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Abstract

Mitral valve prolapse (MVP) affects 1 in 40 people and is the most common indication for mitral
valve surgery. MVP can cause arrhythmias, heart failure, and sudden cardiac death, and to date,
the causes of this disease are poorly understood. We now demonstrate that defects in primary cilia
genes and their regulated pathways can cause MVP in familial and sporadic nonsyndromic MVP
cases. Our expression studies and genetic ablation experiments confirmed a role for primary cilia
in regulating ECM deposition during cardiac development. Loss of primary cilia during
development resulted in progressive myxomatous degeneration and profound mitral valve
pathology in the adult setting. Analysis of a large family with inherited, autosomal dominant
nonsyndromic MVP identified a deleterious missense mutation in a cilia gene, DZ/P1. A mouse
model harboring this variant confirmed the pathogenicity of this mutation and revealed impaired
ciliogenesis during development, which progressed to adult myxomatous valve disease and
functional MVP. Relevance of primary cilia in common forms of MVP was tested using pathway
enrichment in a large population of patients with MVP and controls from previously generated
genome-wide association studies (GWAS), which confirmed the involvement of primary cilia
genes in MVP. Together, our studies establish a developmental basis for MVP through altered
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cilia-dependent regulation of ECM and suggest that defects in primary cilia genes can be causative
to disease phenotype in some patients with MVP.

INTRODUCTION

RESULTS

Cilia are microtubule-containing structures (axonemes) that project from the cell. There are
two main types of cilia: motile and immotile. Whereas motile cilia (>100 per cell) are
largely used to move fluid or propel gametes, immotile cilia (primary cilia) are solitary
(typically one per cell), extending from the centriole/basal body, and were previously
thought to be vestigial evolutionary remnants with no persisting function (1). However, this
traditional belief was challenged by recent genetic discoveries that linked mutations in cilia
genes to a spectrum of rare syndromic diseases, now known as ciliopathies (2, 3). These
findings spurred concerted efforts to understand ciliogenesis and downstream pathways, as
well as additional genetic conditions that stem from defects in cilia structure and/or function.
The emerging data suggest that primary cilia are essential structures that function to
transduce mechanical, electrical, and chemical signals in a tissue-specific and time-
dependent context. In doing so, they relay growth factor [transforming growth factor—3
(TGFDb) (4), platelet-derived growth factor (PDGF) (5), WNT (6, 7), and Hedgehog (8)] and
extracellular matrix (ECM) (9) information from their surrounding microenvironment to
influence cell survival, differentiation, and tissue organization.

Recent murine and human genetic discoveries have linked primary cilia to a spectrum of
disorders involving cardiac, renal, skeletal, and neurologic tissues (10-12). A classic
example is the ciliopathy, autosomal dominant polycystic kidney disease (ADPKD), in
which ~25% of patients have mitral valve prolapse (MVP), a 10-fold increase above
background (13, 14). Both MVP and ADPKD have a congenital etiology and are
characterized by excessive deposition of proteoglycans, as well as disorganization and
fragmentation of the collagen and elastin in the ECM (15, 16). These molecular changes,
which culminate in abnormal tissue hypertrophy, impair normal tissue architecture and
function in both mitral valves and kidneys. The comorbidity of MVP and ADPKD, in
concert with the pathological similarities of disease phenotypes, raises the possibility that
MVP can be caused by cilia gene defects in some individuals.

Primary cilia are spatially and temporally regulated during cardiac valve morphogenesis

Because clinical data support conservation of cilia structure and function in the kidney and
heart valves (13, 14), we initiated experiments to determine whether primary cilia contribute
to valvulogenesis and whether they are involved in the etiology of MVP by first performing
immunohistochemistry (IHC) on murine and human mitral valve leaflets. Primary cilia were
infrequently observed on valve endocardium at all time points analyzed (Fig. 1, A to F, and
fig. S1A). Cilia were, however, detected on most interstitial (mesenchymal) cells within the
murine and human embryonic, fetal, and neonatal valve primordia (Fig. 1, A to E, figs. S1
and S2, A and B, and movies S1 to S3) and were confirmed by three-dimensional (3D)
electron tomography as immotile primary cilia with the typical 9 + 0 microtubule
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configuration (Fig. 1, G and H, and movies S4 and S5). During embryonic/fetal gestation
and early neonatal life, primary cilia grow in length with a maximum length observed
shortly after birth (Fig. 11 and data file S1). The presence of cilia correlated with the type of
ECM produced within the mitral valves. For example, the early valve (E11.5) expresses
abundant proteoglycans and very little collagen, coinciding with the expression of cilia on
nearly every interstitial cell (fig. S2, A and B). However, by postnatal day 0 (P0), increased
collagen within the valve had an inverse correlation with both the presence and length of
primary cilia (fig. S2, A, C, and D), and although cilia were abundant at this stage, their
presence was primarily confined to proteoglycan-rich regions (fig. S2, B to D, movies S6
and S7, and data file S2). Valve cells expressing cilia in the adult were rarely observed (Fig.
1, Fand I). Thus, there is a correlation between the type of ECM produced and the presence
of cilia, which supports their putative function in regulating, or responding to, the
extracellular environment during mitral valve development.

Primary cilia orchestrate valve development through an ECM mechanism

To determine whether primary cilia are relevant to matrix synthesis and/or its organization
during valve development, we conditionally removed the ciliogenic gene, intraflagellar
transport protein 88 (/1t88) (17) from endothelial-derived mesenchyme by using the
NfatCIC"e driver (18). Loss of /ft88in valve mesenchyme resulted in failure of ciliogenesis,
as indicated by the lack of axonemes (Fig. 2A), a finding that was concomitant with valve
leaflet enlargement at PO (Fig. 2, B to D, and data file S3). In vivo cell analyses
demonstrated that loss of primary cilia does not affect the proliferation or the total number
of valve progenitor cells (fig. S3 and data file S4) but does result in a significant decrease in
VIC density, < 0.001 (fig. S4 and data file S5). Whole transcriptome analyses [RNA
sequencing (RNA-seq)] and subsequent IHC confirmed that loss of primary cilia results in
robust activation of ECM gene pathways in the anterior mitral leaflets (GEO accession no.
GSE125092; figs. S5 and S6 and data file S6) that are consistent with early stages of
myxomatous degeneration. We next sought to determine whether developmental loss of
primary cilia results in progressive tissue changes that culminate in adult mitral valve
disease. As shown in Fig. 2 (E to G), genetic disruption of primary cilia via /ft88 deletion
results in adult myxomatous mitral valve disease as evidenced by increased proteoglycans
(such as versican) and loss of the normal ECM distribution within the valve. Thus, loss of
primary cilia causes developmental defects that are characterized by expansion of ECM and
disrupted histological architecture, which progress to an adult myxomatous valve pathology,
similar to that observed in patients with MVP.

