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Abstract

Background—-Bicuspid aortic valve (BAV) disease is the most common congenital heart defect
affecting 0.5-1.2% of the population and causes significant morbidity and mortality. Only a few
genes have been identified in pedigrees and no single gene-model explains BAV inheritance, thus
supporting a complex genetic network of interacting genes. However, patients with rare syndromic
diseases that stem from alterations in the structure and function of primary cilia (“ciliopathies™)
exhibit BAV as a frequent cardiovascular finding, suggesting primary cilia may factor broadly in
disease etiology.

Results—Our data are the first to demonstrate that primary cilia are expressed on aortic valve
mesenchymal cells during embryonic development and are lost as these cells differentiate into
collagen-secreting fibroblastic-like cells. The function of primary cilia was tested by genetically
ablating the critical ciliogenic gene, /ft88. Loss of /ft88resulted in abrogation of primary cilia and
increased fibrogenic ECM production. Consequentially, stratification of ECM boundaries normally
present in the aortic valve were lost and a highly penetrant BAV phenotype was evident at birth.

Conclusions—Our data support cilia as a novel cellular mechanism for restraining ECM
production during aortic valve development and broadly implicate these structures in the etiology
of BAV disease in humans.
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Introduction

Bicuspid aortic valve (BAV) disease is the most common congenital valvular heart defect
affecting 0.5-1.2% of the population and is a significant cause of morbidity and mortality.
Comorbidity of other cardiovascular disease often segregate with BAV, including ascending
aortic dilation, aortic stenosis (AS), coarctation of the aorta, and calcific aortic valve disease
(CAVD) occurring 10-20 years prior to population norms (Tzemos et al., 2008; Michelena
et al., 2011; Martin et al., 2015). There is no curative or preventative medical therapy for
these aortic diseases and, in North America alone, 80,000 patients progress annually to
severe symptomatic CAVD requiring aortic valve replacement (AVR). The lack of therapies
may be attributed to a paucity of genetic and biological data underlying the clinical aspects
of this disease. To date, only a few genes have been identified in pedigrees and it is clear that
no single gene-model explains BAV inheritance, thus supporting a complex genetic network
of interacting genes (Garg et al., 2005; Bonachea et al., 2014a). Nonetheless, the high
prevalence of BAV and its anatomically discrete, but frequent, co-existing diseases, support
a potential unifying molecular genetic cause of the disease. This contention is further
supported by clinical findings in patients with complex congenital diseases associated with
disruption of primary cilia known as “ciliopathies”. Patients with ciliopathic diseases
commonly present with cardiac defects that include bicuspid aortic valve disease and/or
aortic stenosis (Karp et al., 2012). These clinical findings motivated our studies to examine
the potential role of primary cilia in aortic valve development and disease.

Cilia are microtubule-containing structures (axonemes) that project from the cell. There are
two main types of cilia: motile and immotile. Motile cilia (100’s/cell) are primarily involved
in fluid movements. In contrast, immotile cilia (a.k.a. primary cilia) are solitary (1/cell),
extend from the anchoring basal body and function as cellular “antennae” to coordinate
various signaling pathways (Ishikawa and Marshall, 2011) such as Notch1 (Liu et al., 2007;
Samsa et al., 2015; Grisanti et al., 2016; Li et al., 2016), Hedgehog (Echelard et al., 1993),
Wnt (Lienkamp et al., 2012), PDGF (Schneider et al., 2005; Clement et al., 2013b), and
TGFB (Clement et al., 2013a) as well as function as calcium sinks (Delling et al., 2013) and
potentially as mechanosensors on endothelial cells (Jin et al., 2014). Although primary cilia
have been previously linked to congenital heart malformations, such as heterotaxy and
atrioventricular septal defects (Li et al., 2004; Hoffmann et al., 2009; Friedland-Little et al.,
2011; Hoffmann et al., 2014; Li et al., 2015), the role of these structures in the aortic valves
is unknown.

