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Introduction

Mitral valve prolapse (MVP) is a common disorder, with a prevalence of 2-3% in
the general population. It is the most common cause of primary mitral regurgitation
requiring surgery [1], making the underlying etiology of this condition of significant
interest. As a familial pattern is observed in up to half of cases [2, 3], much work has
sought to determine the underlying heritable components that may contribute to this
condition. In this chapter, we focus on the genetics of mitral valve prolapse, provid-
ing a broad outline of the loci known to be associated with syndromic and non-
syndromic forms of MVP, a historical perspective of how some of these loci came
to be identified, and a discussion of how these findings have led to novel frame-
works for our understanding of at least subsets of patients with this condition.
Elucidating the genetic underpinnings of MVP will further our understanding of the
biological basis of this disease, and may allow earlier detection of asymptomatic
individuals and prediction of disease progression.

Given its prevalence, MVP would be predicted to be a complex polygenic disease
trait that adheres to the common disease-common variant hypothesis. Based on the
latter, common heritable diseases in the population result from underlying genetic
contributors (changes in coding or regulatory sequences of genes or variants) that
are also common in the population [4]. According to this model, individual variants
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at disease-influencing genes confer a small additive or multiplicative susceptibility
to the expression of the disease phenotype [4]. However, as is the case with many
common diseases, a subset of MVP cases cluster tightly within families and follow
a Mendelian pattern of inheritance suggesting the presence of rare variants with
strong effects on disease pathogenesis [3]. Mendelian inheritance patterns relevant
to non-syndromic MVP include autosomal and X-linked dominant, both of which
are characterized by a single mutated copy of the causative gene is sufficient to
yield the disease phenotype with the latter characterized by the absence of male-
to-male transmission. Towards this end, classic genetic linkage analysis led to the
earliest detection of the chromosomal locations of disease genes associated with
MVP. More recent studies have leveraged next-generation sequencing technologies
whose higher throughput have afforded the ability to perform genome-wide associa-
tion studies (GWAS) as well as the interrogation of all coding sequences (whole-
exome sequencing) in affected individuals.

Histology and Pathophysiology of MVP

MVP is characterized by a slow and progressive increase in the length and area of
mitral valve tissue leading to thickening of the leaflets, their prolapse in systole
beyond the mitral annulus into the left atrium, and associated mitral regurgitation.
The extracellular matrix (ECM) constitutes the fibro-skeleton of a normal mitral
valve. Normal mitral valve leaflets demonstrate three distinct tissue layers on histo-
logic examination: the atrialis (composed of elastic fibers and directed towards the
atrial-facing surface) provides elasticity, the spongiosa (composed of an interwoven
network of glycosaminoglycans and proteoglycans within a spongy elastin network
making up the middle layer) provides flexibility, and the fibrosa (composed of col-
lagen fibers and directed towards the ventricle) provides tensile strength [5]. MVP
is histologically characterized by myxomatous degeneration, a consequence of
ECM dysregulation. In myxomatous valves an accumulation of proteoglycans leads
to expansion of the spongiosa layer, structural alterations in all collagen compo-
nents of the valve leaflets, and structurally abnormal chordae containing increased
amounts of glycosaminoglycans [6-8].

Genetic Basis of Syndromic MVP

Syndromic MVP (Table 10.1) refers to those etiologies of disease that are thought
to be secondary or associated with an identifiable disorder.

MVP as Part of Connective Tissue Disorders

The vast majority of known syndromic forms of MVP can be broadly associated
with defects in the transforming growth factor p (TGF-p) superfamily signaling
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Table 10.1 Loci or causative genes associated with syndromic and non-syndromic mitral valve
prolapse

Syndromic

Marfan Syndrome FBNI

Loeys-Dietz Syndrome TGFBRI, TGFBR2, TGFB2, TGFB3, SMAD3

Juvenile Polyposis Syndrome ~ SMAD4

Ehlers-Danlos Syndrome >20 genes (COLIAI, COLIA2, COL3A1, COL5A1, COL5A2,
ADAMTS2, FKBP14, PLODI, TNXB)