Genome-wide association studies and familial genetics identify cilia gene variants in
patients with MVP

On the basis of the clinical observation of ADPKD and MVP co-morbidity, combined with
cilia expression studies and genetic ablation experiments, we hypothesized that cilia may
play a role in human mitral valve disease. To test our hypothesis, we took three approaches.
First, we took advantage of data from a previous genome-wide association study (GWAS) of
1412 MVP cases and 2439 controls (19) and performed a gene set enrichment analysis of the
278 genes implicated in primary cilia biology (20), mainly as harboring rare mutations in a
diverse panel of ciliopathies (data file S7). We found a modest but significant enrichment of
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MVP-associated variants in this cilia gene set [P =0.009, false discovery rate (FDR) =
0.024; data file S8]. Second, we then evaluated the two known nonsyndromic MVP genes
[DCHSI (16) and FLNA (21-24)] to determine whether they play a role in ciliogenesis.
Immunohistological examination of murine knockout models of Dchs1 and Fina showed a
significant reduction in mitral valve primary cilia length, £< 0.001 (fig. S7 and data file S9),
consistent with a role for these organelles in the molecular etiology of MVP. Third, we
obtained additional evidence for an involvement of primary cilia in causing MVP, which
came from clinical and genetic analyses of a multigenerational family with inherited
autosomal dominant MVP that we previously linked to chromosome 13 (Fig. 3A) (25). Of
43 family members enrolled in the original study, 6 were coded with minimal MVP and 11
patients met the full clinical diagnostic criteria for MVP, with 2 individuals having moderate
to severe mitral regurgitation and 1 with ruptured chordae that required surgical intervention.
None of the individuals in the family exhibited extracardiac manifestations, and all MVP-
affected individuals were deemed “nonsyndromic.” The proband (111-12) of this family
displayed bileaflet prolapse coincident with mitral regurgitation (fig. S8). In the original
study, MVP was linked to an 8.2-Mb region of chromosome 13. Recent examination of the
genes in the linked region showed that D.Z/P1, a gene known to regulate ciliogenesis (26—
28) and/or cilia signaling (29-32), is located within the linked interval (Fig. 3B). RNA in
situ hybridization and IHC experiments revealed a robust expression of Dzjp1 in wild-type
murine developing anterior and posterior mitral leaflets, with protein expression being
localized to basal bodies and nuclear speckles within mitral VICs in vivo (fig. S9, Ato D,
and movie S8). Whole-exome sequencing (WES) of four affected family members (I1-3,
I11-4, 111-10, and 1V-12) revealed a single heterozygous missense variant resulting in a
serine-to-arginine change in both known DZIP1 isoforms (p.S70R and p.S24R), which was
confirmed by Sanger sequencing (Fig. 3C). This DZ/P1 variant was the only coding change
identified within the linkage interval that segregated with disease phenotype. Ontology
database comparisons indicate high evolutionary conservation of this amino acid. Moreover,
this variant is not currently found in Single-Nucleotide Polymorphism Database (dbSNP)
and observed in only 1 of 31,166 genomes and 0 of 61,336 exomes in gnomAD with a minor
allele frequency of 1.081 x 1072 (https://gnomad.broadinstitute.org/variant/13-96294074-G-
T). Furthermore, this particular S7TOR/S24R variant has a CADD (combined annotation-
dependent depletion) score of 14.27, which places it in the top 3.7% of deleterious single-
base changes possible in the entire genome (33) and within the 95% confidence interval of
gene-specific CADD scores corresponding to high-confidence pathogenic mutations for
DZz/P1 (Fig. 3D) (34). Sequencing on an additional 15 sporadic patients with MVP by WES
revealed rare, potentially pathogenic DZIP1 variants in two individuals (table S1). On the
basis of the strong association of the segregating DZIP1524R variant in a multigenerational
family with MVP phenotype, follow-up studies were performed to examine mutation
pathogenicity.

Validation of DZIP1 variant reveals a developmental etiology for MVP

To assess pathogenicity of this variant, point mutation knock-in (KI) mice were generated
through CRISPR-Cas9 (fig. S10). On the basis of GenBank accession numbers (human:
NP_945319.1 and mouse: NP_080219.2), the murine DZIP1 lacks 10 N-terminal amino
acids compared to the human, and thus, the murine mutant will be designated as Dzjp>14R/*,
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Adult mice harboring this single missense mutation (Dzjp1524R/*) develop myxomatous
mitral valves (Fig. 4, A to C) and functional MVP (Fig. 4D and movie S9). MVP was never
observed in control animals, and although end-diastolic volume was moderately increased in
the Dzjp1514R/* hearts, there were no apparent differences in ventricular contractile function
between the Dzjp1524R’* and control animals (table S2). This genetically accurate model for
nonsyndromic MVP has allowed us to test whether the disease could be traced back to errors
during development. Histological and 3D quantification at PO revealed that 100% of
Dzip1514R’* mice exhibited a mitral valve phenotype with variable severity compared to
littermate Dzip1*/* controls (Fig. 5, A to C), which correlated with a reduction in cilia
length in the mutant animals (Fig. 5, D and E, and data files S10 and S11). To gain insight
into the function of DZIP1 at early stages of morphogenesis, RNA-seq was conducted on
E13.5 hearts (GEO accession no. GSE125092) and compared to the expression data that we
obtained for the //188 RNA-seq (fig. S5, described above). Gene ontology (GO) analyses at
E13.5 demonstrated that the most significant changes (P < 0.02) observed in the Dzjp1514~/*
hearts compared to controls were those associated with ECM pathways (fig. S11), consistent
with our findings in the NifarC167(*):1£t88" study. The changes in ECM composition at
E13.5 likely represent early changes in the molecular profile of the developing heart. Many
of the differentially expressed genes in the Dzjp1524R/* mice are also altered in the context
of various syndromic diseases that include valve disease as a comorbidity (data file S12).

