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Marfan syndrome (MFS, OMIM: 154700) is a heritable multisystemic disease
characterized by a wide range of clinical manifestations. The underlying
molecular defect is caused by variants in the FBN1. Meanwhile, FBN1 variants are
also detected in a spectrum of connective tissue disorders collectively termed as
‘type | fibrillinopathies’. A multitude of FBN1 variants is reported and most of them are
unique in each pedigree. Although MFS is being considered a monogenic disorder, it
is speculated that the allelic heterogeneity of FBNI variants contributes to various
manifestations, distinct prognoses, and differential responses to the therapies in
affected patients. Significant progress in the genotype—phenotype correlations of
MFS have emerged in the last 20 years, though, some of the associations were still in
debate. This review aims to update the recent advances in the genotype-phenotype
correlations of MFS and related fibrillinopathies. The molecular bases and
pathological mechanisms are summarized for better support of the observed
correlations. Other factors contributing to the phenotype heterogeneity and
future research directions were also discussed. Dissecting the genotype-
phenotype correlation of FBNI variants and related disorders will provide
valuable information in risk stratification, prognosis, and choice of therapy.

KEYWORDS

FBN1, type | fibrillinopathy, genotype-phenotype correlation, dominant negative
effect, haploinsufficiency

Introduction

Marfan syndrome (MFS, OMIM: 154700) is an autosomal dominant connective tissue
disorder, characterized by ectopia lentis (EL), aortic dilation, and a combination of
skeletal features (Judge and Dietz, 2005). In the latest nosology, MFS is exclusively
associated with pathogenic variants in the FBNI gene, although a diagnosis of MFS is
possible in the absence of genetic testing. However, variants in FBNI are also associated
with a spectrum of phenotypes (Loeys et al., 2010a). The severe end of this clinical
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continuum is neonatal MEFS characterized by early-onset
congestive heart failure secondary to progressive valve
problems (Hennekam, 2005; Loeys et al., 2010a). Conditions
at the mild end include the MASS syndrome (myopia, mitral
valve prolapse, borderline and non-progressive aortic root
dilatation, skeletal findings and striae), mitral valve prolapse
syndrome, and EL syndrome (Faivre et al, 2012). Some
patients with pathogenic FBNI variants had features that are
different from or even opposite to the manifestations of MFS,

10.3389/fgene.2022.943083

such as the skin thickening in stiff skin syndrome (SSS, OMIM:
184900), i
marfanoid-progeroid-lipodystrophy

progeroid appearance in
(MELS,
OMIM: 616914), and short extremities in acromelic dysplasia,
which include geleophysic dysplasia (GD, OMIM: 231050),
acromicric dysplasia (AD, OMIM: 102370), and type II Weill-
Marchesani syndrome (WMS2, OMIM: 608328) (Loeys et al.,
2010b; Sakai and Keene, 2019; Muthu and Reinhardt, 2020; Yang

et al, 2021). Therefore, patients with FBNI variants are

syndrome
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FIGURE 1

The demonstration of protein architecture and mutation classification strategy of FBNI gene. (A) The protein architecture of FBN1. The regions

in previous genotype-phenotype studies or mechanism studies were shown in colored blocks, including N terminus (exons 1-21), middle region
(exons 22-42), C-terminus (exons 43-65), FUN-EGF region (exons 1-11), neonatal region (exons 24-32), TGFp-regulating region (exons 43-65),
DN-CD region (exons 25-36 and exons 43—-49). Exons of strong genotype-phenotype correlations were marked, including exon 25 (poorest
prognosis), exon 26 (microspherophakia), exon 37 (stiff skin syndrome), exons 41-42 (geleophysic and acromicric dysplasia), exon 64
(marfanoid—progeroid-lipodystrophy syndrome). (B) The strategy of mutation classification of FBN1. Mutations were first broadly divided into HI and
DN groups. DN mutations were further classified according to the affected residue or affected regions. DN mutations were classified as DN (-Cys),
DN (+Cys), and DN (Calcium-binding), and DN (Others) based on the affected residues. The classification of affected regions was demonstrated in
(A). DN, dominant-negative effect; DN (-Cys), DN mutations eliminating cysteine; DN (+Cys), DN mutations creating cysteine; DN (Calcium-binding),
DN mutations affecting conserved calcium-binding motif; DN (Others), DN mutations not belonging to the above groups; Ex, exon; HI,
haploinsufficiency.

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.943083

Chen et al.

collectively termed ‘type I fibrillinopathy’ (Hayward and Brock,
1997; Faivre et al., 2008).

Molecular testing of FBNI has become an integral part of
clinical management in patients with MFS. FBN1 is positioned at
chromosome 15q21.1, which encodes a large glycoprotein
consisting of 2871 amino acids, with a predicted molecular
mass of 350 kDa (Biggin et al, 2004; Loeys et al., 2004). It
comprises 47 epidermal growth factor-like domains (EGEF-
like), among which 43 are calcium-binding (cb EGF-like),
seven transforming growth factor B-binding protein domains
(TGFBP), two hybrid domains, a proline-rich domain, a 4-Cys
motif LTBP-like domain, an NH2 unique domain, a COOH
unique domain, and a fibulin-like domain (Figure 1A) (Du et al.,
2021). FBN1 polymerizes into microfibrils which are responsible
for the elasticity or force-bearing capacity of connective tissue,
such as lens zonule, aortic wall, heart valves, and tubular bones
(Shin and Yanagisawa, 2019). To date, than
3000 FBNI1 variants have been recorded including the full
spectrum of variant types throughout the 65 coding exons and

more

interspersed introns of the gene (Groth et al, 2017).

Approximately 30% of cases are caused by new or
spontaneous variants and about 12% of all reported FBNI
variants are recurrent (Collod-Béroud et al., 2003).

Despite high penetrance, one of the unexplained features of
MES and related fibrillinopathies is the prominent phenotype
variation in the timing of onset, tissue distribution, and severity
of manifestations. A number of studies have tried to explain the
phenotypic diversity by the allelic heterogeneity of FBN1 variants
in the last 20 years. Significant correlations have emerged in
characteristics, disease progression, risk stratification, and
full of

phenotypes in multiple systems. In this review, we provide an

therapeutic responses, encompassing a range
overview of recent advances in the genotype-phenotype
correlations of MFS and related fibrillinopathies, list potential
molecular bases or mechanisms, and comment on the future
research directions, hoping to present illuminating readings for

both clinicians and researchers.