In this study, we uncover three novel aspects of primary cilia during development. First,
primary cilia are expressed predominantly on aortic valve interstitial cells in a spatio-
temporal manner, while being scantly observed on valve endocardium. Second, genetic
ablation of primary cilia results in highly penetrant myxomatous bicuspid aortic valve
disease, similar to the cardiac phenotype observed in ciliopathy patients. Third, we show that
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primary cilia restrain extracellular matrix expression, suggesting cilia play a role in
suppressing differentiation of aortic valve mesenchymal cells in a temporal manner. Thus,
these studies are the first to identify a morphogenetic link between primary cilia and aortic
valve disease and support a model whereby primary cilia are not only cellular antennae, but
also cellular clocks that dictate the temporal activation of differentiation. Additionally, due
to the indispensable role for cilia in regulating various growth factor signaling pathways,
these structures may play a broad role in bicuspid aortic valve disease in humans.

Results and Discussion

Temporal-Spatial Analyses of Primary Cilia During Aortic Valve Development

By combining specific primary cilia markers with high-resolution confocal microscopy, we
were able to gain a quantitative map of primary cilia during valvulogenesis. We initially
focused on the presence and length of primary cilia (Figure 1). We focus on cilia length due
to the recognition that length is a major predictor of proper cilia function. Inappropriate
elongation of primary cilia can hinder the biological processes in which cilia function and
several ciliopathies have been associated with defects in cilia length (Niggemann et al.,
1992; Yuan et al., 2012; Broekhuis et al., 2013; Broekhuis et al., 2014). Our data
demonstrate that primary cilia are present on interstitial cells of the developing outflow tract
cushions at E11.5 and E13.5, while being rarely observed on the valve endocardium (Figure
1A). As development proceeds into fetal life, these structures grow in length, reaching a
maximum average length of 2.5-3.0 ym by E17.5. During postnatal growth of the heart,
primary cilia become shorter and are gradually lost with adult aortic valve interstitial cells
(aVICs) rarely expressing these structures (Figure 1A, B).

Additional expression studies also identified primary cilia as not only being temporally
regulated but that they also become restricted to specific ECM zones within the aortic valves
(Figure 2). For example, primary cilia are observed at early timepoints of valve development
when the primitive cuspal tissue is comprised mostly of mesenchymal cells bathed in a
provisional ECM that includes abundant proteoglycans (e.g. versican and hyaluronan)
(Figure 2A). Subsequently, during fetal and early postnatal aortic cusp maturation,
mesenchymal cells transition (or differentiate) into a fibroblast-like phenotype and increase
expression and deposition of various collagens (e.g. collagen type 1) (de Vlaming et al.,
2012). During this transitional timepoint, primary cilia within the collagen-rich fibrosa layer
of the aortic cusps are drastically reduced in both numbers and length (Figure 2B,C). This
would suggest that either the interstitial cells are no longer responding to pro-ciliogenic
factors and/or that the changing ECM environment negatively feeds back to suppress
ciliogenesis. Consistent with this latter notion, prior work in other tissues have supported a
role for the ECM in regulating cilia function (Christensen et al., 2008; Seeger-Nukpezah and
Golemis, 2012). This is particularly evident in vascular smooth muscle cells whereby cilia,
and ultimately differentiation, is regulated in part by the metalloproteinase, ADAMTS9
(Nandadasa et al., 2015).

