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Background: Bicuspid aortic valve (BAV) disease is a congenital defect that affects 0.5–1.2% of 

the population and is associated with co-morbidities including ascending aortic dilation and 

calcific aortic valve stenosis (CAVS). To date, while a few causal genes have been identified, the 

genetic basis for the vast majority of BAV cases remains unknown, likely pointing to complex 

genetic heterogeneity underlying this phenotype. Identifying genetic pathways versus individual 

gene variants may provide an avenue for uncovering additional BAV causes and consequent co-

morbidities.

Methods: We performed a genome wide association (GWAS) and replication study using cohorts 

of 2,131 BAV and 2,728 control patients, respectively, which identified primary cilia genes as 

associated with the BAV phenotype. GWAS hits were prioritized based on p-value and validated 

through in vivo loss of function and rescue experiments, 3D-immunohistochemistry (IHC), 

histology and morphometric analyses during aortic valve morphogenesis and in aged animals in 

multiple species. Consequences of these genetic perturbations on cilia dependent pathways were 

analyzed by Western and IHC analyses, and assessment of aortic valve and cardiac function were 

determined by echocardiography.

Results: GWAS revealed an association between BAV and genetic variation in human primary 

cilia. The most associated SNPs were identified in or near genes that are important in regulating 

ciliogenesis through the exocyst, a shuttling complex that chaperones cilia cargo to the membrane. 

Genetic dismantling of the exocyst resulted in impaired ciliogenesis, disrupted ciliogenic signaling 

and a spectrum of cardiac defects in zebrafish, and aortic valve defects including BAV, valvular 

stenosis, and valvular calcification in murine models.

Conclusions: These data support the exocyst as required for normal ciliogenesis during aortic 

valve morphogenesis and implicate disruption of ciliogenesis and its downstream pathways as 

contributory to BAV and associated co-morbidities in humans.
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Introduction

Congenital heart disease (CHD) is one of the most common birth defects1, 2. Bicuspid aortic 

valve (BAV) is the most frequently observed congenital valvular heart defect, having an 

overall frequency of 0.5%–1.2%3. BAVs result from abnormal aortic cusp formation during 

valvulogenesis, whereby cusps fail to form or adjacent cusps fuse into a single large cusp. 

The fusion events are phenotypically heterogeneous with significant variability in fusion 

patterns. Regardless of these fusion patterns, patients with BAV frequently have profound 

deleterious long-term consequences on heart function and can develop progressive aortic 

valve calcification and stenosis as well as thoracic aortic aneurysm and dissection4. As such, 

patients with BAV frequently require valvular surgeries to repair or replace damaged tissue 

in the cardiac outlet segment.

Due to its clinical prevalence and severity, concerted efforts by many groups have led to new 

genetic discoveries underlying disease etiology in humans5, 6. BAV is a known phenotypic 

component in patients with rare syndromic disease such as Marfan, Loeys-Dietz and Turner 
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Syndromes for which causal genes are known7. Genetic studies on families displaying 

inherited non-syndromic BAV have proven fruitful and have revealed causative mutations in 

specific transcription factors5, signaling molecules6, and structural genes8. However, no 

single-gene model clearly explains BAV etiology in patients, thus supporting a complex 

network of interacting genes and pathways. We, therefore, hypothesized that population-

based genetic studies would identify new pathways involved in BAV etiology. Thus, genome 

wide association studies were undertaken and revealed modest association with genes 

involved in the generation of primary cilia. Cilia are small microtubule-based organelles that 

are found on most mammalian cell types and can be classified as either motile or non-motile 

(primary). Primary cilia are solitary and function as mechano- and chemosensory 

organelles9. Although previously viewed as vestigial, recent studies have clearly 

demonstrated the functional importance of primary cilia in human disease. These diseases, 

termed ciliopathies, are a collection of congenital syndromic diseases (e.g. Joubert 

Syndrome, Bardet-Biedl Syndrome, Meckel-Gruber Syndrome and Autosomal Dominant 

Polycystic Kidney Disease) that affect many tissues, including the heart. Cardiac phenotypes 

are observed in most types of ciliopathy and are most commonly associated with BAV and 

aortic stenosis10. Additionally, our previous work has shown that knockout of intraflagellar 

transport protein 88 (IFT88) in mice leads to loss of cilia and a 70% penetrant BAV 

phenotype11. These clinical data support our hypothesis that cilia gene variants are 

associated with BAV in the population and are critical for aortic valve development. Genetic 

studies in zebrafish, mice, and humans identified a molecular trafficking complex (known as 

the exocyst) that is critical for cilia biogenesis in cardiac valves, and when dysregulated, can 

cause outflow tract defects, BAV and calcific aortic stenosis.

Methods

The data that support the findings of this study are available from the corresponding author 

upon request.