Genotype and phenotype correlation

The first genotype-phenotype correlation came from the
clinical observations that variants in patients with neonatal and
severe MFS tend to cluster in the exons 24-32 of FBNI genes,
which were referred to as the neonatal region (Putnam et al., 1996).
From then on, more and more studies explore the complexity of
the genotype-phenotype correlations. The classification of the
FBNI variants is summarized in Figure 1B. The genotype-
phenotype studies with a sample size of over 50 were
summarized in Supplementary Table S1 and visualized in
Figure 2. Although no clear-cut manifestations are predictable
for a given type of variant, the relative risk for specific organ
involvement shows some statistically significant correlations.
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Genotype and clinical manifestations
Cardiac manifestations

As the major causes of early mortality in MFS, cardiovascular
manifestations were the most investigated phenotypes in relation
to FBNI genotypes. Major cardiovascular involvement includes
aortic dilatation and dissection. The dilated aorta generally
develops at the aortic root, but the enlargement or dissection
of any part of the aorta is possible (Hiratzka et al., 2010). A solid
correlation has the potential to optimize the risk stratification of
disease monitoring and decision-making in prophylactic
surgeries. Schrijver et al. initially classified FBNI variants into
dominant-negative (DN) variants, encompassing missense
variants and inframe deletions or insertions, and
haploinsufficiency (HI) groups, including nonsense variants
and frameshift variants. It was found that ascending aortic
dissections were more common in the HI group than that in
the DN group (Schrijver et al, 2002). Salvi et al. found that
patients with HI variants exhibited a higher degree of arterial
stiffness than that with DN variants, which supports the notion
that the aortic involvement is more serious in the HI group (Salvi
et al.,, 2018). Later studies confirmed the above conclusions in
this
insignificant in several studies (Figure 2). The potential

independent cohorts; however, correlation  became
reasons underlying the inconsistent results may be the
different definitions of the aortic events, such as aortic
dilation, aortic dissection, or prophylactic surgeries, and the
different enrolled patients, such as pediatric patients, classical
MEFS, or atypical ones.

One big issue is the heterogeneity of the FBN1I variants. The
location of nonsense or frameshift variants did not affect the
severity of aortic phenotypes (Faivre et al., 2009a; Takeda et al.,
2018). However, the variants in the DN group are of considerable
heterogeneity. Missense variants affecting the critical structures,
such as disulfide-bond forming cysteines and the conserved
calcium-binding motif of the tandem cb EGF-like domains
were proved to correlate with more severe MFS (Comeglio
et al,, 2007; Zhang et al., 2021). Thus, further subgrouping of
DN variants is an important step to enlighten the real risk loci
within the different types of DN variants. Stengl et al. extracted
variants eliminating cysteines (-Cys) from the DN variants and
combined them with the HI group. It was found that patients
with HI or DN (-Cys) variants had a significantly higher aortic
involvement rate than DN variants creating cysteines (+Cys) and
other DN variants (Others). When it comes to aortic surgery,
patients with DN (-Cys) had the highest risks than HI or other
DN variants (Stengl et al., 2020). Arnaud et al. and Faivre et al.
also found that DN (-Cys) had a higher severity of aortic
dissection or surgery than DN (+Cys) and DN (Others)
variants in independent cohorts (Faivre et al., 2007; Arnaud
et al., 2021a). Aubart et al. divided MFS patients into severe
phenotype group and benign phenotype group based on aortic
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FIGURE 2

The visualization analysis of genotype-phenotype correlations in patients with MFS and related fibrillinopathies. A heatmap was applied to
describe the major conclusions of genotype-correlation studies, with the positive correlations in red, negative correlations in blue; insignificant
correlations in green; not-studied correlations in yellow. Minor conclusions or special considerations were shown in the note column. The
proportions of positive correlations were shown in the last row.
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diameter and aortic surgery history and showed more DN (-Cys)
and HI variants in the severe phenotype group but more DN
(+Cys) variants in the benign phenotype group (Aubart et al.,
2018). Comeglio et al. selected DN variants affecting calcium-
binding residues in cb EGF-like domains (Calcium-binding) and
combined them with DN (-Cys), which were significantly
associated with more severe MFS phenotypes (Comeglio et al.,
2007).

Another classification strategy is based on the location of
the variants (Figures 1A,B). The most well-known example is
the neonatal region (exons 24-32), which correlated with
globally higher severity and more complete phenotypes of
MFS. Faivre et al. revealed that variants in the neonatal
region were associated with a higher probability of ascending
aortic dilatation, aortic surgery, and shorter survival, even when
cases of neonatal MFS were excluded (Faivre et al., 2007).
Similar conclusions were also reported by other studies
(Faivre et al., 2009b; Arnaud et al., 2021a). Takeda et al.
further extended the risk regions to exon 25-36 and
43-49 based on extreme phenotype sampling and verified
the conclusions in an independent cohort (Takeda et al,
2018). DN variants affecting cysteine residues and in-frame
deletion variants in exons 25-36 and 43-49 (named DN-CD
variants) had larger aortic root Z-scores and a 6.3-fold higher
risk of aortic events compared with other patients, which was
more deleterious than variants within exons 24-32 and
comparable to patients in HI group (Takeda et al., 2018). To
sum up, DN variants are a heterogeneous group. DN (-Cys)
variants and those located in neonatal or DN-CD region have
higher risks of developing aortic events.

Besides aortopathy, other cardiac manifestations are also
studied in relation to FBNI variants. The HI variants, DN
(-Cys) variants, DN variants in the neonatal region, and FBNI
variants located in TGFBP domains or cb EGF-like domains were
associated with higher risks for mitral valve surgery (Faivre et al.,
2007; Faivre et al., 2009b; Kithne et al., 2013; Arnaud et al.,
2021a). Variants in exons 24-32 were associated with ventricular
tachycardia (Aydin et al., 2013). Earlier onset of pulmonary
artery dilatation was found in MFS children with DN variants
(Stark et al., 2020).