To test potential pathogenicity of the mutation, we quantified the protein half-lives of wild-
type and mutant human DZIP1 proteins by using the protein translation inhibitor
cycloheximide. These experiments revealed that the DZIP1524R mutation results in a
significant (P < 0.05) reduction in protein half-life (14.75 hours versus 40.77 hours for
control) and likely loss of function (fig. S12, A and B, and data file S13). To further evaluate
the possibility that the loss of DZIP1 function can cause developmental defects and
myxomatous degeneration in the adult, we genetically removed Dzjp1 from valve progenitor
cells [NfatC16e(*):Dzjp17. As shown in fig. S13 (A to C) (data file S14), the loss of Dzip1
in valve mesenchyme progenitor cells results in reduction in primary cilia length during
development and concomitant anatomical changes in the mitral valves, similar to phenotypic
observations made in the /ft88and Dzip15#R’* mutants (Figs. 2 and 5). Additional analyses
of adult Dzip1 conditional knockout mice revealed a myxomatous phenotype with increased
proteoglycans and collagen and loss of the normal ECM zonal boundaries when compared to
control mitral leaflets (fig. S13D). Functional echocardiographic assessment revealed that
these structurally altered mitral valves exhibited prolapse and leaflet elongation in Dzip1-
deficient animals (fig. S14 and movie S10). MVP was never observed in control animals (7
= 4), and there were no significant changes in cardiac function in adult Dzip1 conditional
knockout (table S3). Together, these data demonstrate that rare, damaging D.Z/P1 mutations
can cause MVP by altering ciliogenic programs during development.

DISCUSSION

Our understanding of the role of primary cilia in the heart is still in its infancy, but there is
an increasing recognition of cilia as central biomechanical and molecular regulators of
cardiac development. Large datasets generated from clinical data or mutagenic screens have
indicated fundamental roles for these structures in early cardiac development and congenital
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heart disease (10, 11, 35-42), yet mechanisms driving cilia-dependent morphogenic events
remain poorly understood. Understanding how cilia function as either mechanosensors or
signaling hubs during embryonic, fetal, and postnatal growth will be important if we are to
identify the mechanical, molecular, and cellular pathways that are altered when cilia are
perturbed in the context of human cardiovascular diseases.

This study demonstrates that cilia defects can cause MVP in humans. This was shown
through analyses of our GWAS datasets, defects in cilia in various MVP murine models,
demonstration of MVP in a pure ciliopathy model (/t88), and identification of a specific,
rare, and damaging variant in the cilia gene DZ/P1 in a large family with inherited,
autosomal dominant nonsyndromic MVP. These studies led to the generation of a genetically
accurate model for nonsyndromic MVP (Dzjp1514R/#), which showed that altered
developmental processes involving primary cilia can lead to MVP and provided evidence
that MVP is not always an aging disease. Although the mechanisms that contribute to the
deterioration of the valve leaflets as seen in patients with degenerative mitral valve disease
and MVP are not well understood, we posit that understanding the function of primary cilia
will shed light on MV/P disease pathogenesis. Related to this, our studies suggest that
primary cilia constrain ECM production during early valve morphogenesis and that the
premature loss of cilia (in either /788 or Dzip1514”/* models) results in dysregulation of
ECM synthesis. Thus, defining the mechanisms by which cilia regulate ECM synthesis
and/or its organization through various pathways such as hedgeghog (43, 44), Wit (45-47),
Pdgr (48), TgM (4, 49), Notchl (40, 50, 51), and 7or (52) will be an important step in
understanding the cause of a diverse set of disease states. Of note, recent clinical studies
have identified pronounced fibrosis in the left ventricle (LV) of patients with MVP (53, 54),
further supporting a model whereby some patients with cilia defects may be more prone to
left ventricular dysfunction and heart failure due to dysregulated ECM synthesis. In addition,
fibrosis is commonly observed in the setting of ciliopathies, especially in patients with
ADPKD, strongly supporting conservation of cilia-driven molecular and cellular
mechanisms across organ systems. This “molecular economy,” whereby organ systems use
the same pathway for tissue growth and organization, is further supported by data showing
that mutations in the DZIP1-Like (DZIP1L) gene cause polycystic kidney disease (55).
Although the affected individuals within our D.2/P1 MV/P family were not diagnosed with
cystic kidneys at the time of evaluation, our studies highlight the molecular conservation that
occurs between organ systems in the regulation of ECM production.

Our data have demonstrated that primary cilia are developmentally regulated and disappear
after birth in the mitral valves. This finding establishes an interesting paradox between the
etiology of disease and its clinical presentation much later in life. This brings about the
question of how a developmental defect can give rise to a disease recognized in the adult
setting. We posit that degenerative mitral valve disease in patients with MVP can initiate
through altered developmental processes, which result in changes in valve geometry and
biomechanics. The altered genetic, anatomical, and biomechanical information may result in
an aberrant induction of secondary factors such as inflammation, which can contribute to the
tissue destruction over time. How secondary factors respond to changes in valve geometry
and/or biomechanics to exacerbate a developmental defect is currently unknown. By using
the model systems generated in this project, pathogenic mechanisms and disease pathways
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can be uncovered, which may provide keys to developing effective treatment options
beneficial to patients with MVP.

MVP is a heterogeneous disease with diverse genetic causes. Although our data demonstrate
that cilia defects can lead to myxomatous mitral valve disease, it remains unclear what
proportion of MVP results from ciliary defects. Our limited data from exome sequencing of
probands with MVP suggest that DZIP1 mutations are not a frequent cause of MVP, but
larger scale sequencing studies will be needed to fully answer this question. However, we do
note that all of the known genetic causes of nonsyndromic MVP result in ciliary defects,
leaving open the possibility that MVP may turn out to be a disease of valvular cilia defects.