Materials.

All chemicals, unless stated otherwise, were purchased from Sigma-Aldrich.

Animal approval.

All experiments on zebrafish and mice were approved by the Institutional Animal Care and 

Use Committee (IACUC) of the Medical University of South Carolina and/or the Ralph H. 

Johnson VAMC.

Zebrafish husbandry and genotyping.

Adult zebrafish were maintained and raised in an Aquatic Habitats recirculating water 

system (Tecniplast) in a 14:10-hour light-dark cycle. The exoc5 mutant line was purchased 

from the Zebrafish International Resource Center (ZIRC, exoc5-sa23168). The exoc5 C377T 

point-nonsense mutation was verified by PCR and direct sequencing of both strands in 

heterozygote adults and mutant larvae progeny. Genomic DNA from clipped fins, or whole 

3.5 dpf zebrafish, was extracted in 50 μL 1x lysis buffer (10 mM Tris-HCl pH 8.0, 50 mM 

KCl, 0.3% Tween 20, 0.3% NP40), denatured at 98 °C for 10 minutes, digested at 55 °C for 
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6 hours with 10 μg/mL proteinase K, and the reaction was stopped at 98 °C for 10 minutes. 

The PCR primers were: forward primer, 5’-CTATATAGACATGGAGCGGCAAT-3’; reverse 

primer: 5’- CCAACAATTCCTCACCTTCC-3’. Sequencing was performed by Genewiz 

with the forward PCR primer. The CRISPR mutant exoc5 zebrafish line was generated with 

the assistance of Dr. John Parant in Core B of the UAB P30 Hepatorenal Fibrocystic Disease 

Core Center. The CRISPR mutation was identified as a 13 bp insertion in exon 4, leading to 

a frameshift and premature stop codon. To confirm the mutation, genomic DNA from 

clipped fins or whole 3 dpf zebrafish with phenotypes was extracted and processed as 

described above. The PCR primers were: forward primer, 5’-

CAAAGGTAGCCTTCCAGCAC-3’; reverse primer: 5’-CCTCTGTCTCGGGGTATTGA 

−3’. Sequencing was performed by Eurofins with the forward primer, 5’-

TCCAGCATGTTTTTCTGGTG −3’(Eurofins.com).

Western blot analysis.

Dechorionated zebrafish embryos at 3.5 or 4 dpf were homogenized in SDS buffer 

containing protease inhibitor cocktail (Sigma) and phosphatase inhibitor (ThermoScientific) 

to perform Western blot analysis. The homogenized lysates were boiled for 5 minutes at 

95 °C followed by centrifugation at 13,500 rpm for 20 minutes at 4 °C, and the supernatants 

were collected and mixed with 3x Laemmli sample buffer for the protein electrophoresis. 

The protein samples were separated on NuPage 4–12% Bis-Tris gels (Novex) and then 

transferred to a nitrocellulose membrane (Novex). The antibodies included: rabbit polyclonal 

anti-EXOC5 that we generated12, mouse anti-EXOC4 (Enzo), and mouse anti-GAPDH 

monoclonal antibody (Sigma), all at 1:1000 dilution. Secondary antibodies were from 

Jackson Immunoresearch Laboratories and Thermo Fisher Scientific.

Exoc5 mutant mRNA rescue experiments.

For rescue experiments of zebrafish exoc5 mutants, capped and polyadenylated mRNA of 

wild-type (WT) and ciliary-targeting sequence mutated human EXOC5 was synthesized in 
vitro using the mMESSAGE mMACHINE kit (Ambion). Two doses of EXOC5 mRNA 

(low: 100 pg or high: 250 pg) were injected, using a Sutter Instruments microinjector, into 

100 embryos at the one-cell stage. At 3.5 dpf, twelve randomly selected larvae were imaged 

and individually genotyped by direct sequencing as outlined above.

Mouse husbandry and genotyping.

Animals were kept in a 12-hour light-dark cycle with food and water ad libitum. The 

generation and genotyping of our Exoc5f/f (aka Sec10) mice have been described 

previously13. The conditional Exoc5 knockout mice were generated by crossing Exoc5f/f 

with Nfatc1Cre(+) (a kind gift from Dr. Bin Zhou) and Tie2Cre(+) mice (Jackson 

Laboratories), and are designated as NfatC1Cre(+);Exoc5f/+, NfatC1Cre(+);Exoc5f/f, 

Tie2Cre(+);Exoc5f/+, and Tie2Cre(+);Exoc5f/f in the manuscript. Genotyping was performed 

by Transnetyx or inhouse with the KAPA Mouse Genotyping Kit (Kapabiosystems, 

#KK7301).
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Mouse immunohistochemistry and fluorescence imaging.