Ocular manifestations

Ectopia lentis (EL), the dislocation of the lens from its
physiological position, was first documented as part of MFS
by Bérger in 1914 (Uber zwei, 1914), and has been recognized as
a major criterion or cardinal feature when diagnosing MFS.
(Loeys et al., 2010a). The prevalence of EL ranges from 33%
to 72% (Konradsen and Zetterstrom, 2013; Chandra et al., 2014),
thus, a number of studies aim to address why subsets of patients
are exempt from developing EL. Contrary to aortic events, EL was
more prevalent in patients harboring DN variants (Becerra-
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Muioz et al,, 2018; Li et al.,, 2019), especially the DN (-Cys)
or DN (+Cys) ones (Faivre et al., 2007; Baudhuin et al., 2015;
Meester et al., 2022). Chen et al. and Guo et al. further proved
independently that DN variants were associated with a higher
degree of EL compared to the HI ones in cohorts of congenital EL
(Chen et al., 2021a; Guo et al., 2021). The variants associated with
EL also cluster in the N-terminus of the FBNI gene (Comeglio
et al., 2007; Faivre et al., 2007; Baudhuin et al., 2015; Meester
et al., 2022). And patients harboring variant in the neonatal
region also had a higher incidence of EL (Faivre et al., 2007). As a
special form of EL, microspherophakia is characterized by the
globular laxity of the zonules and the lens growth of which is
arrested by insufficient mechanical stretching (Kumar et al,
2019). Microspherophakia was found in about 10% of patients
with MFS and the surgical management of which is different
from other types of EL (Chen et al., 2021b; Chen et al., 2022).
Chen et al. revealed that variants in exons 22-42, especially exon
26, had higher risks of combined microspherophakia in patients
with MFS (Chen et al., 2021c).

In recent years, more and more studies of the correlation
between ocular manifestations and FBNI variants have emerged.
The axial length (AL) is the distance from the corneal surface to
the retinal pigment. Increased AL was associated with myopia
and risks for retinal detachment in patients with MFS (Fan et al.,
2014), which has been listed as a minor criterion in Ghent
1 nosology (De Paepe et al.,, 1996). However, the AL of MFS
has considerable individual variations, with short AL in about
30% of MFS patients in a full age range (Drolsum et al.,, 2015;
Chen et al., 2021b). Chen et al. showed that variants in the
C-terminus (exons 43-65), especially the TGF-$ regulating
region (exons 44-49), were associated with longer AL (Chen
etal, 2021a). Zhang et al. further showed that DN (-Cys) and DN
(Calcium-binding) variants in cb EGF-like domains positively
contributed to AL elongation (Zhang et al, 2021). The HI
variants and variants in the neonatal region were associated
with thinner central corneal thickness (Chen et al., 2021a),
which probably explained the conflicting observations of the
corneal thickness in MFS (Heur et al., 2008; Konradsen et al.,
2012). Posterior staphyloma and ciliary body cysts were more
frequently observed in patients with variants in the C-terminus
(Chen et al., 2021a). Patients with DN variants tend to show
higher corneal astigmatism compared to HI variants (Guo et al.,
2021). The correlation between FBNI variants and ocular
features other than EL only received attention in a few
studies, which demand further studies for verification.

Skeletal and other manifestations

Skeletal manifestations were the most prominent features for
MES patients, including higher arm span/height ratio, lower
upper/lower segment ratio, or

arachnodactyly, kyphosis

scoliosis, and classic craniofacial features (Sakai et al., 2016).
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Most of the genotype-phenotype correlations studied a
combination of skeletal features or systemic scores. Patients
harboring HI variants or variants in the neonatal region often
show more prominent skeletal features than those with DN ones
(Schrijver et al., 2002; Comeglio et al., 2007; Arnaud et al., 2021a;
Meester et al.,, 2022). DN (-Cys) variants were also associated
with more severe skeletal manifestations than DN (+Cys) and
DN (Others) (Faivre et al., 2009b; Arnaud et al., 2021a). Scoliosis
is a sideways curvature of the spine if a Cobb’s angle exceeds 20
on radiographs (Sponseller et al., 1995), which is found in 45%-
54% of MFES patients (Faivre et al., 2007; Arnaud et al., 2021a).
Taniguchi et al. dissect the genotype-phenotype correlations in
MES already having scoliosis and found that HI variants and
variants in the neonatal region were associated with severe
scoliosis and faster progression (Taniguchi et al, 2021).
Higher systematic scores were observed in the HI group than
that in the DN group (Stark et al., 2020). Striae, the stretch marks
of the skin, appeared more frequently in patients with HI variants
(Faivre et al., 2007). and similar correlations were found in dura
ectasia, the stretching of the dural sac (Franken et al.,, 2015).
Hernia occurred earlier in the DN group than that in the HI
group (Stark et al, 2020). All in all, like cardiovascular
manifestations, skeletal features were more prominent in
patients harboring HI variants and those located in the
neonatal region.

Other type | fibrillinopathies

Strong genotype-phenotype correlations exist in some of
the subtypes of type I fibrillinopathies. In 2010, Graul-
Neumann et al. detected a heterozygotic ~FBNI
c.8155_8156del variant in the exon 64 from a 27-year-old
patient with congenital lipodystrophy, a progeroid facial
appearance, and some signs of MFS (Graul-Neumann et al.,
2010). This observation was further supported by independent
studies that FBNI variants associated with progeroid
phenotypes all clustered within exon 64, which is the
extreme C-terminus (Goldblatt et al., 2011; Horn and
Robinson, 2011; Takenouchi et al., 2013; Jacquinet et al,,
2014; Romere et al., 2016; Lin et al., 2020). The term,
MFLS, is proposed to recognize the clinically distinct form
of fibrillinopathy (Passarge et al., 2016). GD and AD were
known as “the mirror image” of MFS, which are characterized
by short stature, short extremities, joint limitation, skin
thickening, cardiac valvular thickening, and
pseudomuscular build (Marzin et al., 2021). FBNI variants
associated with GD and AD are exclusively distributed in
exons 41-42 (Le Goff et al, 2011), indicating that the
the fifth TGFBP domain, is