The timing in which we observe cilia disappear from specific zones within the aortic valves
also coincides with increasing biomechanical stresses. Blood volume and pressure increases,
which likely trigger mechanosensitive stimuli on aortic valve interstitial cells. Interestingly,
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previous reports suggested that primary cilia are expressed by endocardial cells of the early
valve primordia in areas of low-shear stress, thus supporting a mechanosensing role
(Egorova et al., 2011). While the primary cilia in the aortic valve may indeed have a
mechanosensing role, it is unlikely that cilia on the endocardial surface would serve this
function due to their short length and sparse presence on the valve endocardium (Figure 1
and 2). This, however does not preclude the role of mechanosensing of cilia in the valve
interstitium. Indeed, compression (from clasping of cuspal tissue together), tension (albeit
limited in the aortic cusps), and interstitial flow (which occurs in proteoglycan-rich, water
loving environments where cilia are concentrated—Figure 2B, C) are biomechanical stimuli
that valve interstitial cells sense on a beat-by-beat basis during the cardiac cycle. Thus, we
cannot rule out a mechanosensing role for primary cilia in the proteoglycan-rich spongiosa
regions in which they are retained during fetal and early postnatal life.

Active Hedgehog signaling during aortic valve development—In addition to
potential mechanical stresses, it is clear that cilia respond to growth factor signals
(hedgehog, Tgff, Notch, Wnt, Pdgf). Since the hedgehog pathway had previously not been
investigated in the aortic valves, 3D-immunochistochemistry (3D-IHC) was performed for
major constituents of this signaling pathway. As shown in Figure 3, 3D-IHC confirmed that
smoothened (a G-protein coupled receptor that interacts with the hedgehog receptor,
Patched) and Gli3 (a key transcription factor that transmits hedgehog signals) are expressed
by aVICs. Interestingly, our studies also show smoothened protein (arrowheads in Figure
3A) in transit along the cilia axoneme (green staining in Figure 3A). Movement of
smoothened into the axoneme is not only a required regulatory step in promoting Gli3
activation but also signifies active hedgehog signaling in the aortic valves. Currently, which
of the three-known hedgehog ligand(s) (sonic, indian, or desert) are responsible for
activating this pathway is unknown. Previous in situ data has demonstrated that sonic and
indian hedgehog are not expressed in the valve primordia making them unlikely candidates.
Desert hedgehog, however, appears to be robustly expressed in the developing cushion
endocardium (Bitgood and McMahon, 1995), suggesting a putative cross-talk mechanism
between desert secreting endocardial cells and respondent cilia-containing aVICs.

Primary cilia and bicuspid aortic valves—To test the function of primary cilia, we
genetically ablated the axoneme during aortic valve development by conditionally removing
the /7188 gene. 1ft88 is an intraflagellar transport protein that acts as a scaffold for vesicular
transport up and down the ciliary axoneme and has been shown to be essential for the
formation and maintenance of primary cilia (Pazour et al., 2000). Loss of /ft88results in
either total deletion or very short ciliary axonemes and early embryonic lethality (Pazour et
al., 2000; Sun et al., 2004; Veland et al., 2009). To circumvent embryonic lethality and test
the function of primary cilia in the aortic valve, we employed a conditional approach
whereby the floxed 1ft88 allele (/788”1 was bred to a cardiac endocardial-specific Cre
driver, (NfarC1C"8(*)) known to be active during aortic valve morphogenesis (Zhou et al.,
2002; Wu et al., 2012). As shown in Figure 4A, conditional loss of /f#88, results in profound
shortening and/or complete loss of axonemes in the aortic leaflets. Due to the contributions
of multiple cell-lineages (i.e. neural crest, second heart field, endocardium) to the
developing aortic valves, not every aVIC has lost its primary cilia. Nonetheless, endocardial-
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derived cells (in which the NfatC1°" is active) represent a major contributing cell source to
the aortic cusps and histological analyses of //z88 deficiency (NfatC1¢e(*): 1£t:88™) in this
cell type revealed an enlargement of the hinge regions between the right and non-coronary
leaflets, indicative of a bicuspid aortic valve phenotype (Figure 4B). Three-dimensional
reconstructions demonstrated the presence of two instead of three cusps in the conditional
knockout when compared to littermate controls. This phenotype was highly penetrant, being
observed in 19 out of 28 (68%) total conditional knockout animals analyzed.