Immunohistochemical and fluorescence stains were performed on 5 um, paraffin-embedded 

sections from E13.5, E15.5, P0, and adult wildtype and conditional Exoc5 mice as 

previously described11. Antibodies and their dilutions include: acetylated tubulin (Sigma, 

#T6793, 1:500), gamma tubulin (Abcam, #T6793, 1:1000), RUNX2 (Abcam, #ab192256, 

1:250), ERK1/2 (Cell Signaling, #4695, 1:50), phospho-ERK1/2 (Cell Signaling, #4370, 

1:40), cleaved NOTCH1 (Cell Signaling, #4147, 1:200), Hoescht (Life Technologies, 

#H3569, 1:10,000), and Life Technologies Alexa Fluors: 488 (#A-11029, #A-11034) 568 

(#A-11004, #A-11036) and Cy5 (#A-10524) at 1:100. Slides were coverslipped using 

Invitrogen SlowFade Gold Antifade Reagent (#S36936). Images were captured using: Leica 

TCS SP5 AOBS Confocal Microscope System and LAS AF v2.6.3 Build 8173 Acquisition 

and Analysis Software, Zeiss Axioscope M2, or Olympus BH-2 brightfield microscope.

Mouse immunohistochemical stain quantification.

Cilia length: Measurements were taken from z-stack confocal images using Imaris 9.0 

software as previously described11. Measurements were taken from all visible aortic cusps in 

the tissue section. N = 3 animals/genotype (>1500 cells total) with slides selected from the 

front, middle, and back of each aortic valve.

Alizarin red: Guide slides from adult mice were stained using a standard alizarin red 

protocol. A total of 13 conditional heterozygous mice (6 with TAV and 7 with BAV) and 4 

control mice were stained.

pERK/ERK: Cells were counted with CellProfiler software. A pipeline was created to 

separate the channels of florescent images and then count the total number of pERK/ERK 

positive cells (red channel) and the total number cells (blue channel). Histological sections 

from similar regions of aortic valve were selected (n=3 animals/genotype), and images were 

edited to include only cells from the aortic cusps before counting.

Human BAV Genetic Studies.

Discovery Cohort.—480 Caucasian BAV cases collected with IRB approval and written 

individual patient consent were genotyped with the Omni2.5 chip, yielding 2,379,855 

genetic markers. From the Framingham Heart Study cohort, available at dbGap, 2,477 

Caucasians without BAV were genotyped, using the HumanOmni5.0 bead chip with 

4,271,233 genetic markers from dbGaP, and used as controls. Quality control (QC) of the 

genotype data from both cohorts was performed by jointly and separately re-calling all 

genotypes using GenomeStudio and PLINK. We considered markers with a MAF>1% and 

performed extensive principal components-based filtering for population stratification. After 

merging cases and controls and further QC, we used 452 BAV cases and 1,834 Caucasian 

controls for a common set of 1,355,128 single nucleotide polymorphisms (SNPs). 

Genotyping of the 15 most significant SNPs identified in the Discovery cohort, including 

those containing EXOC4,6,8, was performed upon a Replication cohort of 1,679 BAV cases 

and 894 control patients undergoing coronary artery bypass grafting. These studies were 

approved by the IRB at Harvard University.

Fulmer et al. Page 5

Circulation. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Pathway Analysis.—Pathway analysis was performed using GeNets for the 33 genes +/

− 150 kb from the 15 SNPs that were used for the Replication study. Genets statistically 

tested the connectivity of our gene set and then visualized how the significantly enriched 

pathways from the Molecular Significant Data Base, a collection of annotated gene sets for 

use with GSEA software (MSigDB database v6.2 updated July 2018), intersected with our 

gene set. In order to find any significant pathway between the genes, we ran the 33 genes of 

interest in the web-based program and identified the 

PID_ARF6_TRAFFICKINGPATHWAY. The number of candidate genes in this pathway 

was 49. The p-value of 1.48E-05 indicated that the network was significantly more 

connected than one would expect for a gene set of this size and the global connectivity of its 

genes, i.e. the degree distribution of the genes in the entire network.

Site-directed mutagenesis.—To inhibit the ciliary targeting sequence VxPx in human 

EXOC5, the QuikChange Site-Directed Mutagenesis Kit (Stratagene, #200518) was used for 

in vitro site-directed mutagenesis of proline 668 to alanine. The primers were:

5’ CTTCTGGTAGTTGCCGCAGATAATTTAAAGCAAGTCTGC 3’

5’ GCAGACTTGCTTTAAATTATCTGCGGCAACTACCAGAAG 3’

Plasmid pcDNA3-hEXOC5 was used as template. Sequencing confirmed the specific amino 

acid change.