MATERIALS AND METHODS
Study design

The rationale and objective of this study was to determine the contribution of primary cilia
to the etiology of MVP. Familial genetic studies and analysis of GWAS data were performed
to determine gene mutation and cilia variant burden and its association with MVP. We
generated a genetically accurate model of nonsyndromic MVP based on the particular
Dz/IP1 familial gene mutation. This model and additional MVVP models were developed and
used for a variety of in vivo and in vitro assays during developmental and adult time points
(including volumetric analysis of 3D reconstruction, IHC 3D confocal microscopy, 3D
electron microscopy, and echocardiography). Power analyses were conducted to determine
sample size assuming a = 0.05 with a power of 0.80. For analyses, two independent study
groups were tested, one being control and the other being genetically modified animals with
a primary endpoint of valve defects (proliferation, ECM production, geometry changes,
functional prolapse of the mitral valve, cell density, and protein half-life). For all
measurements, animals/samples were put into the two study groups based on genotypes. The
researchers were blinded to all the animals’ genotypes for purpose of the analyses.
Genotyping code was held by one individual not associated with measurement calculations.
Analyses were conducted by at least two independent investigators who were blinded to
genotype. After procurement of all measurements, the code was broken and genotype/
phenotype correlations were graphically presented. The total numbers of replicates are
represented in the figure legends.

Gene-targeted animals used in the study

11t88 conditional mice were genotyped as previously described (56). Histology was
performed on neonatal (P0) and adult wild-type (A/fatC1¢"e1£88™), conditional
heterozygous (NfatC17e1ft887%), and conditional knockout (NV7atC1¢¢*,1£t887 hearts on
mixed background sv129:C57BI/6. Conditional Dzipl knockout mice were generated by a
targeted homologous recombination approach using a Dzip1-targeting construct
(PG00125_7Z 2 _E04) purchased from the Knockout Mouse Project (KOMP) repository. The
conditional knockout deletes exons 8 and 9 (Dzip1-202 transcript) and causes a reading
frame shift and premature translational termination. The conditional mutant allele was
genotyped using forward primer: 5"-GCCAAAGT-GGTTTGCCTGACA-3" and reverse
primer: 5'-GCAGGTTAAA-CACTCATATAGC-3’ [210 base pairs (bp) for wild type and
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290 bp for mutant]. The Dzipl conditional allele was generated on a C57BI/6 J background.
When bred with NfarC1¢" lines, the resulting background was a mixed sv129:C57BI/6 J.
Tie2Ce(*): Fina xy and DchsI™~ mice were used for cilia analyses, and generation of these
models was previously described (15, 16, 23, 24, 57).

Generation of the Dzip1514R KI mouse model

A p.Ser24Arg (S24R) substitution observed in a conserved region near the N terminus of
human DZIP1 [National Center for Biotechnology Information (NCBI) RefSeq:
NP_055749] was identified in members of a large family with autosomal dominant
nonsyndromic MVP (Fig. 3). To examine the functional relevance of this polymorphism, we
made a mouse model mirroring this substitution. To achieve this, the serine at amino acid
position 14 in mouse DZIP1 in a region homologous to its human ortholog was targeted for
substitution with arginine (S14R). This was achieved through a ¢.42C > G single-nucleotide
exchange in mouse Dzip1 (NCBI RefSeq: NM_025943.3) using CRISPR-Cas9—mediated
genome editing in zygotes from C57BL/6 J mice. Through a simultaneous silent ¢.45C > T
substitution, we created an Aat | restriction site to facilitate genotyping. Single-guide RNA
(sgRNA,; ctctggccaacagecccgagngg) and single-stranded oligonucleotide (ssSODN;
cgegctgtcetcttettccgcageccttccagaagcacgte-
tactaccctctggccaacaggcectgaggggcectgacgcectctgecataggegeggetcecatg-gectttgtcceeecagegeg)
were designed and synthesized at the Genome Engineering and iPSC Center (GEiC),
Washington University, St. Louis, MO; for design strategy and sequences, see fig. S10.
Pronuclear injection of single-cell embryos was performed as described previously (58).
Microinjection cocktails included sgRNA (MS721. DZIP1.sp4) (2.5 ng/pl), Alt-R s.P. Cas9
nuclease 3NLS (5.0 ng/ul) (Integrated DNA Technologies Inc.), and sSODN (10 ng/ul)
(MS721. DZIP.ssODN.S14R.Sense) in Ml buffer [10 mM tris-HCI (pH 7.4); 0.25 mM
EDTA]. We also performed injections with Cas9 mRNA supplied by the GEiC at a
concentration of 5 ng/ul. In both cases, successful targeting and faithful editing were
achieved as determined by polymerase chain reaction and sequence analysis of DNA
extracted from tail biopsies of pups derived from injected embryos.

Injections with cocktails containing Cas9 mRNA resulted in 16 pups. Of these 16 pups (32
alleles), sequence confirmed two homozygous Kl (Dzjp1514R/514R) and one heterozygous

K1 (Dzip1514R/*). Injection cocktails containing Cas9 protein resulted in 18 pups. Of these
18 pups (36 alleles), sequence analysis confirmed one homozygous Kl (Dzjp1514R/S14R) and
two heterozygous Kl ( Dzjp1514R/#). CRISPR-mediated targeting events were also identified
in other pups but occurred in concert with frameshift mutations that precluded their use in
the study. In 6 of 32 targeted alleles derived from injections using Cas9 mRNA, a frameshift
was identified, whereas injections using Cas9 protein resulted in a frameshift rate of 10 of 36
alleles. In total, four male heterozygous Kl animals (Dzip1524R/*) generated from this study
were used for echocardiography and breeding as detailed below.