associated with short tubular bones and stiff joints. FBNI

corresponding  region,

variants causing SSS all cluster within exon 37, corresponding
to the fourth TGFBP domain, the disease of which is
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characterized by joint stiffness and flexion contractures
secondary to hard and thick skin (Loeys et al., 2010b). Like
GD and AD, WMS2 also belongs to acromelic dysplasia but
had a higher prevalence of EL. Most of the FBNI variants
associated with WMS2 were located in the exons 41-42
(Newell et al., 2017; Cheng et al,, 2018), though inframe
deletion of exons 9-11 was also reported in a proband of
WMS2 (Sengle et al., 2012). Thus, different presentations of
FBNI variant carriers probably reflect the distinct roles of
FBN1 segments.

Genotype and prognostication

Recent studies not only showed the correlation between
FBNI variant types and clinical presentation but also revealed
that they have prognostic implications on disease progression
and survival in MFS patients. The life expectancy of MES is
largely threatened by aortic dissection or rupture, which is the
major cause of premature death (Roman and Devereux, 2020).
Franken et al. found more rapid aortic dilation in patients with
HI than those with DN variants, especially at the aortic root and
at the tubular ascending aorta, leading to a 3.3-fold increased risk
of death and dissections (Franken et al., 2017). Franken et al. also
observed the long-term survival of patients carrying different
types of FBNI variants. The study demonstrated that individuals
with HI variants had a 1.6-fold increased risk for any aortic
complication a 2.4-fold increased risk for the combined endpoint
comprising death and dissection, and a 2.5-fold increased risk for
cardiovascular death compared to patients with a DN variant
(Franken et al, 2016). Thus, MFS individuals carrying HI
variants should benefit from closer follow-up and more
vigorous medical treatment. However, these correlations failed
to replicate in an independent cohort of MFS children who had
aortic Z-score > 3 (Meester et al., 2022). Thus, the predictive
value of FBNI variants and disease progression requires further
investigations in larger cohorts with appropriate age
stratification.

Another set of variants well-known for their poor
prognosis is those located in the neonatal region. Though
FBNI variants located in the neonatal region were neither a
sufficient nor necessary condition for developing neonatal
MES, they were overrepresented in MFS patients with severe
involvements and were associated with shorter overall survival
(Faivre et al., 2007; Faivre et al., 2009b). Faivre et al. conducted
in-depth research on variants located in the neonatal region
and found that variants in exon 25 were associated with the
shortest survival (Faivre et al., 2009a). This observation was
further replicated by Stheneur et al. in MFS patients diagnosed
before 1 year old (Stheneur et al., 2011). Thus, parents and
clinicians caring for young MFS patients with variants in exon
25 should be made aware of the suboptimal prognosis. It is
worth noting that patients with a HI located in exons
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24-32 rarely displayed a neonatal or severe MFS presentation.
The overall MFS phenotype was less severe in HI variants in
the neonatal region than in DN variants in the same area
(Faivre et al, 2009a). In summary, individuals with DN
variants in exons 24-32 and especially exon 25 generally
had a poorer prognosis than other variants.

Genotype and medication

Prophylactic usage of [-blockers is recommended for MFS
patients to ameliorate aortic dilation by reducing stress on the
aorta (Hiratzka et al., 2010; Erbel et al,, 2014). Animal models of
Marfan syndrome showed promising outcomes for losartan, an
angiotensin II type 1 receptor blocker, as a potential therapy to
attenuate aortic dilation (Habashi et al., 2006; Habashi et al., 2011).
However, the beneficial effect of losartan was controversial and
inconsistent among clinical studies (Groenink et al., 2013; Lacro
et al,, 2014; Milleron et al., 2015; van Andel et al., 2020). Franken et al.
showed that losartan reduced aortic root dilatation rate significantly
in adult MES patients from the HI group instead of the DN group
(Franken et al., 2015). Meester et al. conducted a similar clinical trial
in MFS children with the Z-score > 3. However, the curative effects of
atenolol or losartan did not differ much in patients with DN variants
or HI variants (Meester et al, 2022). Thus, it warrants further
investigation whether the conflicting results come from the age
difference or other potential confounding factors within the two
studies. Den Hartog et al. observed that patients with an HI variant
showed improvement in biventricular end diastolic volume and
stroke volume upon losartan treatment independent of changes in
blood pressure, which is not found in DN variant carriers (den
Hartog et al., 2016). Despite some inconsistent observations, these
studies provide novel insights into the personalized medication for
MES patients based on genetic background.

Molecular relevance

The correlation between the FBNI variant and diverse
presentations is not a coincidence but has its molecular
FBN1 is a large glycoprotein with
multidomain structures and plays different roles in multiple

relevance. complex
tissues. Thus, the mutation effects are not only complicated by
the variant type but also involve the affected loci, tissue diversity, and
associated proteins. It is worth noting that most of the experimental
evidence is indirect and should be considered regarding the
limitations. The underlying mechanism warrants more studies.

Composition and conformation diversity

The composition of FBNI microfibril is tissue-dependent.
Microfibrils are subgrouped into three categories depending on
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the association of elastin, including fibers that are elastin-rich
microfibril bundles (ERMB), elastin-free microfibril bundles
(EEMB), and a continuum intermediate phase (Gawlik, 1965).
FBN1 plays a crucial role in elastogenesis, acting as an organized
network for the soluble precursor of elastin (tropoelastin).
Tropoelastin molecules are deposited extracellularly onto the
FBN1 scaffold and are subsequently processed by the lysyl
oxidase enzyme for the formation of cross-links (Shin and
2019).
microfibrils also differs in organs, which suits the functional