Echocardiography.—Echocardiographic images were acquired in the parasternal long 

axis, short axis, and apical views (40 MHz probe, Visualsonics 2100, Fujifilm, Ontario, 

Canada). Two-dimensional images were used for quantification of the diameter of the aortic 

root. Pulse wave and color Doppler modes in conjunction with timing of the cardiac cycle 

(electrocardiogram) were used to visualize flow patterns at the aortic valves. A total of 5 

conditional heterozygous mice and 11 controls were imaged.

Statistics

GWAS:  A logistic regression analysis based on an additive genetic model was performed 

for association analysis adjusted for gender and 8 PCAs using PLINK. Additional statistical 

analyses are described above, and in the text of the manuscript.

Cilia length:  A generalized linear mixed model was used to compare the likelihood of cilia 

presence across genotypes employing a logit link function and litter, mouse, and genotype 

by litter interaction as random 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.

pERK/ERK:  Student t-test was used to compare the fold change in pERK positive cells 

between genotypes.

Fulmer et al. Page 6

Circulation. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

We performed a GWAS study using a Discovery cohort of 452 BAV patients and 1,834 

Caucasian population-controls (Figure S1A), examining a common set of 1,355,128 SNPs 

(demographic data, and clinical variables are shown in Figure S1B). 734,104 SNPs were 

assigned to 26,290 coding genes. We identified 1,889 SNPs associated with BAV at 

p<1×10−4. The Manhattan and QQ plots are shown in Figures S2A & B. Working on the 

hypothesis that SNPs in/near cilia genes may be over-represented in the BAV population, we 

analyzed the ciliome in the context of our dataset. A large number of cilia genes (28/303, or 

9.2%), from the SysCilia set, were found +/−150 kb from the 1,889 most significant SNPs, 

including members of the exocyst complex, required for promoting cilia biogenesis 

(EXOC4, EXOC6, and EXOC8 (Figure S3A)). Another well-characterized cilia list14, 

yielded 156 cilia genes (156/1,925, or 8.1%) within 150 kb of the 1,889 SNPs (Figure S3B), 

also including exocyst members: EXOC4, 6, and 8. From the Discovery GWAS, three of the 

eight exocyst members (EXOC4, p=7.78 X 10−7; EXOC6, p=5.63 X 10−5; and EXOC8, 

p=6.64 X 10−5) and an exocyst regulator, CDC4215–17 (p=5.88 X 10−5) were associated with 

BAV at p<1×10−4. EXOC4, EXOC6, EXOC8 were 17.11 kb, 148.4 kb, and 79.41 kb from 

their respective SNPs. Regional plots +/− 500 kb from the associated SNPs are shown in 

Figure S4. Hypergeometric probability analysis showed that the overlap between the exocyst 

genes and the genes located within 150 kb of the 1,889 SNPs most associated with BAV 

(using the cutoff p<1×10−4) was significantly higher than expected by chance alone 

(p=0.033).

Genotyping of the 15 most significant SNPs identified in the Discovery cohort, including 

those containing EXOC4,6,8, was performed upon a replication cohort of 1,679 BAV cases 

and 894 controls (Table 1). The combined p-value for the exocyst components was 3.63 X 

10−4. As these data suggested a modest association between BAV, the exocyst and 

ciliogenesis, we performed additional analyses in animal models to bolster support for the 

cilia biogenesis pathway as a molecular link to BAV etiology.

The exocyst complex is a holocomplex of eight unique subunits18. Disruption of a key linker 

protein, EXOC5, is known to effectively dismantle this complex and impair ciliogenesis12. 

Using zebrafish, we generated homozygous exoc5 mutants (Figure S5) to test whether 

disruption of the exocyst complex results in impaired cardiac outlet development (Figures 1, 

S6). By Western blot analysis, we confirmed that exoc5 protein was virtually undetectable in 

exoc5 mutant larvae, and that exoc4 protein was also significantly decreased, when 

compared to WT siblings (Figure 1A). Mutant exoc5 zebrafish displayed gross phenotypes 

consistent with defects in other ciliary genes19. At 3.5 days post fertilization (dpf), all exoc5 
mutants had a similar phenotype to our previous studies in exoc5 morphants15, 20, including 

pericardial edema, when compared to wild-type (WT) siblings (Figure 1B). The 

morphologic phenotype was consistently observed in ~25% of the progeny from 

heterozygous crosses, as would be expected by Mendelian inheritance. The exoc5 
homozygous mutants only survived to 4 dpf and exhibited severe cardiac outflow 

obstruction (Figure 1C, D), as well as disruption of cardiac function (Supplementary Movies 

1–3). The outflow tract of the exoc5 mutants appeared stenotic with dramatic narrowing of 

the arterial lumen, as is observed in patients with aortic stenosis. To ensure exoc5 loss 
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caused the phenotype, an additional exoc5 mutant was generated using CRISPR gene 

editing21, and the resulting phenotype was identical to the exoc5 mutant described above 

(Figure S6).