Visualization of murine mitral valve cilia by IHC

IHC was performed to identify primary cilia during the life span of mice. Embryonic and
adult tissue were harvested, processed, and sectioned for IHC as previously described (41).
Cilia stains to assess expression and measure cilia length by IHC were done on 15-pum-thick
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sections. Antigen retrieval was performed for 1 min using antigen unmasking solution
(\Vector Laboratories, catalog no. H-3300) in a pressure cooker (Cuisinart). After antigen
retrieval, two antibodies and their dilutions were used to identify the primary cilia:
acetylated tubulin (Sigma-Aldrich, catalog no. T6793, 1:500) and g-tubulin (Abcam, catalog
no. ab11317, 1:1000). Primary antibodies were detected using fluorescent secondary
antibodies, goat anti-mouse immunoglobulin G (1gG) (Thermo Fisher Scientific, Alexa
Fluor 488; catalog no. A-11029, 1:100) or goat anti-rabbit 1gG (Thermo Fisher Scientific,
Cyanine5; catalog no. A-10523, 1:100). Nuclei were counterstained in all IHC experiments
with Hoechst (Life Technologies, catalog no. H3569, 1:10,000) for 10 min, and slides were
cover-slipped with SlowFade mounting medium (Life Technologies, catalog no. S36937). To
define the spatial distribution of primary cilia with ECM, we costained for axonemes with
previously validated antibodies against either versican or collagen | (1: 250 dilution) (16,
23). We used a previously validated DZIP1-specific antibody (31) with acetylated tubulin (or
g-tubulin) to determine colocalization of DZIP1 with axonemes and/or basal bodies.
Secondary antibodies used for this staining are listed above. IHC was also performed for
collagen I and versican as described above. Mf20 (Developmental Studies Hybridoma Bank,
dilution 1:50) was used to stain myocardial tissue, with /7= 4 for each of these IHC
experiments. Fluorescence imaging was performed using the Leica TCS SP5 AOBS
Confocal Microscope System (Leica Microsystems Inc.).

3D electron tomography

Samples were prepared as previously described (59). Briefly, neonatal mouse hearts (P0O)
were excised after cervical dislocation, the LV was opened by an apico-basal incision under
stereomicroscopic control, and the mitral valve was exposed by slight spreading of the cut
LV tissue. Tissue was fixed by gently dripping iso-osmotic Karnovsky’s fixative [0.45%
paraformaldehyde, 0.57% glutaraldehyde, and 0.97% sodium cacodylate; 300 mOsm (60)]
onto the opened LV. The anterior mitral valve leaflet was carefully excised and kept in
fixative for 24 hours. Tissue was then washed in 0.1 M sodium cacodylate, post-fixed in 1%
OsOy for 1 hour, dehydrated in graded acetone, and embedded in Epon-Araldite resin
(Electron Microscopy Sciences). Semithick (280 nm) sections were placed on formvar-
coated slot grids and post-stained with 2% aqueous uranyl acetate and Reynold’s lead citrate
(Electron Microscopy Sciences). Colloidal gold particles (15 nm) were added to both
surfaces of the sections to serve as fiducial markers for tilt series alignment. Images were
acquired using a 300-kV Tecnai TF30 (FEI Company, now Thermo Fisher Scientific) and a
4 x 4—-K charge-coupled device camera (UltraScan; Gatan) at the EMBL Heidelberg
Electron Microscopy Core facility. The specimen holder was tilted from +60° to —60° at 1°
intervals. For dual-axis tilt series, the specimen was then rotated by 90° in the X- Y'plane,
and another +60° to —60° tilt series was taken. The images from each tilt series were aligned
by fiducial marker tracking and back-projected to generate two single full-thickness
reconstructed volumes (tomograms), which were then combined to generate a single high-
resolution 3D reconstruction of the original partial cell volume. Isotropic voxel size was 1.01
nm. All data were processed and analyzed using IMOD software.
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Quantification of cilia

Quantification of primary cilia number and length was conducted in a blinded fashion using
images acquired with the Leica TCS SP5 AOBS Confocal Microscope System (Leica
Microsystems Inc.). Zstacks were set by finding the highest and lowest depth (with 10x and
40x objectives) with visible fluorescence and using the system optimized setting to
determine steps. Z-stacks were then compiled to form maximum projection images. 3D
reconstructions of these images were performed by importing Z-stack confocal images into
Imaris 9.0 (Bitplane Inc.) and creating surface renderings based on stain intensities. 3D
reconstructions were used to generate movie representations of data or quantifiable metrics
of cilia length. Cilia length was measured from the base of the axoneme (acetylated tubulin—
positive stain) to the tip. For measuring the cilia length in the Dzip1 control (Dzjp1*/%)
versus Dzip1514R*, values were plotted every 0.5 mm to assess cilia length distribution
differences between the two genotypes at P0. For control mitral leaflets, three animals were
analyzed with a total of /7= 466 cilia lengths quantified. For Dzjp1524R/* mitral leaflets, six
animals were analyzed with a total of 7= 1178 cilia lengths quantified. For quantifying the
spatial localization of cilia relative to collagen or versican expression, three independent
replicates were performed with a total of 7= 422 cells analyzed. For comparison between
genotypes of MVVP models F/na, Dchsi, and control, a total of five independent PO anterior
leaflets were analyzed with the following total number of cells quantified for cilia length:
control, 7= 224; Fina conditional knockout [ 77e2¢"(*):Fina x’)A, n= 185; Dchs1 knockout
(Dchs17), n= 154. For comparison between genotypes of the Dzip1 conditional knockout
model [NfatC16e(*):Dzjp1*/* 7* or ] a total of five independent PO anterior leaflets were
analyzed for each strain with the following total number of cells quantified for cilia length:
control [ NfatC1¢"e(*) - Dzjp1*/*], n= 163; conditional heterozygote [NfatC1¢e(*):Dzjp177],
n=330; conditional knockout [NfarC1¢e(*) - Dzip1™, n=185.

Visualization of human mitral valve cilia by IHC

One fetal heart (12 weeks) was obtained under Institutional Review Board approval
(2010P001333) from an elective termination that was lawfully performed at Brigham and
Women’s Hospital, Boston, MA. Samples were stored in RNA /ater (Qiagen Inc.) and
maintained at the Harvard BioBank. Tissues were washed and refixed in formalin, followed
by tissue processing, embedding, and sectioning as we have previously described (16).
Staining for primary cilia and 3D reconstructions of the stains were performed as described
above for the mouse IHC experiments.