Primary cilia and differentiation vs. proliferation—To elucidate the mechanism(s) by
which this BAV phenotype occurs, we assayed whether cilia deficient aortic valves result in
altered proliferation and/or extracellular matrix production. Contrary to prior studies on
primary cilia, loss of axonemes in the aortic valves failed to reveal statistically significant
changes in cell proliferation as assayed by Ki67 and pHH3 (Figure 5A, B), total cell number
(Figure 5B), or apoptosis (data not shown). Since there are no changes in total cell number
or proliferation/apoptosis, this would seemingly exclude a role for primary cilia in regulation
of EMT, as previously described (Egorova et al., 2011). Next, we investigated whether
increased ECM may provide an explanation for increased cuspal size. Cell density and
immunohistochemical stains confirmed a significant decrease in cell density (Figure 5C, D)
and an increase in the production of ECM substrates (e.g. collagen | and versican) (Figure
5E-G). These data support the contention that primary cilia restrain valve size and can either
directly or indirectly alter production of critical ECM components, versican and collagen I.
This observation is consistent with previous reports of cilia function in various tissues and
species. For example, studies in zebrafish and mice have shown that primary cilia regulate
ECM composition through transcriptional control of small leucine rich proteoglycans
(SLRPs) (Huang et al., 2013), metalloproteinases (e.g. Adamts5) (Thompson et al., 2014) or
collagen genes (Mangos et al., 2010) in kidney and bone. Interestingly, an ECM feedback
loop is also involved in ciliary signaling and the ECM itself can affect ciliary structure and
function as is evident with loss of function of Adamts9 (Nandadasa et al., 2015). In each of
these cases, loss of primary cilia or alteration of the ECM milieu results in pathological
tissues. Additionally, loss of function models in ADAMTS genes (targets of cilia signaling)
have been shown to result in congenital BAV in various mouse models (Dupuis et al., 2013).
These data demonstrate that primary cilia are not simply vestigial organelles leftover from
evolution, but rather dynamic cellular appendages that regulate critical morphogenetic
process required for normal aortic valve development.

Ciliopathies and aortic valve disease—Human genetic and clinical data have
demonstrated that patients with defects in primary cilia (“ciliopathies) have increased
incidence of aortic valve defects (Karp et al., 2012). Many adult aortic diseases, especially
bicuspid aortic valve disease, have a congenital etiology and progress to clinically relevant
disease in the adult that can be characterized by calcification, stenosis, and/or aortic
insufficiency. A hallmark of these diseased valves is a myxomatous phenotype with
increased proteoglycans and fragmented collagen (Hinton et al., 2008; Martin et al., 2015;
Mathieu et al., 2015). Additionally, pediatric BAV disease cases are defined, at least in part,
by excessive and disorganized ECM production with no change in proliferation (Hinton et
al., 2006). Thus, we evaluated whether adult aortic valves from conditional knockout mice
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(Nfatc1(Cre*) 11887 vs control littermates exhibit increased expression of collagen and
versican. As shown in Figure 6, the consequence of developmental loss of primary cilia on
endocardial-derived cells is increased collagen and versican, which are no longer restricted
to the fibrosa and spongiosa, respectively. Rather, their pattern of expression is broadened
and overlapping, resulting in blurring of zonal molecular boundaries in the aortic cusps,
signifying a myxomatous phenotype. Quantification of cell density also showed decreased
cell density (Figure 6B, C), consistent with our developmental studies. Interestingly,
Herovici stains, which mark mature collagen fibers in red (Levame and Meyer, 1987;
Rawlins et al., 2006) were easily discernible in the wildtype aortic valves and correlated well
with the collagen localization in the fibrosa layer of the aortic valve through IHC and
histological techniques (Movat’s Pentachrome) (Figure 6A, D—black arrowheads). On the
contrary, whereas cilia deficient adult aortic cusps exhibit increased collagen expression by
IHC compared to controls, they failed to show Herovici-positive red stain in the aortic cusps
(Figure 6D—Dblack arrows). Thus, the lack of cilia not only increases collagen synthesis but
likely renders the cells incapable of processing this collagen into mature fibers.