To confirm that the ciliary phenotypes observed in exoc5 mutants were caused specifically 

by loss of exoc5, we performed rescue experiments by injecting WT human EXOC5 mRNA 

into control and exoc5 mutant embryos at the 1–2 cell stage. At 3.5 dpf, we found that low 

dose (150 pg) reconstitution of EXOC5 mRNA, in exoc5 mutant embryos, partially rescued 

the mutant phenotypes, including cardiac edema; while high dose (250 pg) EXOC5 mRNA 

showed near complete phenotypic rescue (Figure 1E). EXOC5 contains a highly-conserved 

VxPx ciliary targeting sequence22 (Figure S7A). To further strengthen the link between 

primary cilia and the cardiac phenotype, we used site-directed mutagenesis to disrupt the 

ciliary targeting sequence of human EXOC5 (Figure S7B). Rescue of the exoc5 mutant 

zebrafish was significantly decreased using the mutated ciliary targeting sequence EXOC5 
mRNA compared to WT EXOC5 mRNA (Figure 1F). Mutagenesis of the ciliary targeting 

sequence did not affect the stability of the EXOC5 protein, or its ability to bind other 

exocyst components23. These data demonstrate that dismantling the exocyst ciliary-

trafficking complex during zebrafish development results in cardiac phenotypes that are 

reminiscent of patients with BAV and aortic stenosis24.

Based on our zebrafish findings, and our previous report that loss of cilia in outlet valves can 

cause a BAV phenotype in mice11, we decided to conditionally ablate the Exoc5 gene, using 

Exoc5f/f mice that we previously generated13. Aortic valves are built through integration of 

various cell types (endothelial, anterior heart field, and neural crest), with endothelial-

derivatives providing the largest contribution to the aortic cusps3. Thus, knocking out Exoc5 
in endocardial and endocardial-derived cells, using an NfatC1-Cre driver25, permits analyses 

of the function of the exocyst in a majority of cells that make up the aortic valves. 

Conditional homozygous knockout in EXOC5 mice (NfatC1Cre(+);Exoc5f/f) resulted in zero 

out of fifty-eight pups surviving to birth, and genotyping data revealed non-Mendelian birth 

ratios consistent with embryonic lethality (Figure 2A). Lethality of the NfatC1Cre(+);Exoc5f/f 

embryos occurred between E13.5 and E15.5. At these timepoints, NfatC1Cre(+);Exoc5f/f 

conditional knockout mice exhibited ventricular septal defects with large cellular voids at the 

junction between the interventricular membranous septum and atrioventricular septal 

complex, as well as evidence of apical coronary vascular hemorrhaging (Figure 2B). Due to 

the lack of P0 NfatC1Cre(+);Exoc5f/f mice, subsequent analyses were performed on 

conditional heterozygous animals (NfatC1Cre(+);Exoc5f/+). Three-dimensional 

reconstruction of P0 aortic valves revealed increased incidence of bicuspid aortic valves 

resulting from the fusion of the right and non-coronary cusps in conditional heterozygous 

(NfatC1Cre(+);Exoc5f/+) mice (Figure 2C). Whereas five out of eleven (45%) 

NfatC1Cre(+);Exoc5f/+ mice displayed BAV, with 4/5 being right, non-coronary (RNC) 

fusions and 1/5 with left, non-coronary (LNC) fusions, 100% of the conditional 

heterozygotes displayed dysmorphic aortic valves in addition to other cardiac phenotypes 

including ventricular septal defects and vascular hemorrhages. High-resolution confocal 

microscopy of E13.5 aortic cushions, confirmed a significant effect of exocyst loss on 

ciliogenesis, which preceded the BAV phenotype observed at P0 (Figure 3).
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Cilia and the exocyst are known to regulate MAPK signaling and disruption of exocyst-

mediated ciliogenesis leads to MAPK pathway activation13, 20, 26. Additionally, recent work 

has shown involvement of the MAPK pathway in murine27, 28 and human BAV and calcific 

aortic stenosis29. As a readout for altered ciliogenic signaling, we analyzed whether the final 

downstream component of MAPK signaling, ERK (pERK1/2) was altered in the EXOC5 

BAV model. In E13.5 control aortic valves, ERK phosphorylation was prominent in valve 

endocardium and interstitial cells, while in NfatC1Cre(+);Exoc5f/+ and NfatC1Cre(+);Exoc5f/f 

valves, ERK1/2 activation was significantly downregulated (Figure S8). Human BAV and 

CAVS samples have shown elevation of the MAPK pathway as a potential marker for 

disease progression29. Thus, we examined time points after which BAV is evident (P0) and 

CAVS is observed in the adult. As shown in Figure S9, pERK1/2 is elevated at neonatal and 

adult time points, indicating aberrant activation of the MAPK pathway, similar to results 

observed in human disease.