Histology and 3D reconstructions

3D reconstructions of H&E images were performed to generate volumetric measurements of
PO anterior and posterior mitral leaflets, as described previously (16). Briefly, 5-mm sections
throughout the entirety of the mitral valve were H&E-stained and imaged using an Olympus
BX40 bright-field microscope. Images were then aligned using ImageJ FIJI and imported
into Imaris 9.0. Manual reconstruction was performed by tracing each individual leaflet on
every section and combining all traces to create a 3D structure. 3D reconstructions were
performed on PO mice from these genotypes: NifatC1"e(*):Ift88"" Dzjp1514R/*,

NfatC1°e(*) -Dzjp17*, and NfatC167(*):Dzip17" For all analyses, littermates were used to
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ensure that background strains were similar. The numbers of mice for each genotype were as
follows: NfatC1CTe() 188" n= 6 NfatC1°"e(*):[ft88*"* (control), n= 4; Dzjp1514~* n=
5; DzipI1*/*(control), n=5; NfatC1°(*):Dzjp17* n=5; NfatC1°e(*);Dzip1"f n=5;
NfatC1¢(*) Dzjp*’*, n = 5. Quantification was performed using Imaris 9.0 software, and
data were generated for volume, surface area, and width. Width measurements were taken at
three locations along the longitudinal axis of the mitral leaflets at the base, mid region, and
tip. For these measurements, five sections throughout the leaflet were used while cognizant
of keeping anatomical positions between the experimental and controls animals comparable.
Pvalues for each dataset are provided in representative figures or their figure legends.

Movats pentachrome histological stain

Movats stain was performed as previously described (16, 23) on adult NifatC1¢7e(*): /88",
Dzip1514R’* and NfatC167(*):Dzjp17* a9 7f mice and compared to control littermates with
n=4 per genotype.

Section in situ

RNA in situ hybridization for Dzipl at E14.5 was performed through Genepaint (61). A
2900-bp riboprobe was used to analyze DzjpZ RNA expression at E14.5. This probe was
generated against region 84—-2983 of accession no. NM_0025943.3. This probe spans all
known isoforms for Dzjp1.

Proliferation studies

Ki67-positive cells and total cell numbers were counted throughout eight sections, with each
section separated by 20 mm (to ensure counts were not duplicated) per heart. For
NfatC16e(*)1£t88*"* (control), a total of five individual anterior and posterior leaflets were
analyzed. For NifatC1¢"e(*) 1ft88"* (conditional heterozygote), a total of eight individual
anterior and posterior leaflets were analyzed. For NifatC167(*):11t88"f (conditional
knockout), a total of seven individual anterior and posterior leaflets were analyzed. The
average number of Ki67-positive cells and total number of cells counted throughout the
eight sections were averaged among the five leaflets analyzed per genotype. Measurements
were compared to control data to obtain fold change values. To detect statistically significant
differences between test groups with two-sided a = 0.05, Student’s #test was used. Error
bars represent SD.

Cell density studies

Cell density was quantified by counting all nuclei in a specified area (15 mm?2).
Measurements were taken at three points (base, middle region, and tip) along the craino-
caudal (longitudinal) axis of each section of the anterior mitral leaflet. A total of five
sections were analyzed in each heart, thus generating a total of 15 measurements per animal.
For the NfatC1¢(*);1£188%/* (control), and NfatC1¢re(*);1£188"f (conditional knockout), a
total of five hearts were analyzed per genotype. Measurements were compared to control
data to obtain fold change values. Pvalues for each dataset are provided in representative
figures or their figure legends. Error bars represent SD.
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Mouse echocardiography

Mice were anesthetized with 3 to 5% isoflurane vapor in an anesthesia chamber (Vetequip
Inc.) and then placed on a biofeedback warming station (Indus Electronics) with nose cone
anesthesia of 1.5 to 2.5% isoflurane (Piramal Critical Care), which was regulated to maintain
a heart rate between 500 to 600 beats/min while providing anesthesia (abolition of the toe
pinch reflex). The hair over the chest was removed using a commercially available
depilatory cream (Nair). Ultrasound gel was placed on the chest, and echocardiography
measurements were performed using a 40-MHz probe with a spatial resolution of 30 mm
(Vevo2100; Visualsonics). 2D and M-mode echo images were obtained in the parasternal
short- and long-axis views. LV volumes and ejection fractions were computed from the
parasternal long-axis recordings, and LV mass was computed from the short-axis
measurements (62—64). For terminal studies, heart harvest was performed after this
procedure. The entire echocardiography procedure took ~20 to 30 min per mouse. The
following 6-month-old Dzip1 conditional knockout animals were used:

NfatCI1Ce(™®) Dzjp1** (n = 4), NfatC1¢(*):Dzjp17* (n= 5), and NfatC1°(*):Dzjp17 (n=
3). Total 5-month-old DzjpI KI animals used were Dzip1*’* (n= 4) and Dzip1514R/* (n= 4).
The Dzip1514R/* mice used for echocardiography were independent founders that resulted
from the CRISPR-Cas9 targeting experiment.