Trisomy 18 (Edwards Chr 18

syndrome)

Trisomy 13 (Patau syndrome)  Chr 13

Klinefelter syndrome Chr X

Tetralogy of Fallot JAGI, GATA6, TBX1, GATA4, NKX2-5

Non-Syndromic

X-linked Mitral Valve Chr X FLNA

Dystrophy

Autosomal Dominant MVP Chr 11 DCHS1

(MMVP2)

Autosomal Dominant MVP Chr 13 DZIP1

(MMVP3)

Autosomal Dominant MVP Chr 16 -

(MMVP1)

pathway or important components of the ECM. The TGF-f signaling pathway
involves numerous cytokines acting through specific cell-surface receptors to medi-
ate diverse cellular processes including cell proliferation, differentiation, and apop-
tosis via a number of intracellular signaling molecules [9] while the ECM describes
highly dynamic non-cellular component of all tissues and organs that both physi-
cally scaffolds cellular constituents and initiates the biochemical and biomechanical
cues necessary for appropriate tissue morphogenesis, homeostasis, and physiologic
function [10]. Indeed, the ECM and TGF-f signaling pathway are themselves inti-
mately linked, a relationship that is perhaps best exemplified in the context of
Marfan syndrome, an autosomal dominant systemic connective tissue disorder that
results from mutations in the ECM protein fibrillin-1 [11-13] resulting in cardiovas-
cular, skeletal, and ocular manifestations in affected individuals. TGF-§ isoforms
are synthesized as precursor proteins that are proteolytically processed and secreted
by cells in an inactive form as large latent complexes (LLCs) which are then seques-
tered by ECM proteins, including fibrillin-1, and rapidly released by proteases in
response to physiologic or pathologic cues [14]. In Marfan syndrome, a reduction in
fibrillin-1 is thought to result in deficient LLC sequestration and a concomitant
excess of TGF-p signaling as has been demonstrated in mouse models of this dis-
ease [15]. MVP is frequently seen in patients with Marfan syndrome, with studies
describing a widely varied prevalence from 28-80% [16—-20]. Furthermore, Marfan
syndrome mice demonstrate postnatally acquired myxomatous changes in the archi-
tecture of the mitral valve that correlate temporally with increased TGF-f} signaling,
a phenotype that can be rescued in vivo by TGF-f antagonism consistent with a
causal mechanism [21]. Loeys-Dietz syndrome is another connective tissue disorder
that shares many cardinal features of Marfan syndrome, including an increased
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prevalence of MVP [22, 23], and results from mutations in several TGF-f signaling
pathway members including TGF-} receptors 1 and 2 (TGFBRI and TGFBR?2), the
downstream TGF-f signaling pathway effector mothers against decapentaplegic
homolog 3 (SMAD?3), as well as the cytokines TGF-p 2 and TGF-p 3 (TGFB2 and
TGFB3) [24-26]. Mutations in other downstream effectors of TGF-f signaling
pathways are also associated with MVP including mothers against decapentaplegic
homologue 4 (SMAD4) which causes juvenile polyposis [27].

Syndromic forms of MVP are also associated with diseases that result from
mutations in critical components of the ECM. Ehlers-Danlos syndrome is character-
ized by musculoskeletal (hypermobility of joints and muscle hypotonia), cutaneous
(elastic and fragile skin), and cardiovascular (vascular aneurysms and valvular
lesions) abnormalities [28]. Notably, the clinical Ehlers-Danlos syndrome results
from mutations in at least 20 different genes including several different collagen
types (COLIAI, COLIA2, COL3Al, COL5AI1, COL5A2) as well as enzymes that
process, fold, or interact with collagen (ADAMTS2, FKBP14, PLODI1, TNXB) [29].
At least two large cohort studies of over 200 patients with Ehlers-Danlos syndrome
have identified an MVP prevalence of approximately 6% [30, 31]. Notably, neither
of these studies classified individuals by the causative molecular lesion for their
Ehlers-Danlos syndrome raising the possibility that MVP disproportionately affects
a subset of these patients. There is also data suggesting a genetic association between
other connective tissue diseases and MVP including pseudoxanthoma elasticum
[32], Larsen-like syndrome [33], and Williams-Beuren syndrome [34]. In the case
of pseudoxanthoma elasticum, a more recent report using modern imaging tech-
nologies has questioned the strength of this genetic association with MVP given its
presence in only 3 of 67 patients [35].