As our model of EXOC5 deficiency demonstrated fusion of the aortic cusps and molecular 

signatures consistent with the disease process observed in humans with calcific aortic 

stenosis, we evaluated long-term effects of the aortic valve phenotype on cardiac function. 

Echocardiography was performed on aged (18-month) NfatC1Cre(+);Exoc5f/+ mice and 

demonstrated evidence of stenosis and calcification (Figure 4A), biphasic depolarization in 

the QRS complex (Figure 4B), and significant aortic root dilation (Figure 4C). As the 

histological, molecular and echocardiographic data in both the mouse and zebrafish models 

suggested aortic stenosis, we further analyzed aged mice for evidence of calcification. Adult 

NfatC1Cre(+);Exoc5f/+ (six with TAV, five with RNC and two with LNC) and four control 

aortic valves were isolated from our aged mice and processed for histology and 

immunohistochemistry. In contrast to control valves (Figure 4D), 4/7 (57%) BAV and 3/6 

(50%) TAV showed evidence of calcification, being positive for alizarin red (Figure 4E). 

Aortic valves were further analyzed for evidence of calcification by performing IHC staining 

for RUNX2 on control (NfatC1Cre(−);Exoc5f/f) and alizarin red-positive conditional 

heterozygote (NfatC1Cre(+);Exoc5f/+) aortic valves (N=3). RUNX2 signal by IHC was below 

the level of detection in control aortic valves (N=3). However, in each conditional 

heterozygote analyzed, positive RUNX2 expression was detected in areas of alizarin-red, 

indicating aberrant osteoblastic differentiation had occurred (Figure 4E).

Discussion

Bicuspid aortic valve disease is a frequent valvular abnormality that can lead to calcific 

aortic valve stenosis (CAVS). CAVS is the most prevalent acquired valvular heart disorder in 

the Western world and accounts for greater than $10 billion in health care costs in the U.S. 

each year30. Aortic stenosis displays increased severity and prevalence with age, with >12% 

of individuals over the age of 75 having CAVS24. 30–50% of CAVS patients have a BAV31, 

consistent with our GWAS patient population, in which 42% were diagnosed with aortic 

stenosis (data not shown). The genetic, molecular and cellular mechanisms that contribute to 

BAV and CAVS are poorly understood and few applicable models have been developed to 

study this disease5, 6. This paucity of data is likely reflected in the fact that there are 

currently no preventative medical therapies for CAVS and, in North America alone, 80,000 
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patients progress annually to severe symptomatic CAVS requiring aortic valve replacement 

(AVR).

We initiated our studies with patients that have BAV as a unifying disease phenotype. We 

hypothesized that BAV in the population may not commonly be caused by single damaging 

variants, but rather be caused by an association of various SNPs in converged genetic 

pathways. This appears to be the case from our current study, whereby the most significant 

SNPs generated from GWAS analyses fit within a cilia biogenesis regulatory network. 

Although these data do not provide definitive genetic evidence, they do support cilia and the 

exocyst as a target worthy of further validation. Additionally, these data suggest that this 

population of BAV patients may not harbor single damaging SNPs as is evident in inherited 

BAV families, but rather it is the combination of genetic variants in this pathway that lead to 

disease. Thus, it is possible that the combination of multiple SNPs in/near cilia genes is 

more relevant to BAV pathology than any one individual SNP.

Prior reports support cilia and the exocyst in the etiology of BAV/CAVS based on the 

following observations. First, patients with ciliopathies, which are syndromic diseases 

caused by mutations in functional components of primary cilia (e.g., Meckel-Gruber, Joubert 

and Bardet-Biedl Syndromes, autosomal dominant polycystic kidney disease), frequently 

present with BAV and calcific aortic valve stenosis10. In fact, a family with Joubert 

Syndrome, a well-described ciliopathy, has recently been identified with a damaging 

mutation in EXOC832, one of the exocyst genes identified in our GWAS analysis. Second, 