RNA-seq analyses

Mitral leaflets were dissected from PO NfatC1e(),1£t88*"* (n= 2), NfatC1Ce(*) 1£1887*(n
= 2), and NfatC16e(*):1t88"f (n = 3) mice. A second RNA-seq experiment was performed
using RNA isolated from E13.5 Dzjp1*/* (n= 3) and Dzjp1514R* (n= 3) whole hearts. Total
RNA was isolated using MicroRNeasy (Qiagen). Purity and quantification were determined
by Bioanalyzer. The library preparation was done using the SMART-Seq v4 RNA-seq kit
(Clontech Laboratories), following the manufacturer’s instructions. The analysis was carried
out on an OnRamp Bioinformatics Genomics research platform (OnRamp Bioinformatics).
OnRamp’s advanced Genomics Analysis Engine used an automated RNA-seq workflow to
process the data, including (i) data validation and quality control, (ii) read alignment to the
mouse genome (mm10) using STAR RNA-seq aligner, (iii) generation of gene-level count
data with HTSeq, and (iv) differential expression (DE) analysis with DEseq2, which en-
abled the inference of differential signals with robust statistical power (65-67). Transcript
count data from DESeq2 analysis of the samples were sorted according to their adjusted P
value or @ value, which is the smallest FDR at which a transcript is called significant. FDR
is the expected fraction of false-positive tests among significant tests and was calculated
using the Benjamini-Hochberg multiple testing adjustment procedure (68). All RNA-seq
datasets were uploaded to the GEO accession viewer through the National Institutes of
Health (NIH) with accession number GSE125092 and web link www.nchi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE125092. The DE list was then submitted to the iPathway Guide tool
from Advaita Bioinformatics; this tool uses a systems biology approach to identify pathways
that are significantly affected in any condition from high-throughput gene expression data.
The impact analysis incorporates the classical probabilistic component of the magnitude of
the expression changes of each gene, the position of the differentially expressed genes in the
given pathways, the topology of the pathway that describes how these genes interact, and the
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types of signaling interactions between them (69). GO analyses and heat map output derived
from the Advaita software with FDR correction is presented for RNA-seq datasets.

Collagen | quantification

IHC for collagen | (red) and MF20 (green) on neonatal (P0) N7atC1e(*),ft88*"* (controls)
was compared to NfarC1¢7e(*), 188" littermates. Quantification of IHC was performed in
Adobe Photoshop (Adobe Photoshop CS5 Extended) by conversion of the immuno-
fluorescent channel to inverted gray scale. Integrated density of identical sized acquisition
boxes was measured at the base, middle, and tip of the anterior leaflet. Collagen | expression
in the epicardium was used as a normalization control for the staining between genotypes
because the Cre is not active in this tissue. 7= 3 per genotype. Measurements were
compared to control data to obtain fold change data. P values for each dataset are provided
in representative figures or their legends. Errors bars represent SD.

DZIP1 protein half-life calculations

Cycloheximide experiments were performed on transfected immortalized mouse
atrioventricular valve cells (mAVCs). The mAVCs were a gift from J. Barnett (Vanderbilt
University) and were previously published (70). Control human DZIP1 plasmid was
purchased from Origene (clone ID: 198968). The DZIP1 mutation was incor-porated
through a QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent Technologies) per the
manufacturer’s recommendations, and both control and DZ/P1524R constructs were
transfected into the mAVC cell line (1 x 10° on 35-mm dishes). Both constructs had a V/5-
epitope tag at the C terminus of the construct. For the cycloheximide experiments, medium
containing cycloheximide (100 ng/ml) was added at 48 hours after transfection, and each
well was harvested as above at the indicated time points. Western blots were probed with a
mouse anti-V5 primary antibody (1:4000 dilution, Invitrogen) and a horseradish peroxidase—
linked secondary at the same dilution (Thermo Fisher Scientific). Blots were also probed
with a mouse anti-tubulin primary (Millipore) at a 1:4000 dilution and the same secondary
antibody as above. Blots were treated with West Femto (Thermo Fisher Scientific) and
visualized on film. For quantitation, blot pixel intensity was measured by Photoshop CS and
normalized to tubulin. Each experiment was repeated a minimum of three times and all
samples were run in triplicate, and a single exponential decay regression curve was fit and
half-lives calculated using Excel (Microsoft). Measurements at each time point were
compared to control data.

Human echocardiography

MVP was diagnosed in 2D long-axis echocardiographic views by >2-mm leaflet
displacement, superior to the annulus hinge points (71, 72). Prodromal/minimal morphology
was noted on the basis of leaflet coaptation abnormally displaced >40% anterior relative to
the mitral annulus, and minimal superior displacement was based on <2-mm displacement
(25, 73). These morphologies associate with progressive prolapse and link to the haplotype
of affected individuals with fully diagnostic displacement (25).
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Familial genetics and WES

Complete details on the family in Fig. 3A and the original linkage analysis can be found in
(25). Exome sequencing was performed on four individuals (11-3, 111-4, 111-10, and 1V-12)
carrying the linked haplotype, and all genes in the candidate interval were analyzed for
coding sequence mutations. Exome capture was carried out using the SureSelect Human All
Exon System using the manufacturer’s protocol version 1.0 (Agilent Inc.) that is compatible
with Illumina paired-end sequencing. Exome-enriched genomes were multiplexed by flow
cell for 101-bp paired-end read sequencing according to the protocol for the HiSeq 2000
sequencer (version 1.7.0; lllumina) to allow a minimum coverage of 30x. Reads were
aligned to the human reference genome (UCSC NCBI36/hg19) using the Burrows-Wheeler
Aligner (version 0.5.9). Quality control to determine sample and genotyping quality and to
potentially remove poor SNPs and/or samples was performed in PLINK, a whole-genome
association analysis toolset (74).

Genome-wide association studies

We used an enrichment analysis method called improved gene set enrichment analysis for
GWAS (i-GSEA4GWAS) (75). This method uses all tested SNPs in the GWAS (6.6 million)
that it maps to genes if they are exonic/intronic or to the closest genes if they are within 20
kb upstream/downstream of genes. Of the 6.6 million SNPs that we included, this analysis
mapped 4,349,539 variants to 21,167 genes and tested 130 different gene sets from the
preexisting catalog Kyoto Encyclopedia of Genes and Genomes (KEGG), to which we
added our list of 278 known ciliopathy genes that we predefined as a cilia gene set (table
S1). Enrichment was considered as highly confident and statistically significant at FDR <
0.05, as recommended in (75) (table S2).

Animal studies

All animal experiments were performed under protocols approved by the Institutional
Animal Care and Use Committees at the Medical University of South Carolina and
University Heart Center Freiburg. Before cardiac resection, mice were euthanized by
isoflurane (Piramal) induction, followed by cervical dislocation in accordance with the
Guide for the Care and Use of Laboratory Animals (NIH publication no. 85-23, revised
1996). Comparisons of the data generated for both male and female sexes showed no
appreciable differences. As such, combined data for both sexes are shown.

Human studies

All studies involving human research were approved by the Institutional Review Board of
Partners Healthcare, Boston, MA, and all participants provided written informed consent.