MVP as Part of Complex Congenital Heart Disease

Several aneuploidies characterized by multiorgan system anomalies including
complex congenital heart disease feature mitral valve architectures that share fea-
tures common to non-syndromic forms of MVP. Trisomy 18 (Edwards syndrome),
which includes micrognathia, rocker-bottom feet, biliary atresia, and profound
intellectual disability, is associated with a number of cardiac lesions (atrial and
ventricular septal defects, tetralogy of Fallot, double-outlet right ventricle, coarcta-
tion of the aorta, bicuspid aortic and pulmonary valves) [36]. Mitral valve abnor-
malities were noted to be relatively common (66%) in one study of 41 postmortem
cases [37] in which the leaflets were noted to be redundant and myxomatous with
absent or underdeveloped papillary muscles. Trisomy 13 (Patau syndrome) is char-
acterized by polydactyly, cleft lip and palate, hypotelorism, and microphthalmia as
well as congenital cardiac defects including atrial and ventricular septal defects,
patent ductus arteriosus, and hypoplastic left heart syndrome [36]. Description of
mitral valve morphology in these patients is relatively limited, with a single study
of echocardiographic evaluation in 14 patients demonstrating evidence of mitral
valve dysplasia and absence of a papillary muscle [38]. Klinefelter syndrome
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results from the presence of an additional X chromosome (47,XXY) with affected
patients demonstrating a tall stature, small tetes, and delayed puberty with the most
common cardiac manifestations being MVP, a patent ductus arteriosus, and atrial
septal defects [36]. However, the association between Klinefelter syndrome and
MVP has proven more controversial. Two early patient series describing echocar-
diographic analyses in Klinefelter syndrome reported MVP in approximately 55%
of subjects [39, 40], However more recent and larger studies utilizing modern
echocardiographic equipment have failed to reproduce these results, with no evi-
dence of MVP identified in 94 patients with Klinefelter syndrome [41, 42]. The
association of MVP with isolated congenital heart disease has also been studied.
Tetralogy of Fallot, the most common cyanotic congenital heart defect [43], is
associated with good long-term survival following palliation, thus allowing for
assessment of MVP in adult patients. A single cohort study in 324 adult tetralogy
of Fallot patients identified an 8% prevalence of systolic mitral valve abnormali-
ties, with 4.6% demonstrating MVP [44].

Genetic Basis of Non-Syndromic MVP
Pedigree Studies

There is a long-standing appreciation that a subset of non-syndromic MVP (i.e.,
MVP not associated with other disorders) is inherited in a familial pattern with pedi-
grees demonstrating both autosomal dominant and X-linked patterns of inheritance
with variable penetrance dependent upon both age and sex [45, 46]. Genetic linkage
analysis, a powerful tool that allows for detection of the specific chromosomal loca-
tion of disease genes, led to the identification of four loci associated with non-
syndromic MVP [47]. Itis important to note that within the category of non-syndromic
MVP, two specific phenotypes have been described in the surgical literature [48].
Barlow’s disease is associated with diffuse myxomatous degeneration leading to
prolapse of most leaflet scallops into the left atrium during systole, severe mitral
annular enlargement, and elongated chordae along with histologic evidence of dis-
rupted collagen and elastic layers. Fibroelastic deficiency, on the other hand, is
associated with thinned leaflets, mild-to-moderate mitral annular dilation, and thin
chordae with histologic evaluation demonstrating decreased connective tissue.
Indeed, Barlow’s disease and fibroelastic deficiency are themselves associated with
different natural histories with the former noted in patients presenting for surgery at
young to middle-ages in which chordal rupture is rarely present and the latter in
patients present at older age with chordal rupture after a shorter clinical history.
These linkage analyses yielded three loci for autosomal dominant non-syndromic
MVP and one for X-linked MVP, aptly named myxomatous mitral valve prolapse
1-3 (MMVP1, MMVP2, MMVP3) and X-linked myxomatous valvular dystrophy
(XMVD) [47] (Table 10.1).