Yanagisawa, The organization of elastin-associating
integrity of the tissue. The elastic fibers form fenestrated
concentric rings that support tissue compliance in the thoracic
aorta while organizing as a loose meshwork in the skin,
contributing to the pliability of the skin (Ramirez and Sakai,
2010). At the dermal-epidermal junction, the fibers run parallel
to the epidermis with turn-offs coursing anchoring the deeper elastic
fibers to the basement membrane (Sakai et al., 2016). ERMBs are
more elastic in nature and are enriched in the tunica media of the
aorta (Shin and Yanagisawa, 2019). The stiffness increases in the
aorta of MFS and the pathological findings include elastic lamellae
degradation and focal cystic medial necrosis (Nataatmadja et al.,
2003; Salvi et al., 2018). There are more EFMBs in tissue where
strength and rigidity are needed, including lens zonules and
periodontal ligaments. The zonule is a radially oriented apparatus
suspending the lens at the optic center and exerting force from the
ciliary body in accommodation (Bassnett, 2020). Electron
microscopy studies revealed fragmented, wavy, disorientated
zonule fibers in eyes of MES (Farnsworth et al.,, 1977; Pessier and
Potter, 1996). Besides elastin, the presence of some microfibril-
associated proteins also differs in organs, including Fibulin-2
(Reinhardt et al.,, 1996), Perlecan (Tiedemann et al., 2005), and
LTBP2 (Hirani et al, 2007). Together, the complex roles of
FBN1 and associated proteins in different tissue probably shed
light on the organ selectivity of certain FBNI variants.

There are also ultrastructure differences of microfibrils,
which may correlate with the unique function in specific
tissues. Though the exact packing models are still in debate,
microfibrils display a typical “beads-on-a-string” appearance
with uniform diameters (10-12 nm) and lengths (160 nm)
(Cain et al, 2006; Jensen et al, 2012). Eckersley et al
compared the microfibrils isolated from the human eye and
those in the skin and found that microfibrils differed in bead
morphology and regional proteolytic susceptibility (Eckersley
et al., 2018). Specifically, microfibrils in the eye had a higher
central bead height and more lytic peptides between the cb EGF-
like domains 38-43 than that of the skin, while the inter-bead
periodicity was similar (Eckersley et al., 2018). However, only
minor differences were observed between bovine adult aorta- and
ciliary zonule-derived microfibrils (Lu et al., 2006). To sum up,
the above evidence provides fundamental insights into the tissue-
specific functions of microfibril but more studies were demanded
to further clarify their relationship with the observed genotype-
phenotype correlations.
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Mutation effects

At the molecular level, FBNI variants are mainly associated
with two variant effects: 1) DN effect and 2) HI effect. DN effect
generally happens in missense and inframe variants when the

incorporation of mutated FBN1 monomers impairs
polymerization, thereby creating structurally inferior
microfibrils. About 80% of individuals with cysteine
substitutions had normal levels of FBNI synthesis but the

secretion was significantly delayed (Schrijver et al, 1999).
Experiments showed that both the newly synthesized FBN1 of
the normal and mutated allele was retained intracellularly,
consistent with the DN effects (Schrijver et al., 1999). The HI
effect leads to the degradation of mutant mRNA by the nonsense-
mediated decay system, commonly seen in frameshift, nonsense,
and splicing variants. In the majority of samples with frameshift
or nonsense variants, synthesis of normal FBNI at protein level
measured by pulse-chase analysis of cultured fibroblasts was
around 50% of control levels (Schrijver et al, 2002). This
decrease leads to the enhanced activation of TGF-{ signaling,
which results in increased apoptosis, disordered arrangement of
smooth muscle cells, and impaired biochemical properties
(Granata et al, 2017). Inhibition of TGFp signaling by
neutralizing antibody or losartan, which is an upstream
regulator of TGFp, is effective in preventing aortic aneurysms
in Fbnl mutant mice (Habashi et al., 2011). However, the
association between TGFp signaling and the pathogenesis of
MEFS is complicated. The knock-out of TGF-f2 or its receptor has
been shown to facilitate aneurysm formation (Lindsay et al,
2012; Wei et al., 2017). And the neutralizing antibody of TGF-(
was found to increase the aortic dissection death in another mice
model of MFS which was delayed but not prevented by losartan
(Cook et al., 2015). Meanwhile, the activation of TGF-p signaling
seems to have minimal effects on the microfibril in lens zonules,
since variants of genes in TGF-p signaling could lead to Loeys-
Dietz syndrome with Marfanoid phenotypes in the absence of EL
(Meester et al., 2017).

Several studies were devoted to revealing the mechanism
differences underlying the HI and DN variants. Xu et al.
confirmed the cardinal pathological findings in the aorta of
MES but found that elastic fibers and smooth muscle cells
were sparser in patients with HI variants than those observed
in patients with DN variants (Xu et al,, 2020). Verhagen et al.
compared the transcriptomic and proteomic profiles of the aorta
aneurysm between HI and DN variants and observed impaired
mitochondrial respiration only in HI variants, indicating the
critical role of mitochondrial dysfunction in the pathogenesis of
aortic aneurysm (Verhagen et al., 2021). Burger et al. revealed
reduced SMA expression, decreased pSMAD2/SMAD?2 ratio, and
impaired transdifferentiation potential upon TGFp stimulation
in the skin fibroblast of DN variants rather than HI variants
(Burger et al., 2021). However, this discrepancy is of uncertain
significance since the obtained vascular smooth muscle cell-like
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cells from the transdifferentiation exhibited comparable
contractility and migration capacity between the two groups
(Burger et al., 2021). However, these studies only studied limited
cell types from a small number of patients within DN or HI
groups. Thus, more evidence is needed to elucidate the
discrepancy underlying DN and HI variants.

However, the ultimate effect of an FBN1 variant at the
protein level is hard to predict on the basis of sequence
information alone. FBNI variants with premature termination
codons might escape nonsense-mediated decay in specific
circumstances and produce a truncated protein exerting the
DN effect. Alternatively, predicted DN variants can produce a
protein that gets trapped in the endoplasmic reticulum and thus
leads to diminished FBN1 deposition in the extracellular matrix
(Whiteman and Handford, 2003). Moreover, how to classify
splicing variants of FBNI is another big issue. Previous studies
classified splicing variants as HI variants, DN variants, or an
independent group. Some of them perform in silico prediction or
functional experiments, the others excluded splicing variants
from analysis
splicing variants of FBNI were predicted to be inframe, the
stability of the mutated protein is severely impaired, which
showed a similar effect as HI (Liu et al., 2001). Some splicing

(Supplementary Table S2). Though most

variants also had multiple outcomes, which further complicated
the evaluation (Hu et al., 2022). Cryptic splice sites in the coding
of
misclassification of splicing variants into the DN group,

sequences also demand more attention in case
especially for genes with multiple exon-intron junctions like

FBNI (Sadusky et al., 2004).