Due to the clinical correlation between bicuspid aortic valve disease and calcific aortic
stenosis, aberrant chondrogenic and/or calcific differentiation of the aVICs was evaluated in
cilia deficient aortic cusps. Although we did observe a preponderance of chondrocytes at the
aortic hinge region (Figure 6—red arrow), alizarin red and Von Kossa stains did not reveal
consistent evidence of calcification (data not shown). Due to the age of the mice evaluated (4
months), future studies will focus on the possibility for calcification in older (>1 year) cilia-
deficient animals, as is observed in the aged human population.

Concluding Perspectives—Although the presence and function of primary cilia is
becoming better understood in various cell types, their role in cardiac development is still in
its infancy. Herein we report the first documentation of primary cilia in the developing aortic
valves and show that perturbation of these structures results in aortic valve defects. We
demonstrate that primary cilia function to restrain ECM production, supporting a role for
these structures in the temporal activation of a differentiation program. Premature
accumulation of fibrogenic ECM and decreased cell density contributed to the increased size
of the aortic cusps and correlated with a highly penetrant BAV phenotype observed in cilia
deficient animals. Although this report details the presence and function of primary cilia in
the aortic valves, future concerted efforts will be needed to identify whether primary cilia are
broadly applicable to other sets of valves. On this note, clinical findings in patients with
ciliopathies support a key role for primary cilia in the mitral, tricuspid and pulmonary
valves. For example, patients with autosomal dominant polycystic kidney disease (ADPKD)
have a 10-fold increase incidence of mitral valve prolapse (Lumiaho et al., 2001), while
patients with Ellis-van Creveld (EVC) syndrome (Baujat and Le Merrer, 2007) and
Nephronophthisis (NPH) commonly display mitral insufficiency (Tory et al., 2009).
Tricuspid and pulmonary valve defects and/or stenosis are also found in patients with
Bardet-Biedl syndrome (Elbedour et al., 1994; Cherian and Al-Sanna’a, 2009; Deveault et
al., 2011), EVC (Baujat and Le Merrer, 2007), and NPH (Tory et al., 2009). Thus, cilia in
the other sets of valves may play critical, and as yet unexplored roles in the etiology and
progression of clinically-relevant valve diseases.
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To date, only a few genes have been identified in pedigrees, and it is clear that no single
gene-model explains BAV inheritance, thus supporting a complex genetic network of
interacting genes. Nonetheless, the high prevalence of BAV and its anatomically discrete, but
frequent, co-existing diseases, support a potential unifying molecular genetic cause of the
disease. Support for this unification concept comes from previous reports that demonstrate
primary cilia are required for regulating the function of Notch1 (Grisanti et al., 2016), PDGF
(Schneider et al., 2005; Clement et al., 2013b), Tgfp (Clement et al., 2013a), Wnt signaling
(Lienkamp et al., 2012; Bonachea et al., 2014b), and Gata transcription factors (Daoud et al.,
2014), genes and pathways that have been associated with BAV phenotypes (Garg et al.,
2005; Bonachea et al., 20144a; Bonachea et al., 2014b; Daoud et al., 2014). Additional
clinical support for primary cilia in aortic valve diseases stems from phenotypic data
obtained from patients with ciliopathies, syndromic diseases that stem from disrupted cilia
structure and/or function. For example, patients with Joubert (Karp et al., 2012), Bardet-
Biedl (Elbedour et al., 1994; Deveault et al., 2011), Cranioectodermal dysplasia (CED)
(Levin et al., 1977) or Meckel-Gruber (Salonen, 1984) syndromes have been reported with
bicuspid aortic valves and/or aortic stenosis. Thus, the genetic mechanisms underlying the
formation of cilia (aka ciliogenesis) and propagation of ciliogenic signals may, in the future,
support disrupted cilia as a frequent cause of BAV. Completion of additional genetic screens
in patients with BAV will undoubtedly shed light on this potential, and may provide a
common drugable ciliogenic pathway that could be used for patient benefit.