The earliest description of familial clustering in MVP came in 1969 upon the iden-
tification of a pedigree in St. Louis, MO wherein all male members in three
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generations of this family exhibited congenital mitral insufficiency, suggesting a
X-linked inheritance pattern [49]. Almost 30-years later, a five-generation pedigree of
French origin consisting of 92 individuals in which 21 affected individuals had both
MVP and a mild form of hemophilia A (a hereditary bleeding disorder that at the time
had a known X-linked recessive pattern of inheritance) allowed for the rapid chromo-
somal mapping of XMVD to an 8 centimorgan region of the Xq28 telomeric region
[50]. Detailed clinical features of this pedigree identified full-penetrance in affected
males with some moderately affected female patients [51]. This region was later more
finally mapped to a 2.5 megabase region with the screening of candidate genes ulti-
mately leading to the identification of a P637Q missense mutation in filamin-A
(FLNA) as the causative allele. Analysis of three other independent families identified
two other missense mutations (G288R and V711D) and a 1944 kilobase in-frame
genomic deletion removing exons 16-19 further supporting this conclusion [52].
FLNA encodes filamin-A, a large cytoplasmic protein that can function as a molecular
tether, linking ECM-bound cell-surface integrins with the actin cytoskeleton [53, 54].
Filamin-A has also been demonstrated to regulate TGF-p signaling by associating
with the known downstream TGF-f signaling effector mothers against decapentaple-
gic homologs 2 (SMAD2) [55]. Homozygous loss of murine Flna allele results in
mid-gestational embryonic lethality with affected animals demonstrating severe car-
diac malformations [56, 57]. Interestingly, immunohistochemical expression analysis
of filamin-A in mice demonstrates robust expression during embryogenesis and early
postnatal life with significantly reduced expression in the adult [58, 59], suggesting a
potential developmental basis in this genetically distinct non-syndromic MVP pheno-
type. Indeed, tissue-specific deletion of Fina in the developing murine atrioventricular
valves results in a myxomatous mitral valve phenotype by 2-months of age, a pheno-
type that likely results from a developmental error in how extracellular matrix is
assembled and organized during fetal development [59].

Another family with an autosomal dominant pattern of MVP inheritance was
described in 2003 upon identification of the proband as a volunteer in a course
teaching echocardiographic imaging [60]. Echocardiograms and DNA were
obtained for 28 individuals from this pedigree of Western European descent with 12
diagnosed with MVP, 3 with an intermediate phenotype, and the remaining 13 being
unaffected. Linkage analysis revealed that the locus for autosomal dominant MVP
in this family lied in a 4.3 centimorgan region on chromosome 11p15.4, which was
at that time designated “MMVP2” given that it was the second such locus described.
This region spanned approximately 4.45 megabases and, at the time, included sev-
eral large gaps in sequence coverage and at least 46 genes [60]. The causative muta-
tion was described 12 years later after 4 affected individuals in this pedigree
underwent tiled capture and high-throughput sequencing of genomic DNA span-
ning 2.1 megabases within this locus yielding 4,891 single nucleotide variants and
insertion/deletion polymorphisms which, upon filtering for rare variants shared
among all affected members of the pedigree, yielded three heterozygous protein
coding variants [61]. Two lied in DCHS1, a member of the cadherin superfamily of
proteins (P197L and R2513H), and one in APBBI, the amyloid-beta A4 precursor
protein-binding family B member 1 (R481H). In vivo functional assays performed
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in zebrafish and mice supported DCHSI1 as the causative allele which was con-
firmed by the identification of two additional families in which MVP segregated
with a novel DCHS1 protein variant (R2330C). DCHS1 is the human homologue of
the drosophila gene dachsous (ds), which serves as a core component of the Wnt/
planar cell polarity (PCP) signaling pathway which establishes cell orientation
within the epithelial plane [62]. Mice homozygous for inactivating mutations of
murine Dchsl results in neonatal mortality with multiorgan dysfunction [63].
However, adult Dchsl heterozygous mice exhibit mitral valve prolapse that pheno-
copied what was identified in the originally described proband (pronounced involve-
ment of an elongated posterior leaflet that shifts coaptation anteriorly) with
histologic analysis confirming leaflet thickening and myxomatous degeneration [60,
61] (Fig. 10.1). Evaluation valve morphology during embryonic development
revealed dose-dependent alterations in the shape and anatomical patterning of the
mitral valve, again consistent with a developmentally based disease that progresses
over the lifespan of affected individuals.