NOTCH1, the first gene identified in patients with inherited forms of aortic valve disease 

and CAVS, depends on primary cilia for cleavage and proper function6, 33–35. However, our 

analysis of NOTCH1 cleavage within the EXOC5 deficient valves failed to observe any 

changes in NOTCH1 activation (Figure S10). This result is consistent with our previous 

studies, which demonstrated that primary cilia are rarely observed on the aortic valve 

endocardium, where NOTCH1 is expressed11. Third, primary cilia are expressed during 

aortic valve development, and genetic ablation of cilia, by removal of IFT88, results in a 

highly penetrant (>70%) BAV phenotype11, the single most important predictor of aortic 

valve disease and aortic stenosis. Combined with the supportive GWAS-driven finding of the 

exocyst in BAV etiology, we sought to confirm these genetic findings and bolster support for 

this protein complex and pathway in human BAV by performing genetic ablation and rescue 

experiments in zebrafish and mice. Here we show that disrupting the exocyst through 

deletion of the key linker protein, EXOC5, results in a severe cardiac phenotype in zebrafish 

and mice, highlighting the importance of this trafficking pathway in normal heart 

development across species. Deletion of Exoc5 in mice results in shorter and less abundant 

cilia within the aortic valve, increased incidence of BAV, and calcification of aortic valves 

concomitant with elevation of pERK1/2, a marker of disease phenotype.

Further genomic analysis of the exocyst GWAS data also supports a role for the exocyst in 

BAV. GenoCanyon36 was used to measure the functional importance of genomic loci. 

GenoCanyon scores for BAV-associated SNPs near EXOC4, EXOC6, and EXOC8 were 

0.94, 0.92, and 1.00, respectively, implying potential functional impact. We examined the 

functional role of all associated SNPs using the Human Enhancer Disease Database 

(HEDD)37, identifying the EXOC4 SNP (rs10279531) as a putative enhancer38. Pathway 
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analysis using GeNets for the 33 genes +/−150 kb from the 15 SNPs that were used for the 

Replication study, showed that the ARF6 trafficking pathway was significantly associated at 

p=1.48 X 10−5. We have previously shown that ARF proteins interact with the exocyst to 

control ciliogenesis and MAPK signaling26, and others have shown that EXOC5 interacts 

directly with ARF639.

The embryonic lethality in the context of deletion of the exocyst from endocardium and 

endocardial-derived cells is intriguing and implicates a role for primary cilia not only in 

valvulogenesis, but also in endothelial cells within the interventricular septum and 

ventricular myocardium. Unlike the valve endocardium, primary cilia are present on 

ventricular endocardial cells (Figure S11), which may help to explain the vascular 

hemorrhaging that is the likely cause of death at E15.5.

The developmental origins of BAV and CAVS are still poorly understood. Motivated by the 

severity and high prevalence of BAV/CAVS, numerous groups have endeavoured to 

understand the embryological development of the aortic valve in an attempt to relate these 

findings back to patients with BAV. Included in the findings are the temporal-spatial 

mapping of various cell lineages that make up the aortic valve, as well as the identification 

of molecular and biomechanical pathways that regulate cell phenotype and function during 

the organization and maturation of the aortic cusps. It is now clear that formation of the 

cusps requires an interplay between mechanical forces and the cell types that contribute to 

its development, including: neural crest, endocardial, myocardial, and circulating cells. The 

majority of cells within the aortic valves originate from endothelial cells that undergo 

endothelial to mesenchymal transformation (EndoMT). Consistent with this finding, 

endocardial-specific removal of Exoc5 in mice is sufficient to generate a highly penetrant 

BAV phenotype that proceeds to CAVS in adulthood. A similar phenotype was observed 

when we genetically removed Exoc5 with the pan-endothelial Cre, Tie2Cre, demonstrating 

that the BAV phenotype and lethality are due to defects in endothelial cell function within 

the heart (Figure S12).

Currently, only a few, human genetic-based models of BAV/CAVS have been reported. Here, 

we report the EXOC5 model as an applicable model to study mechanisms underlying BAV 

formation and its progression to a stenotic valve. Through the use of zebrafish, mouse, and 

human genetics, we have demonstrated that BAV, and its related phenotypes, which affect 

between 38 to 91 million people worldwide3, can occur in association with defects in 

exocyst-mediated ciliogenic programs. As included in this study, GWAS analyses on BAV 

populations may need to invoke combinatorial SNP analyses to define convergent, parallel, 

or overlapping pathways that contribute to disease etiology. Future studies will take 

advantage of these new data and animal models to further tease apart the underlying 

mechanisms that could inform new, non-surgical therapies to benefit BAV/CAVS patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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E# embryonic day #
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Clinical Perspective

What is new?

• Combinatorial genetic, molecular and biochemical data reveal the ciliogenic 

pathway as a common cause for bicuspid aortic valve.

• Ablation of the ciliogenic shuttling complex (“exocyst”) results in primary 

cilia defects and penetrant bicuspid aortic valve disease and aortic stenosis in 

zebrafish, mice and humans.

What are the clinical implications?