Experimental Procedures

Mouse Studies

11t88 conditional mice and genotyping were a kind gift from Dr. Courtney Haycraft and
described previously(Haycraft et al., 2007). Histology was performed on embryonic and
adult wild-type (NfatC1°7e1ft887 and conditional knockout (NfarC16e*;1£t188" hearts
on mixed background. All mouse experiments were performed under protocols approved by
the Institutional Animal Care and Use Committee, Medical University of South Carolina.
Prior to cardiac resection, mice were euthanized in accordance with the Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996.)

Each of the experimental paradigms established in this proposal were performed blinded to
genotype and evaluated by multiple investigators to assure data interpretation was not
biased. In each of the experiments, sample sizes were chosen to provide power of 0.8 to
detect biological significant differences between test groups with two-sided a = 0.05.
Assumptions of normal distributions were made for quantitative biological measurements
and comparison groups were assumed to have similar variances. Great care was taken to
consider potential differences in phenotypes between male and female animals. Thus, female
and male samples were analyzed separately for genotypic and phenotypic variations. Our
outcomes failed to identify statistical differences between gender in each of the studies,
thereby justifying pooling of phenotypic data. Data is displayed as combined male and
female
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Histology, Immunohistochemistry/Immunofluorescence

Embryonic and adult tissue were processed for hematoxylin and eosin (H and E) staining,
Herovici’s collagen stain and, immunohistochemistry/immunofluorescence (IHC) as
previously described (Dina et al., 2015; Durst et al., 2015; Sauls et al., 2015). IHC of cilia
stains to look at expression and measure cilia length were done on 15 um thick sections to
insure measurement of full cilia length. Histology and IHC were preformed using 5 pm thick
sections from E11,13,15,17, PO, and Adult (4month) aortic valves. Herovici stains were
preformed using Herovici’s Collagen Stain Kit Procedure (American MasterTech, LODI,
CA, Cat#KTHERPT). For immunohistochemistry (IHC): Antigen retrieval was performed
for 1 minute using antigen unmasking solution (Vector Laboratories, Burlingame, CA, USA,
Cat#H-3300) by pressure cooker (Cuisinart, Stamford, CT, USA). The following are the
antibodies and their dilutions; Acetylated Tubulin (Sigma, Cat#T6793, 1:500), Gamma
Tubulin (Abcam, Cambridge, MA, USA, Cat#ab11317, 1:1000), Versican (gift from Stan
Hoffman, Medical University of South Carolina, 1: 250), Collagen (gift from Stan Hoffman,
Medical University of South Carolina, 1: 250), MF20 (DSHB, lowa City, IA, USA,
Concentrate, 1:50), Ki67 (Abcam, Cat#ab16667, 1:250), Phospho-histone H3 (EMD
Millipore, Darmstadt Germany, Cat#06-570, 1:250), Smoothened (LSBio, Seattle WA,
Cat#L.S-A2666, 1:250), Gli3 (Origene, Rockville MD, Cat#TA337186, 1:250). Primary
antibody was detected using fluorescent secondary antibody, Goat anti-Mouse 1gG Alexa
fluor 488 (Cat#A-11029, 1:100), Goat anti-Rabbit Alexa fluor 488 (Cat#A-11034, 1:100)
anti-Mouse Alexa fluor 568 (Cat#A-11004, 1:100), anti-Rabbit Alexa fluor 568
(Cat#A-11036, 1:100) Cy5 goat anti-Mouse (Cat#A-10524, 1:100) and Cy5 goat anti-Rabbit
(Cat#A-10523, 1:100) (Life Technologies, Rockville, MD, US). Nuclei were counterstained
with Hoechst (Life Technologies, Cat #H3569, 1:10,000) for 10 minutes and slides were
cover slipped with Slow Fade mounting medium (Life Technologies, Cat#S36937).
Fluorescence imaging was preformed using Zeiss Axioimager M2 and Leica TCS SP5
AOBS Confocal Microscope System (Leica Microsystems, Inc., 410 Eagleview Boulevard,
Suite 107, Exton, PA 19341). Z-stacks were set by finding the highest and lowest depth with
visible fluorescence and using the system optimized setting to determine steps. Z-stacks
were then compiled to form maximum projection images.