Fig. 10.1 Murine models of non-syndromic mitral valve prolapse recapitulate anatomic and his-
topathologic findings of human disease. Histologic examination of 6-month old mice heterozygous
for a Dzipl missense allele identified in non-syndromic familial mitral valve prolapse (MVP)
demonstrate dysmorphic posterior leaflets (PL) when compared with wild type littermate controls.
Similarly, immunohistochemical analyses of 9-month old mice that are haploinsufficient for Dchs/
(another allele associated with non-syndromic familial MVP) demonstrate myxomatous degenera-
tion and expansion of proteoglycan expression when compared with wild type littermate controls.
(AL = anterior leaflet; red = collagen, green = proteoglycan)
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A third family of 46 individuals demonstrating MVP with an autosomal domi-
nant pattern of inheritance was described in 2005 [64]. The proband in this third-
generation pedigree of Western European descent was a dentist who self-referred
for family analysis of MVP, with 43 individuals undergoing echocardiography and
DNA sampling (9 of whom were affected). In this case, linkage analysis narrowed
the causative locus to an 8.2 megabase candidate region on chromosome 13q31.3—
q32.1 then designated “MMVP3” as it was the third such locus described in the
literature. Importantly, this study was the first to demonstrate that minimal displace-
ment or “prodromal” (no diagnostic leaflet displacement beyond the mitral annulus,
but with a leaflet closure/coaptation pattern shifted anteriorly resembling that of
patients with fully expressed MVP) valve morphologies that were previously clas-
sified as normal variants share the same underlying genetic substrate [64]. A subse-
quent study exploring the role of primary cilia in MVP assessed the linked
8.2 megabase region for candidate genes with known functions in ciliogenesis or
cilia signaling, leading to the identification of DAZ-interacting protein 1 (DZIP1I).
Subsequent whole-exome sequencing of four affected individuals from this pedi-
gree revealed a single missense variant in DZIP1 that affects both expressed iso-
forms (S70R/S24R), representing the only coding change within the linkage interval
that segregated with the disease phenotype [65]. As human DZIP] and mouse Dzip/
are highly conserved at the amino acid level, the missense variant identified in this
family was introduced into the endogenous murine locus to assess the phenotypic
consequences in vivo. Adult mice heterozygous for this Dzip/ missense variant
develop myxomatous mitral valves and functional MVP. Further biochemical and
molecular analysis on these mutant animals suggested that this Dzip missense vari-
ant represents a loss-of-function allele resulting in dysregulation of ECM-associated
pathways [65] (Fig. 10.1).

The first genetic locus identified to segregate in an autosomal dominant pattern
with MVP (“MMVP1”) paradoxically remains the only locus with an unidentified
causal gene to date (Table 10.1). The study describing MMVP1 systematically
screened first-degree relatives of 17 patients who underwent MV repair yielding 4
pedigrees of varied ethnicities (Ashkenazi Jewish, western France, and eastern
France) with a total of 79 subjects undergoing echocardiography and blood sam-
pling, 25 of whom were affected [66]. Genetic linkage studies narrowed the locus to
a 5 centimorgan region of chromosome 16 (16p11.2-16p12.1). The causative allele
in this setting remains to be identified. The 5 centimorgan region defined by the
sequence tag sites D16S3068 and D16S420 identified from these pedigrees span a
region of approximately 1.3 megabases [66]. This region contains at least eight
protein coding genes along with several long intergenic non-coding RNAs.