Overall statistical analyses

All data are shown as means + SD. To detect statistically significant differences between test
groups with two -sided a = 0.05, Student’s ftest was used. Pvalues for each dataset are
provided in representative figures or their figure legends. For all box plots, a generalized
linear mixed model was used to compare the likelihood of cilia presence across genotypes
using a logit link function and litter, mouse, and genotype by litter interaction as random
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effects in the model. For mice with cilia present, mixed model analysis of variance was used
to compare mouse average cilia length across genotypes, with litter serving as a random
effect. Cilia values were analyzed using SPSS v25. Pvalues for each dataset are provided in
representative figures or their figure legends. Error bars designate the 95% confidence
intervals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Thenumbersof primary cilia on valve inter stitial cellsvary spatially and temporally
during mitral development.

IHC of axonemes (green, acetylated a-tubulin) and basal bodies (red, g-tubulin). (A) E11.5,
(B) E13.5, (C) E15.5, (D) E17.5, (E) PO, and (F) adult (Ad) at 3 months of age. Primary
cilia are abundant on valve interstitial cells (VICs). Arrows designate the lack of axonemes
on valve endocardial cells. Blue, nuclei (Hoechst); AL, anterior leaflet; PL, posterior leaflet.
Three levels of magnification are shown from left to right. Scale bars, 100, 10, and 2 mm
[(A) to (E)]; 200, 50, and 5 mm (F). (G) Tomographic electron microscopy of VICs at PO
showing a primary cilium (axoneme), basal body, and mother centriole. Scale bar, 100 nm.
(H) Higher magnification of the mother centriole showing a classic triplet microtubule 9 + 0
organization indicative of a primary cilium. Scale bar, 20 nm. (I) Box plots of primary cilia
lengths in the mitral valves throughout the murine life cycle. The blue boxes show the main
distribution of the cilia length values. The bottom of the box is the 25th percentile, the
middle line is the median value, and the top of the box is the 75th percentile. Red dot
denotes the mean cilia length. Error bars represent 95% confidence intervals. *£< 0.01; **P
<0.001; ***P< 0.0001.
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Fig. 2. Loss of 1ft88 impairs ciliogenesis during development and resultsin myxomatous mitral
valve disease.

(A) IHC for acetylated tubulin (green) and basal bodies (red) at neonatal day 0 in conditional
knockout for /788 [ NfatC17e(*)1£188" and control mice shows axoneme structures (loss
indicated by arrowheads). (B) Hematoxylin and eosin (H&E) staining for //z88 conditional
knockout (cKO) and control mice at PO. (C) 3D reconstructions of the mitral valve anterior
and posterior leaflets (valve thickening indicated by arrowheads). (D) Quantification of
valve 3D reconstructions of control [ AVifatC17e(*):1ft88*/*] and 1ft88 conditional knockout

[ NfatC167e(*) 111881 mitral leaflets. *P< 0.03; n= 6 for conditional knockout and /7= 4
for control. Dots represent means, and error bars are SD of the mean. (E) IHC for collagen
(red), myocardium (green), and nuclei (blue) on adult /ft88-deficient mitral leaflets and
controls. (F) IHC for versican (red), myocardium (green), and nuclei (blue) on adult //z88
deficient mitral leaflets and controls. (G) Movats histological stain on adult //z88-deficient
mitral leaflets and controls [arrows indicate increased proteoglycans (blue) and enlarged
valve leaflets] compared to controls. Proteoglycan, blue; collagen, yellow; myocardium, red.
n= 4 per genotype.
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Fig. 3. DZIP1lisidentified asan MVP gene.
(A) Multigenerational family with inherited, autosomal dominant, nonsyndromic MVP.

Black circles and squares are affected individuals, green circles and squares are individuals
who exhibit minimal MVP, and white circles and squares are unaffected. Circles, female;
squares, male. 1D designations for family members are denoted under the circles or squares.
“?,” unknown phenotype. Proband is identified with the black arrow. (B) Human transcript
and marker maps of the linkage interval on chromosome 13 (Chr 13). Candidate region is
between 13g31.3 and 13g32.1, and all RefSeq genes and their orientations are shown within
the 8.2-Mb interval. DZ/P1, the only cilia gene within the locus, is highlighted in pink. (C)
Sanger sequencing identified a single missense mutation within exon 5 of DZ/P1, resulting
in a serine-to-arginine change. The mutation segregates with the affected patients and is
designated by “+/=" in the pedigree. (D) Population frequency showing the rarity of the
identified DZIP1 variant in the population.
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Fig. 4. Dz plsl“R/+ mice have MVP and myxomatous valves.
(A) Movats staining of control hearts at 6 months of age. (B) Movats staining of Dzjp1514~"*

hearts at 6 months of age showing dysmorphic posterior leaflet (arrowhead). (C) Movats
staining of Dzjp1524R/* hearts at 6 months of age showing dysmorphic anterior leaflet
(arrowhead). 7= 4 per genotype. (D) Echocardiography of adult (6-month-old) Dzjp1514R/*+
mice. Arrows indicate a prolapsing posterior leaflet (PL) and excess tissue on the anterior
leaflet (AL). Ao, aorta. 7= 4 per genotype.
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Fig. 5. Dzip1SMR* mice have dysmor phic valves concomitant with altered ciliogenesis during
development.
(A) H&E staining of Dzip1514R’* and control mitral valves at PO. Arrowheads indicate

regions of abnormal thickening. Scale bars, 200 um. (B) 3D reconstructions of Dzjp1514R/*
and control mitral valves at PO. White arrowhead indicates valve thickening. (C)
Quantification of valve dimensions. *~< 0.05. (D) IHC for primary cilia in Dzip1574R/* and
control PO mitral valves. Axonemes, green; basal bodies, red; nuclei, blue. (E) Box plots of
primary cilia lengths in the mitral valves of Dzjp1524R’* and control mitral valves at PO. The
blue boxes show the main distribution of the cilia length values. The bottom of the box is the
25th percentile, the middle line is the median value, and the top of the box is the 75th
percentile. Red dots denote the mean cilia length. Error bars represent 95% confidence
intervals. Each gray circle is a single cilia length measurement.
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