical information

6

B

| 1 2

Carrying #BNI mutation (p.Cys214 2Arg)
Not carrying #BNI mutation

Carrying SMAD3 vanant (p.Glu102Lys)
Not Carrying SMAD3 variant

s O0E0OmE

1} ! !

MFSbutno TAA

MFS with early-onset and severe TA 4

MFS with TAA and non assessable severity critena
No clinical features of MFS

SE o m o

1 2 3 4 5 6

566 ¢

DiGeorge sd

Fig. 3 Examples of segregation of rare modifier variants. a Segrega-
tion of a SMAD3 rare variant in a family with a FBNI de novo variant-
carrier. Individual III-1 is the proband of the family with a clinical
diagnosis of MFS (bilateral ectopia lentis with surgery at 13 y.o.,
severe and early-onset TAA with preventive surgery at 16 y.o., MFS
facial features, cleft palate, pectus carinatum, arachnodactyly, doli-
chostenomelia, hypermobility with Beighton score of 9/9, pes planus,
30° scoliosis, spondylolisthesis, dural ectasia, striae) and osteoarthritis
features (early-onset osteophytosis at 30 y.o. and genu valgum surgery
at 10 y.o.). His mother, individual III-2, has no ectopia lentis, no TAA
but has severe lumbar and shoulder ostéo-arthritis and medical history
of disc surgery. Sudden death of unknown origin occurred at 55 y.o. in
individual II-1. Individual III-4 is an obligate carrier with no clinical
information available but her daughter (IV-3) has pectus excavatum,
scoliosis less than 20°, hand (fingers and wrist) pain, medical history
of Scheuermann disease but no TAA. Individual III-6 has a medical
history of surgery for hernia, hypermobility, cleft palate and striae.
Individual II-7 has wrist and leg pains without MFS symptoms.
Abdominal aortic aneurysm surgery has been performed in individual
III-9 at 50 y.o. This individual has also a TAA with an aortic root

analysis) and 7 other SNPs in this region with a P-value
of 5x 107> (association-kinship matrix study in sib-pairs).
The only candidate gene within the interval was ECE]. The
second and third regions were mapped both in eQTL and
sib-pair studies. gMod-M2 is located at 10ql1.2.chromo-
some 10 (Fig. 5b). At this locus, the highest HLod [2.7
(ALPHA = 1)] was obtained with rs1937662C > A. Inter-
estingly, this SNP was also associated with FBNI gene
expression in the eQTL study with a P-value of 6 x 107°.
The region includes the PRKGI. gMod-M3 is located at
11g22.3 (Fig. 5c¢). At this locus, (1) the eQTL study showed
a SNP (rs11212346C >T) significantly associated with
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Carrying FBNI mutation (p.Gly 544 Arg)
Not carrying BN mutation

Carrying COL4AI variant (p. Pro530Ser)
Not carrying COL4AS variant
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measured at 49 mm at Valsalva level by CT-scan and cardiac ultra-
sound (+3DS), tortuosity of carotid and vertebral arteries, pectus
carinatum, spinal osteoarthritis, lumbar scoliosis measured at 22°, toe
and ankle surgery. This individual has cardiovascular risk factors
(smoking and hypercholesterolemia). His daughter (IV-11) has no
TAA but a mitral valve prolapse, a pectus excavatum, a 22° scoliosis
and medical history of multiple sprains (knee and ankle). Individual
III-11 died suddenly at 20 y.o. without diagnosis. b Segregation of a
COLA4A] rare variant in a family carrying a FBNI variant. Individual
II-5 had preventive aortic surgery at diagnosis of MFS (43 years-old).
Individual III-8 had preventive aortic surgery at 17 years-old. Indivi-
duals IV-7 (7 y.o0.) and IV-8 (4 y.o.) had aortic roots diameters at 3.1
and 2.7 SD, respectively. Individuals II-1, II-3, III-1, III-3 carry the
FBNI pathogenic variant but not the COL4A[ variant and have clinical
features of MFS but no TAA (aortic root diameter <2 SD). Individuals
I-1, II-10 and II-11 (carrying the COL4AI variant but not the FBNI
variant) have no features of MFS and no history of cerebral haemor-
rhage, but no cerebral investigations have been performed. Individual
I-2 had a clinical diagnosis of MFS and died at 44 years-old from
internal haemorrhage

FBNI expression (P=6x 10’8), (2) sib-pair linkage ana-
lysis led to a HLod of 1.8 (ALPHA = 1) defining a region
between 103,500,000 and 108,000,000 and (3). The
association-kinship matrix study in sib-pairs revealed 2
SNPs (rs12277780C>A and rs11601883A>G) with a
P-values of 9.0x 1077 and 2.3x 107>, respectively. The
sentinel SNP of the eQTL study is located in a LD-block
containing only one expressed gene, SLN, which encodes
sarcolipin. this small sarcoplasmic protein which is a
negative regulator of Ca + 4 ATPase is neither expressed
in target tissues nor known to be associated with known
physiologically relevant pathways. However, the regional
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Fig. 4 Graphic representation of crossmapping results. Crossmapped
modifier loci are overlayed on a karyotype cartoon. In red are repre-
sented the three major modifier loci (crossmapping of three analysis or
of two analyses and strong arguments in litterature), in blue the six

linkage peak is close to a cluster of matrix metalloprotease
genes (MMPI, 3, 7, 8 10, 12, 13, 20, 27). Finally, 6
putative modifier regions were defined by converging
results from only 2 genome-wide studies (gMod-M4 to 9)
(Fig S6).

Discussion

Using a large population of FBNI variant-carriers with
consistent clinical evaluations and extensive follow-up, we
combined genome-wide approaches to perform a cross-
mapping analysis.