Genome-Wide Association Studies

Genome-wide association studies (GWAS) test genetic variants across the genomes
of many individuals to identify genotype-phenotype associations and have revolu-
tionized the fields of complex disease genetics, leading to the identification of novel
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disease susceptibility genes and biological pathways [67]. As genetic variants are
present along a spectrum of allele frequencies and effect sizes, GWAS is best suited
for the identification of common variants with small effects, intermediate frequency
variants with moderate effects, or highly penetrant rare mutations. Rare variants
with small effect sizes are difficult to detect by GWAS while common variants with
large effects are not commonly seen in complex disease traits [67]. GWAS in the
context of MVP, consisting of a meta-analysis including 2,864 cases and 9,218 con-
trols, identified 6 risk loci that are robustly associated with MVP [68]. These 6 loci
implicated four intergenic (/GFBP5-TNSI, SETD4-CBRI, PITBNB-MNI, and
PCNX-SIPAILI) and two intronic regions (LMCD1 and SMG6). These candidates
were narrowed from an initial list of 53 genes that were located within 500 kilo-
bases to 1 megabase from the lead associated single nucleotide polymorphism
(SNP) by taking into account proximity to the SNP, level of cardiac expression,
proximity to previously identified GWAS signals for cardiovascular traits, and a
biological link with mitral valve or cardiac development [68]. This study high-
lighted functional data for two of these genes: LMCDI (a transcription factor known
to repress the activity of the critical cardiac transcription factor GATA6) knockdown
in zebrafish embryos caused regurgitation of the single atrioventricular valve of the
two-chamber heart in these animals while Tensin 1 (a protein that localizes to focal
adhesions and interacts with actin) showed sustained expression by immunohisto-
chemistry during murine valve morphogenesis with adult Tns/”- mice demonstrat-
ing enlarged mitral valves with evidence of myxomatous degeneration. A follow-up
study sought to utilize the same data to identify additional loci that despite not hav-
ing met the stringent GWAS statistical thresholds (P < 5 x 10%) may still have bio-
logical relevance for MVP by applying computational pathway enrichment tools
[69]. This led to the identification of GLIS family zinc finger 1 (GLIS1), a Kruppel-
like zinc finger protein containing transactivation and repressor functions as a
potential susceptibility gene for MVP, supported by its expression of murine Glis/
in developing valvular endothelial and interstitial cells [69].

Mitral Valve Prolapse: An Unrecognized Ciliopathy?

Primary cilia are microtubule-based solitary organelles that extend from the sur-
face of most vertebrate cell types to receive and process molecular and mechani-
cal signaling cues [70]. Long regarded as an “evolutionary vestige,” the primary
cilium has emerged an essential signaling hub that coordinates a variety of sig-
naling pathways including those regulated by Hedgehog, G protein-coupled
receptors, Wnt, TGF-f, and receptor tyrosine kinases to control developmental
processes, tissue plasticity, and organ function [71]. Primary ciliary dysfunction
underlies a pleiotropic group of disease and syndromic disorders termed ciliopa-
thies which may affect a number of different organs in the body (e.g., Bardet-
Biedl syndrome, Leber’s congenital amaurosis, and polycystic kidney disease).
Indeed, an association between MVP has long been appreciated in the context of
autosomal dominant polycystic kidney disease (ADPKD) [72]. ADPKD patients
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have a 10-fold increase in rates of MVP compared with the general population
[73, 74]. Furthermore, unbiased forward genetics approaches in mice have
revealed a critical role for the cilium and cilia transduced signaling pathways in
the pathogenesis of congenital heart disease [75]. As our collective understand-
ing of the biology associated with causative genes for MVP increases, there is a
growing body of evidence to support that some forms of non-syndromic MVP are
ciliopathies. All three of the known causative genes identified from large linkage
analyses for non-syndromic MVP (DCHS1, DZIP1, and FLNA) are intimately
involved in ciliogenesis or ciliary function (Fig. 10.2). DCHSI (the causative
gene identified at the MMVP2 locus) encodes Dachsous-1, a component of the
primary cilium. In the context of the MMVP3 locus, the determination that
DZIPI was the causative allele emanated from a series of experiments exploring
the hypothesis that primary cilia may contribute to valvulogenesis [65]. These