3D reconstruction

3D reconstructions of H and E images were preformed to generate volumetric measurements
of postnatal day 0 right, left, and non-coronary leaflets, similar to previous reports (Durst et
al., 2015). Briefly, 5 um sections throughout the entirety h of the aortic cusps were H and E
stained and imaged using the Olympus BX40 bright field microscope. Images were then
aligned using ImageJ FIJI and imported into Imaris 8.0. Manual reconstruction was
performed by tracing each individual cusp on every section and combining all traces to
create a 3D structure. A total of 28 knockout and 15 wildtype animals were analyzed for
BAV. Additionally, 3D reconstructions of immunohistochemistry were performed by
importing confocal Z-stack images of 15um sections into Imaris and creating surface
renderings based on intensity of the stains.
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Quantifications

Cilia length measurements were performed using Z-stack images of right coronary cusps
stained with acetylated alpha tubulin, gamma tubulin and counterstained with Hoechst. Z-
stack images were then imported into Imaris software and measurements were taken from
the base to the tip of the axoneme. All cilia in the field of view were measured, n=3 per
developmental time point. Measurements were then ranked and grouped; zero microns
represents absence of cilia. Quantification of cilia length in versican and collagen regions
was performed on left coronary leaflets in the same way, n=3. Average cilia length was then
calculated and Student’s t-test was performed (p<0.001).

Cell density quantifications were measured by counting all nuclei in a specified area,
25.4mm? for post-natal measurement and 22 mm? for adult measurements. Post-natal
measurements were taken at the base and tip of the right coronary leaflets, n=3. Adult
measurements were taken at the tip of right coronary leaflets, n=3. Measurements were
compared to wild-type data to generate fold change and statistical significance was
calculated using a Student’s #test (p<0.001). Determination of collagen and versican
expressing area was calculated by quantifying the area covered by each of these markers
compared to the overall surface area of the cusp. This was performed on 3 sections from 3
independent control and conditional knockout (NV7atC1¢Te(*),1£t887% animals. Measurements
were compared to wild-type data to generate actual percentage of valve area covered and
statistical significance was calculated using a Student’s #test (p<0.005).

Quantification of Collagen was preformed using Herovici stained right coronary leaflets.
Surface area of red staining was measured in Image J and percentages were calculated based
on total leaflet surface area. n=3, with three areas per animal measured.
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Bullet points

Primary cilia are regulated in a spatial-temporal manner during aortic valve
development.

In vivo genetic analyses demonstrate that primary cilia function to restrain
ECM production

Loss of cilia cause a highly penetrant bicuspid aortic valve disease phenotype
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Figure 1. Expression of primary cilia during aortic valve development
(A) IHC for the ciliary axoneme (green), basal body (red), and nuclei (blue) show expression

of cilia throughout valve development. Cilia appear shorter during early embryonic stages
and longer right before and after birth. Arrows at E11.5 depict very short axonemes on
endothelial cells (line depicting the edge of the endocardium is denoted) whereas
arrowheads at the over timepoints depict lack of primary cilia on the valve endocardium at
later timepoints (B) Quantification of cilia length showing increased expression of cilia
during embryonic development, peaking at the E17.5 timepoint (purple line and arrow) and
decreased expression during postnatal development and adult life.
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Figure 2. Correlation of primary cilia with versican expressing microenvironments
(A) IHC for the ciliary axoneme (green), collagen (red, top) versican (red, bottom), and