Sequence-specific function

Patients with nonsense or frameshift variants seemed to have
phenotypes independent of termination sites (Faivre et al., 2009a;
Takeda et al., 2018), probably because of a similar effect on FBN1I
degradation (Lykke-Andersen and Jensen, 2015). In contrast,
patients with DN variants display a broad spectrum of
presentations, indicating that the coding regions affected by
DN variants are probably of diverse functions. FBN1 not only
serves mechanical roles but is also involved in cell signal
pathways which are mediated by specific sequences. Thus,
variants in different regions of FBNI are likely to have diverse
functions.

The N-terminus of FBN1 serves as an important platform to
interact with a multitude of extracellular components. Thomson
et al. summarized that the most FBN1-binding proteins interact
with FBN1 through the N-terminus (Thomson et al, 2019),
including both the extracellular architectures, such as ADAMTS6
(Cain et al., 2016), ADAMTSL2 (Sengle et al, 2012), and
CLSTN1 (Cain et al, 2009), as well as signaling modulators
encompassing LTBP1 (Ono et al.,, 2009) and BMP-2, 4, 5, 7, 10
(Wohletal., 2016). Some of them were associated with congenital
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EL, such as LTBP2 (Hirani et al., 2007) and ADAMTS10 (Kutz
et al,, 2011). The N-terminus is also indispensable in the self-
assembly of FBNI. Yadin et al. found that the N-terminal
sequence to the first three EGF-like domains (FUN-EGF3)
interacted with the heparan sulfate near the cell membrane to
promote the oligomerization of the C-terminal cb EGF-like
domains 41-43, which thereafter competed with the binding
of FUN-EGF3 to heparan sulfate, resulting in the regulated end-
to-end assembly of FBN1 (Yadin et al.,, 2013). They also revealed
that the Arg62 is the crucial residue for the self-assembly, the
missense variant of which is one of the frequent pathogenic
variants for congenital EL in a Chinese cohort (Chen et al,
2021¢).

FBNI has a modular structure with a tandem array of EGF-
like domains, 43 of which are capable of calcium-binding, the cb
EGF-like domains. These domains contain the calcium-binding
consensus motif D/N-XD/N-E/Q-Xm-D/N-Xn-Y/F (where m
and n are variable), which provides microfibril a rigid rod-like
conformation (Downing et al, 1996). An increased protease
susceptibility due to reduced calcium affinity is a mechanism
reported for missense variants (Booms et al., 2000; Reinhardt
et al., 2000). Disulphide bonds formed among the six cysteine
residues in EGF-like and cb EGF-like domains, in a C1-C3, C2-
C4, and C5-C6 pattern, further contribute to further stabilizing
FBNI1 (Werner et al, 2000). Variants affecting the cysteines
resulted in protein misfolding, leading to defective secretion
and stimulation of endoplasmic reticulum stress (Whiteman
and Handford, 2003; Suk et al, 2004). These pathological
mechanisms emphasize the importance of calcium-binding
and disulphide-forming for the structural integrity of FBNI.
Thus, the studies above probably explain more severe
phenotypes observed in patients with DN (-Cys) and DN
(Calcium-binding) variants (Comeglio et al, 2007; Zhang
et al, 2021). The neonatal region includes the central longest
stretch of 12 cb EGF-like repeats while the newly defined DN-CD
region incorporated more arrays of cb EGF-like repeats into the
neonatal region (Takeda et al., 2018). Smallridge et al. showed
that the 12-13th cb EGF-like domains possess the highest
calcium affinity of any other domains in FBNI1, which are
located in the center of the neonatal region (Smallridge et al.,
1999). Thus, the high calcium affinity is crucial for the rigidity of
the neonatal region and could probably explain why variants in
this region were at risk of severe phenotypes.

Interspersing the cb EGF-like array are the TGFBP domains,
which were characterized by four pairs of disulphide bonds in a
C1-C3, C2-C6, C4-C7, C5-C8 arrangement with a hydrophobic
core. In contrast to the cb EGF-like domains, the TGFBP
domains contribute to the flexibility of FBN1 by interacting
with flanking cb EGF-like domains (Kielty et al, 2005). A
strong correlation is found in TGFBP domains that all FBNI
variants associated with SSS are all located within the fourth
TGFBP domains (exon 37), the unique feature of which is the
Arg-Gly-Asn sequence for integrin binding (Bax et al., 2007).
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Loeys et al. found that FBNI variants in exon 37 resulted in
excessive and tightly packed microfibril and impaired integrin
interaction in SSS, which is distinct from that of MFS (Loeys
et al., 2010b). Meanwhile, FBNI variants found in individuals
with GD and AD are located in the fifth TGFBP domain (exons
41-42) (Loeys et al., 2010Db). Jensen et al. compared the synthesis
and deposition profile of FBNI variants causing SSS, AD, and
MES and concluded that the primary pathology of SSS and AD
was the defective cell-surface interactions which were distinct
from the defect in FBN1 synthesis or assembly in MFS (Jensen
et al., 2015). Therefore, FBN1 variants in TGFBP domains have
distinct mechanisms associated with SSS, GD, or AD.
Increased TGFP bioavailability has been correlated with
FBNI1 variants and contributed to the pathogenesis of aortic
dilation. Beyond sequestering the latent complex of the TGEF-
B, FBN1 also modulates TGF-p signaling through fragments of
exons 44-49, which is named as TGF-{ regulating sequence.
Chaudhry et al. found the recombinant protein fragments
encoded by exons 44-49 strongly bind to the N-terminus of
FBNI1, which facilitated the displacement of large latent
subsequent of TGF-p. It is
that  this degraded
FBN1 protein in pathological situations where there is

complex and release

hypothesized fragment from
increased proteolysis or inflammation might contribute to
the phenotype in Marfan syndrome (Chaudhry et al., 2007).
This evidence potentially correlates with the progressive aortic
involvement and elongated axial length of the eyeball
associated with the variants in this region (Takeda et al,
2018; Chen et al., 2021a). More studies were warranted to
further validate the genotype-phenotype correlations in this
region.