HEALTHY CILIA —ﬁ NORMAL VALVE

Normal ECM

spongiosa

atrialis

DYSFUNCTIONAL CILIA —— ABNORMAL VALVE
Mutation DCHS1
DziP1 Dysregulated

FLNA ECM
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| ——
> (@) @) = atrialis
Subcellular Cellular ) —
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Fig. 10.2 Mitral valve prolapse as a ciliopathy. Primary cilia play a critical role during normal
cardiac valvular morphogenesis. Three of the four loci identified as being causative for familial
non-syndromic mitral valve prolapse (DCHS1, DZIP1, and FLNA) are all involved in ciliogenesis
or ciliary function
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studies found that primary cilia are robustly expressed on mesenchymal cells
within valve primordia with their length changing over the course of develop-
ment concomitant with the type of ECM produced within the mitral valves. In
fact, the way that DZIP] was identified as the causative allele amongst the 16
genes in the MMVP3 locus was through its known role in ciliogenesis and cilia
signaling [65]. At the time of its discovery as the causative allele at the XMVD
locus, FLNA was known to associate with downstream effectors of the TGF-f3
signaling pathway, overactivity of which was thought to contribute to the
increased incidence of MVP in Marfan syndrome patients. Subsequent studies
have since shown that filamin-A directly interacts with meckelin, a transmem-
brane receptor that localizes to the primary cilium and basal body (the protein
structure at the base of the cilium) [76]. MKS3, the gene that encodes meckelin,
is mutated in Meckel-Gruber syndrome, a ciliopathy characterized by renal cys-
tic dysplasia, hepatic developmental defects, and severe neurodevelopmental
anomalies. Interestingly, studies exploring this filamin-a/meckelin interaction
have demonstrated that loss of filamin-A leads to defects in basal body position-
ing and ciliogenesis [76]. GLISI, the aforementioned gene identified through
additional bioinformatic analyses of previously published GWAS data for MVP,
has also been suggested to have a potential role in ciliogenesis [77]. A mechanis-
tic basis for how defective ciliary function may lead to MVP was best illustrated
by tissue-specific knockout of the ciliogenic gene intraflagellar transport protein
88 (ift88) from endothelial-derived mesenchymal cells in mice in vivo. Ift88-loss
led to the loss of primary cilia, valve enlargement, and a molecular signal dem-
onstrating robust activation of ECM gene pathways consistent with early stages
of myxomatous degeneration [65].

Future Perspectives
Technological Advances

While significant progress has been made in our understanding of the genetic
basis for MVP, there remains much to be discovered. Technological advances
have played an important role in our ability to accelerate efforts to identify the
molecular underpinnings of these diseases which, to date, have yielded important
insights into the genes and pathways that ultimately result in an MVP phenotype
and a growing recognition that this disease results from primary pathologic insults
that occur during development. These findings further underscore that MVP is not
a single disease, but instead exists along a phenotypic spectrum wherein a degree
of dosage sensitivity conferred by individual risk alleles collectively drive altera-
tions in highly stereotyped and regulated morphogenetic events during cardiac
development, likely through a core group of signaling pathways, to yield a mature
phenotype that may meet the diagnostic criteria for MVP or instead yield a “pro-
dromal” intermediate [64].
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Indeed, technological innovations have changed enormously our approach to
understanding the genetic basis of complex disease. Complex and iterative link-
age analyses are no longer required as the cost, throughput, and availability of
DNA sequencing has significantly reduced the barriers to the application of these
cutting-edge technologies. One group recently utilized an exome slice methodol-
ogy wherein 101 probands with MVP underwent sequencing of the coding regions
of 522 genes associated with cardiac development and/or disease [78]. This study
found 1 individual with a likely pathogenic mutation in DCHSI along with an
additional 10 probands with likely pathogenic mutations in six different genes
that have been associated with cardiomyopathies (DSP, HCN4, MYH6, TMEM67,
TRPSI, and TTN). Increasing the yield of studies of this nature necessitates that
unbiased interrogations of coding or non-coding DNA sequences in affected and
unaffected populations be linked with very careful clinical phenotyping of each
individual. Towards that end, the specificity of echocardiographic diagnosis for
MVP was increased significantly upon an improvement of our understanding of
the three-dimensional shape of the mitral valve [79, 80]. As echocardiographic
imaging technologies continue to improve yielding higher resolution images and
the ability to render multi-dimensional projections of cardiac anatomy, we may
be able to better categorize MVP into subtypes that will yield a greater signal-
to-noise ratio in subsequent unbiased genomic interrogations. Whole-exome
sequencing, a methodology wherein the entire protein coding DNA sequence of
an individual genome is defined, in carefully phenotyped pedigrees has the ability
to reveal novel modes of inheritance for MVP. Oligogenic patterns of inheritance
have been suggested in hypertrophic cardiomyopathy [81] and recently shown
in the context of left ventricular noncompaction cardiomyopathy [82]. It is also
interesting to note that, even within families with non-syndromic MVP who share
the same underlying causative genetic lesion, the phenotypic spectrum of disease
presentation is quite varied suggesting the existence of unlinked enhancer and/or
suppressor loci. Our ability to systematically identify and define these modifier
loci will have important prognostic implications for MVP patients with the poten-
tial to inform clinical care decisions.