First of all, the EPS groups revealed that truncating var-
iants were more common in the severe group (55 vs 36%,
P =0.05) as were missense variants with loss of a cysteine
residue (63% of the missense variants vs 20%, P = 0.004).
Missense variants creating a cysteine were only present in
patients of the benign group (Table 1). The largest previous
study of genotype/phenotype correlation found no correla-
tion for aortic phenotype (Faivre et al. 2007, 1013 probands
[29]) except for the neonatal form of MFS associated with
missense variants in exons 25-33. Patients carrying variants

putative modifier loci (crossmapping in two analyses and no good
regional candidate), in yellow excellent candidate genes in a region
found in only one analysis, in green genes in which convincing rare
coding variants have been found in EPS

in this region were excluded from our study because the well
recognized genotype-phenotype correlation was considered
as sufficient to explain phenotype severity in these patients.
This would enable us to identify other and less obvious
genotype-phenotype correlations that we indeed reported. In
this way, more recently, smaller studies [207 and 357
patients in [4] and [5]] provided clues for an association
between truncating variants and severe and early-onset aortic
dilatation and dissection. Finally, although we cannot
exclude that this exclusion could have somewhat biaised our
results, the number of patients excluded (36/1070) is
so small that this is unlikely.

Another genetic mechanism of MFS TAA variability
revealed by the EPS study is the possible co-occurrence
with the disease-initiating FBNI variant of a pathogenic
variant in another aneurysm gene. This second event has
been found in 5 out of 47 severe patients from the S group
and not in patients from the B group. Two cases with severe
aortic phenotype carried a second disease event in a
known TAA gene: one case was a compound heterozygote
with a second variant in the FBNI gene [30] and the
other case was a double heterozygote carrying a second
variant in the SMAD3 gene. The three other patients carried

SPRINGER NATURE
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a second event in COL4AI. This gene encodes a collagen
with major expression in the arterial wall including aorta
[31]. Furthermore, interactions of type IV collagen with the
TGF-beta pathway, central to pathogenic MFS aortic
alterations, have been described [32, 33]. Disease-causing
variants in the COL4A1 gene usually affect glycine residues
and have been involved in porencephaly or recurrent
hemorrhagic stroke and cerebral aneurysm. The three rare
modifier variants we report did not affect a glycine and were
not associated with cerebral vascular disease in family
members but co-segregated with aortic severity as observed
for COL4AI ¢.1588 C>T (p.(Pro530Ser)) investigated in a
large family (Fig. 3). The existence of rare variants in other
potential modifier genes was not supported when combining
genome-wide SNP data and WES results in EPS groups,
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thus demonstrating that this genetic mechanism of varia-
bility is not frequent.

Modifying effects of frequent alleles were investigated
through several genome-wide strategies followed by cross-
mapping of results. The genome significance threshold was
only reach in the eQTL study for the locus on chromosome
11 (gMod-M3). Cross mapping confirmed this locus and
revealed two additional modifier loci (gMod-M2 and
gMod-M3) (Fig. 5). gMod-M1, located on chromosome 1 in
a region containing the ECEI gene, encoding the
endothelin-converting enzyme from a subfamily of metal-
loproteases. Endothelin-1 is activated by ECE-1 and has
been shown to promote endothelial-to-mesenchymal tran-
sition and myofibroblasts resistance to apoptosis and
therefore contribute to ECM regulation and fibrotic
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response [34]. Moreover, expression of ECE] is high in the
aortic wall supporting a role in modification of the aortic
phenotype in MFS [31]. gMod-M2, located on chromosome
10 (Fig. 5), contains PRKGI, in which gain-of-function
variants cause TAA [28]. It encodes a type I cGMP-
dependent protein kinase (PKG-1), which is activated upon
binding of cGMP and controls SMC relaxation [28].
gModM3 on chromosome 11 defines a region containing
the SLN gene encoding sarcolipin, a sarcoplasmic protein
weakly expressed in skin fibroblasts and in the aortic wall
but playing a role in calcium regulation. This locus is
statistically the strongest one because it is the result of
the cross-mapping strategy but also a significant result of
the eQTL study. To identify the mechanisms involved, we
tested the correlation between FBNI expression and SLN
expression but found none (data not shown). However,
gModM3 is also close to a gene cluster of metalloproteases,
enzymes with an important role in ECM regeneration/
remodelling. eQTL results suggests that they could be
strong candidates for a role in FBN/ transcription regulation
and therefore aortic phenotype.

Identification of genetic modifiers of a disease remains a
challenge since a very robust definition of the phenotype
need to be obtained. The challenge is even greater in rare
diseases. Indeed, despite the availability of powerful
genome-wide tools and the lowering of costs, their appli-
cation in the field of rare disease has been limited by the
size of relevant patient samples available. Our results pro-
vide evidence that this shortcoming may be overcome by
combining methods within the same population, allowing
also convergence of observations to be used as a result: this
strategy enhances study power (i.e., use of EPS [35]),
enables resistance to the effects of population structure (i.e.,
use of family-based studies) and provides embedded repli-
cation (i.e., crossover of results between genome-wide
methods). The principal limitations of the cross-mapping
strategy, as in every genetic strategy, is the loss of power if
there is a great number of underlying genetic factors and the
control of confounding factors (gender, age, evolution...).
Following this strategy, numerous genetic factors appear to
concur to the aortic phenotype variability in MFS:
genotype-phenotype correlations, gender effect (severity of
aortic phenotype in men), co-occurence of rare variants in
TAA genes and COL4AI (responsible for severe aortic
phenotype) and detection of loci for frequent modifiers
among which 9 were common to at least two meth-
ods (Figs. 1, 4) and some include excellent candidate gene
such as PRKGI, already described as an initiating gene in
TAA.
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