The extreme C-terminus of FBN1 has a unique role as a
circulating hormone, which was discovered by studying the
genotype-phenotype correlation. In 2016, Romere et al.
identified a novel glucogenic adipokine, asprosin, based on
the fact that FBNI variants in the exon 64 were associated with
atypical ‘MFS’ patients with progeria and lipodystrophia.
Asprosin is the C-terminal of pro-FBN1 which is cleaved
by the protease furin (Romere et al., 2016). It was secreted
by white adipose, triggering the liver glycogenolysis and the
release of insulin (Romere et al., 2016). It was further proved
to be a centrally-acting orexigenic hormone, which promoted
appetite and body weight (Duerrschmid et al., 2017). The
discovery of asprosin based on genotype-phenotype
correlation studies provides a novel therapeutic target to
treat diabetes and obesity.

Other factors contributing to
phenotype

At present, it is not possible to predict the phenotype solely
based on FBNI variant. Recurrent variants may lead to distinct
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phenotypes in different probands, let alone the intrafamilial
variability, re-enforcing the notion that factors other than the
causative variant also contribute to the phenotypic heterogeneity
of MFS.

The mutational effects of the FBNI gene are modulated at
multiple levels from the mRNA transcription and translation
to protein multimerization, and from the incorporation into
the extracellular matrix to the degradation hereafter.
Therefore, the resulting clinical phenotype cannot easily be
predicted based on variants at the genomic level alone. One
hypothesis is that the phenotype of MFS is modulated by the
residual mRNA expression of the unaffected allele. Aubart
et al. cultured the skin fibroblasts from a cohort of MFS with
HI variants and quantified the expression level of mRNA
synthesized from the wild-type allele (Aubart et al., 2015).
It was found that a lower residual expression of FBN1 protein
accounts for higher risk of EL, pectus abnormality, and aortic
dilatation (Aubart et al., 2015). However, it demanded further
studies on whether the mRNA expression of FBNI could
explain the intrafamily variability. (De Backer et al., 2007).
Quantitation of FBN1 protein synthesis and matrix deposition
seems to be the ultimate method to correlate the MFS
phenotype. Aoyama et al. developed ‘Fibrillin phenotyping’
which divided patients with FBNI variants into five groups
based on the synthesis and deposition of FBN1 protein from
the skin fibroblasts (Aoyama et al., 1994). It was found that
most missense variants did not affect the synthesis of
FBNI1 protein while both the missense and frameshift
variants can lead to decreased deposition of FBN1. More
severe cardiac complications at an earlier age were seen in
groups with FBN1 deposition < 35% (Aoyama et al., 1995).

The incorporated microfibrils also interacted with other
extracellular proteins. Thus, an alternative explanation for the
individual variation is the involvement of modifier genes.
Aubart et al. identified co-occurrence of rare variants in
SMAD3 and COL4A1 and modifier loci containing ECEI,
PKGI, and SLN in MFS patients with severe aortic
phenotype (Aubart et al., 2018). Common variants of the
COLIAI had been shown to exert a protective effect on
scoliosis while rare variants of MYHI1 were associated with
ectopia lentis (Gentilini et al., 2019). Epigenetic factors were
found to influence the aortic manifestations and progression
in patients with MFS too. Van Andel et al. identified
28 differentially methylated regions (DMPs) associated with
aortic diameters, 7 DMPs with aortic diameter growth, and
5 DMPs with aortic events by genome-wide DNA-methylation
profiling of peripheral whole-blood samples (van Andel et al.,
2021). Meanwhile, around 0.64% of MFS patients carried
more than one FBNI gene variant which could be
overlooked in routine examinations (Arnaud et al., 2017).
Somatic mosaicism for a mutant FBNI allele was associated
with milder manifestations, compared to those of germ-line
transmission (Montgomery et al., 1998; Arnaud et al., 2021b).
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Discussion

In monogenic disorders, an established correlation between
genotype and phenotype is a premise for predicting prognosis,
enabling prophylaxis, and promoting clinical follow-up in
affected patients. In the last 20 years, a number of studies
tried to dissect the complexity of the genotype-phenotype
correlation of MFS and related fibrillinopathies. Though some
observations were inconsistent, statistically  significant
correlations emerged which provided illuminating readings to
understand the pathophysiology of MFS. However, most of the
reviews focus on the correlations regarding aortic events and lack
a summary of potential molecular relevance. (Loeys, 2016; Stengl
et al, 2021). In this review, we update the latest genotype-
phenotype correlation studies on the full range of the
phenotypes of MFS and related fibrillinopathies and provide
potential explanations for the observed correlations at the
molecular level.