Genetic Discoveries Outside of Coding Regions

A critical challenge in understanding the genetic underpinnings of all inherited
disease lies in the assessment of genetic variation outside of coding regions of
the genome. As outlined, the most significant loci identified in the GWAS per-
formed for MVP were within intergenic regions of the genome. While intergenic
variants from GWAS can lead to incredible discoveries regarding gene regulation
and disease pathogenesis [83, 84], examples of this nature are exceedingly rare.
Although sequencing the entire genome of an individual has become a relatively
straightforward undertaking both in terms of cost and availability, we remain in the
nascent stages of our ability to interpret the consequences of variants in non-coding
sequences.
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Genetic Basis of Sudden Cardiac Death Risk in MVP

Another important finding associated with MVP whose genetic etiology requires
further evaluation is the increased risk for sudden cardiac death, which is roughly
twice that observed in the general population [85, 86]. Although much of this risk
can be attributed to left ventricular dysfunction secondary to severe mitral regurgita-
tion [87], life-threatening ventricular arrhythmias can be seen in MVP patients with
even trivial to mild mitral regurgitation [88]. A recent case report described familial
segregation of a truncating variant in FLNC, which encodes filamin-C (An actin-
binding protein necessary for the structural integrity of the sarcomere in cardiac and
skeletal muscle cells) with both MVP and ventricular arrhythmias [89]. FLNC
mutations have been associated with dilated cardiomyopathy [90, 91], hypertrophic
cardiomyopathy [92], and restrictive cardiomyopathy [93-95], but not with valvular
abnormalities. Whether both the MVP and ventricular arrhythmia phenotypes result
from a single genetic lesion as is suggested by this report, or instead results from
cosegregation of an independent risk modifier remains to be determined. Uncovering
the genetic predisposition to ventricular arrhythmias and sudden cardiac death in
the setting of MVP is an important area for future investigation.

Conclusions

MVP is a common, highly heritable phenotype and is associated with important
clinical sequelae including severe mitral regurgitation and sudden cardiac death.
Multiple genes have been identified from pedigree investigations and GWAS stud-
ies of individuals with MVP and have been linked to abnormal valve embryogenesis
and cell differentiation, ultimately leading to ECM dysregulation and myxomatous
degeneration of the mitral valve. As our collective understanding of the biology
associated with causative genes for MVP increases, there is a growing body of evi-
dence to support that some forms of non-syndromic MVP are ciliopathies. Indeed,
all three of the known causative genes identified from large linkage analyses for
non-syndromic MVP (DCHS1, DZIP1, and FLNA) are intimately involved in cilio-
genesis or ciliary function. Genetic discoveries overall have exponentially acceler-
ated our understanding of MVP. However, many questions remain unanswered in
relation to MVP pathophysiology, clinical progression, and therapeutic options.
Future studies are needed to address these important issues.
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