nuclei (blue) show spatial/temporal expression of cilia throughout development. Cilia are
predominantly expressed in proteoglycan-rich zones and scant in regions of high collagen
expression. C= conal cushions, RC= right-coronary, LC= left-coronary, NC= non-coronary,
Ao= aorta. (B) High magnification images of axonemes (green) and collagen/versican (red).
Arrows depict collagen rich regions expressing shortened cilia. (C) Quantification of cilia
length in both versican and collagen rich regions shows decreased average cilia length in
collagen rich regions when compared with versican rich regions, p<0.001 Students t-test.
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Figure 3. Active Hedgehog signaling in aortic valve interstitial cells in vivo
(A) Three-dimensional reconstruction of IHC stain at postnatal day 0, shows smoothened

(red), acetylated tubulin—cilia axoneme (green), and Hoechst--nuclei (blue). High
magnification (right) shows smoothened (arrowhead pointing to smoothened staining) on the
axoneme of the cilia indicative of active hedgehog signaling. (B) IHC of PO aortic cusps
showing Gli3 expression.
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Figure 4. Developmental loss of axonemes causes BAV

(A) Control IHC experiments for the ciliary axoneme (green), basal body (red), and nuclei
(blue) show normal cilia length on control aortic valves (top) vs. axoneme shortening in the
11188 conditional knockout (bottom). (B) H and E and 3D reconstruction of PO wild type and
conditional knockout valves. Wild-type valves show three distinct cusps while conditional
knockout mouse aortic valves show bicuspid aortic valves. Penetrance of the phenotype is
depicted below the 3D reconstruction images. RC=right coronary, LC= left coronary, NC=
non-coronary, and RNC= right non-coronary.
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Figure 5. Cilia effects on proliferation and ECM production
(A) IHC of postnatal day 0 (PO) aortic valves, for proliferation markers Ki67 and phospho-

histone H3, show no difference in proliferating or total cell number when conditional
knockout aortic valves were compared to littermate controls, quantified in (B). (C) Hand E
staining’s show increased matrix in the fused right-non-coronary leaflet of the conditional
knockout. C’= wild-type right coronary, C”= wild-type right coronary tip, C*= conditional
knockout right non-coronary base, C**= conditional knockout right coronary tip. RC= right
coronary, LC= left coronary, RNC= right non-coronary. (D) Quantification of cell density
shows a significant decrease in cell density in cilia deficient valves at both the base and tip
of the right coronary leaflet, with p<.001. (E and F) IHC staining’s of conditional knockout
aortic cusps show increased expression of both collagen (E) and versican (F) in the cilia
conditional knockout valves. (G) Quantification of total surface area occupied by collagen or
versican immunostaining with p<.005. RC=right coronary, LC= left coronary, NC= non-
coronary, and RNC= right non-coronary.
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Figure 6. Loss of cilia results in myxomatous degeneration in adult aortic valves
(A) IHC and movats pentachrome stain of ECM proteins in adult mouse Nfatc1¢e=;1ft88*/*

and Nfatc1°*;1t88% aortic valves. Left and middle panels show IHC of collagen (red, left),
versican (red, middle) MF20 (green), and nuclei (blue). Movats pentachrome stain (right)
shows proteoglycans (blue), collagen (yellow), elastin (black), and fibrin or cardiac muscle
(red). Increased expression of collagen and versican is observed in Ift88 conditional
knockouts when compared to littermate controls in both IHC and movats stains. (B) IHC
staining shows decreased cell density and increased versican in conditional knockout adult
right coronary leaflets, quantified in (C) Student’s T tests; p<0.005 n=3. Herovici’s collagen
stain shows decreased mature collagen (red) in conditional knockout cusps, quantified in (D)
with p<0.001.
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