Early studies on genotype-phenotype correlation began
with the susceptibility to EL and aortic dilatation (Schrijver
et al., 2002; Loeys et al., 2004). Later studies expanded the
studied phenotypes to almost all aspects of the MFS
manifestations, including the axial length of the eyeball
(Chen et al., 2021a), astigmatism of the cornea (Guo et al,
2021), severity of scoliosis (Taniguchi et al., 2021), and
incidence of ventricular tachycardia (Aydin et al., 2013).
Meanwhile, detailed parameters were applied instead of a
broad description of aortic events, such as the aortic root
diameters and the aortic stiffness (Franken et al., 2017; Salvi
et al., 2018). The long-term survival, disease progression, and
response to medication were also explored in relation to the
FBNI1 variants (Franken et al., 2015; Franken et al., 2017; den
Hartog et al., 2016). The subjects investigated also include
various populations, from the Ghent-positive to atypical ones
(Faivre et al., 2009¢; Baudhuin et al., 2015), and from the adult
(Franken et al., 2015; den Hartog et al., 2016) to pediatric
patients (Faivre et al., 2009b; Meester et al., 2022). Some
correlations even help to establish a new nosology of
fibrillinopathies (Loeys et al., 2010b; Passarge et al., 2016;
Marzin et al, 2021) and assisted in identifying a novel
hormone, i.e., asprosin (Romere et al., 2016; Duerrschmid
et al.,, 2017). In summary, the DN variants are associated with
a higher prevalence of EL while severe cardiac and skeletal
phenotypes are more common in the HI variant carriers. The
DN variants in the neonatal region and DN (-Cys) variants
were correlated with globally more severe MFS phenotypes.
Thus, molecular testing of FBNI variants will play an
increasingly important role in the precise medicine of MFS
in the near future. However, the correlations regarding ocular
and skeletal manifestations received less attention, and
qualified research has just emerged in recent years. The
disease progression and long-term prognosis of these
phenotypes demands more studies. Most studies were
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cross-sectional and adapted Kaplan-Meier analyses to control
the
Nevertheless, the studies of disease progression in long-

phenotype variation caused by age difference.
term follow-up cohorts will provide more valuable insights.

The classifications of FBNI variants also evolve as the
research goes on (Figures 1A,B). Dividing the FBNI variants
into DN and HI is commonly seen. It is widely accepted that
patients with DN variants have higher risks of EL while those
with HI variants are more likely to develop aortic events.
However, the associations between HI variants and aortic
involvements seem to be less reproductive, even in some
large cohorts (Figure 2) (Comeglio et al., 2007; Faivre et al,,
2007; Meester et al., 2022) Later researchers came to realize
the heterogeneity of DN variants and proposed two
subgrouping schemes. The first one was based on the
affected amino acid, which divided the DN variants into
DN (-Cys), DN (+Cys), or DN (Calcium-binding) variants.
The second one classified DN variants based on the affected
region, including the N-terminus, C-terminus, and neonatal
region. Recent studies suggested that DN (-Cys) variants and
variants in the neonatal region were closer to HI variants in
nature than other DN variants, (Faivre et al., 2009b; Stengl
et al., 2020), while DN (+Cys) variants were associated with
fewer aortic events but similarly high incidence of EL when
compared to DN (-Cys) (Faivre et al., 2007; Stengl et al., 2020;
Arnaud et al., 2021a). A new region was also identified by
taking both the protein structure and the variant clusters of
extreme phenotypes (Takeda et al., 2018). Thus, it would be
interesting to apply these newly developed classification
methods to more phenotypes and independent cohorts.

In 2016, Verstraeten et al. proposed that completion of the
mechanistic puzzle of MFS might be feasible within the next
10-15 years (Verstraeten et al., 2016). The sparse and
disorganized elastin fibers, the overactivation of TGFp
and the
apoptosis of smooth muscle cells were cardinal mechanisms
in aortopathy of MFS (Schrenk et al., 2018). Recently,

inflammation,

signaling and subsequent tissue remodeling,

endoplasmic  reticulum  stress, and
mitochondrial dysfunction were also reported to contribute
to the molecular mechanism (Siegert et al., 2019; Verhagen
et al,, 2021; Lim et al., 2022). However, it seems that the
mechanism underlying the phenotypic diversity of FBNI
variant carriers demanded more time to elucidate. We
summarized the molecular relevance of the observed
the

accepted DN and HI theories. The tissue-specific monomer

genotype-phenotype  correlations, beyond widely

conformation and polymer composition provided the
fundamental insights for the organ selectivity of the same
variant while the unique function among certain regions of
FBN1 partially explains the variant effects among different
variants. However, most of these evidences were indirect and
the functional studies of genotype-phenotype correlations of
FBNI variants are limited. Most of them tested the tissue or
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fibroblasts the
recombinant segments of FBN1 in cultured fibroblasts
(Schrijver et al, 1999; Whiteman and Handford, 2003;
Burger et al., 2021). Meanwhile, the molecular genotype-

derived from patients or expressed

phenotype studies were complicated by the large molecular
weight and multiple involved cell types. Patient-derived
induced pluripotent stem cells (iPSC) have certain potential
in tackling the above troubles and are powerful to tools to
study genotype-phenotype correlations in certain diseases
(Nevin et al., 2017; Kathuria et al., 2020). iPSCs derived
from MFS patients were shown to mimic the skeletal and
aortic pathology of MFS (Quarto et al., 2012; Granata et al.,
2017; Park et al., 2017). Establishing iPSC models of desired
types of FBN1 variants and differentiating them into target
cells will be helpful in understanding the molecular
mechanism underlying genotype-phenotype correlations.

lack genotype-phenotype
correlations of MFS so far. Though FBNI variants related
to some fibrillinopathies, such as GD, AD, SSS, and MFLS
exclusively clustered in certain regions, the variants in the

There is a of clear-cut

same region also led to classical MFS, which is hard to predict
without the comprehensive phenotype analysis of the patient.
Variants in neonatal region can also occur in patients with
mild and atypical MFS (Faivre et al., 2009a; Zhang et al., 2021).
Thus, patients with variants of high risks of aortic events
should receive more frequent examinations while those
carrying less deleterious variants should not be exempted
from follow-up, considering the life-long risks of aortic
dissection (Gaudry et al., 2021). Researchers have explored
other factors contributing to the phenotypes, including FBN1
expression at mRNA and protein level (Aoyama et al., 1994;
Aubart et al., 2015), modifying genes (Aubart et al., 2018), and
epigenetic factors (van Andel et al., 2021). Thus, a prediction
model of phenotype and prognosis is warranted in the future
which should incorporate both genotypes and modifying
factors.

Though genetic testing is not mandatory to establish the
diagnosis of MFS, with the growing knowledge of genotype-
phenotype correlation, FBNI sequencing plays an increasingly
important role in the clinical management of MFS and related
fibrillinopathies of risk
monitoring, and personalized medication. Clinical studies of

in terms stratification, ~disease
large sample size and long-term follow-up were warranted to
settle the inconsistent correlations. More molecular studies
would be beneficial which provide more solid evidence for the

established correlations.
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