• Here we report novel, human genetic-based models, which develop BAV and 

aortic stenosis with high penetrance, and can now be used to understand the 

progression of the disease as well as serve as models for identifying therapies 

for patient benefit.
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Figure 1. Exoc5 mutant zebrafish display ciliopathic phenotypes and cardiac outflow tract 
stenosis.
(A) By Western blot analysis, exoc5 protein was virtually undetectable in exoc5 mutant 

larvae, and exoc4 protein was also significantly decreased, when compared to WT siblings. 

Quantification is shown below. (B) Lateral view of representative wild-type (exoc5+/+) and 

exoc5 homozygous mutant (exoc5−/−) zebrafish at 3.5 dpf. Exoc5 mutants showed cilia 

defects, including pericardial edema (arrowheads indicate pericardium). Scale bars 0.171 

um. (C, D) Low magnification (left) and high magnification (right) of hematoxylin and eosin 

(H&E)-stained hearts of 3.5 dpf wild-type (C) and mutant (D) zebrafish. Orange arrowheads 

indicate the outflow tract between the ventricle and bulbus arteriosus, highlighting the severe 

stenosis in the exoc5 mutant. BA=bulbus arteriosus, V=ventricle, A=atrium. (E) Injection of 

wild-type human EXOC5 mRNA rescued the exoc5 mutant phenotype in zebrafish in a dose 

dependant manner. (F) Human EXOC5 mRNA with a mutated ciliary targeting sequence 

(VxPx to VxAx), in contrast to wild-type EXOC5 mRNA, was unable to efficiently rescue 

the cardiac phenotype. *= p < 0.05.
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Figure 2. Exoc5 endocardial-specific knockout mice display homozygous embryonic lethality and 
BAV.
(A) Mice that are homozygous for Exoc5 deletion in endocardial and endocardial-derived 

cells (NfatC1Cre(+);Exoc5f/f) display embryonic lethality. WT refers to 

NfatC1Cre(+);Exoc5+/+, NfatC1Cre(−);Exoc5f/+, and NfatC1Cre(−);Exoc5f/f mice, while Het 

refers to NfatC1Cre(+);Exoc5f/+ mice, and KO refers to NfatC1Cre(+);Exoc5f/f mice. (B) 

Homozygous KO NfatC1Cre(+);Exoc5f/f embryos died between E13 and E15, most likely 

due to ventricular septal defects (first row, indicated by black arrows and dotted line) and 

progressive vascular haemorrhage (third row, indicated by black arrows). Embryos also 

showed anomalous attachment of the heart to the body cavity (second row, indicated by 

black arrows). (C) Representative 3D reconstructions of H&E-stained control 

(NfatC1Cre(−);Exoc5f/f) and conditional heterozygous KO (NfatC1Cre(+);Exoc5f/+) P0 aortic 

valves. Conditional heterozygous mice had an increased prevalence of bicuspid aortic valves 

(45%, n=11) and partially fused valves (data not shown). NC=non-coronary, RC=right 

coronary, LC=left coronary, RNC=right non-coronary fusion.
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Figure 3. Exoc5 endocardial-specific knockout mice show disrupted ciliogenesis.
(A) Representative high-resolution confocal microscopy images of E13.5 aortic cushion 

cells. Axonemes (acetylated alpha tubulin) are shown in green and basal bodies (gamma 

tubulin) are shown in red. The bottom row is a higher magnification of the boxed area from 

the top row. (B) Graphic representation of all cilia measurements from E13.5 aortic cushion 

cells. Each gray dot represents the cilia length from a single cell (including dots at zero, 

which are indicative of no cilia). The blue boxes show the cilia length lower, median, and 

upper quartiles for each genotype and the red dot is the mean cilia length. WT control 

(NfatC1Cre(−);Exoc5f/f) mice had longer cilia, as well as a lower percentage of cells without 

cilia, than did the conditional heterozygous and homozygous Exoc5 knockout mice, 

indicating that ablation of Exoc5 disrupts ciliogenesis. P-values indicate the mean cilia 

length was statistically significant between all genotypes. The number of cells without cilia 

was also significant between the controls and knockouts (p < 0.007) and between controls 

and heterozygotes (p < 0.05). n=3 animals per genotype and >1500 cells.
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Figure 4. Conditionally heterozygous Exoc5 adult mice have calcific valves.
Echocardiographic images were acquired in five conditional heterozygous mice and eleven 

controls, revealing several functional abnormalities in aortic blood flow in 

theNfatC1Cre(+);Exoc5f/+mice. (A) Color Doppler images of the aortic valve in an aged (18 

month)NfatC1Cre(+);Exoc5f/+mouse and a control sibling from a 2D short axis view (within 

the dashed circle). Blood flow through the aortic valve in the control mouse was uniform 

(laminar; shown in blue) and was initiated soon after the QRS complex of the 

electrocardiogram (ECG; green trace (B)). In contrast, in theconditional heterozygous mice, 

aortic blood flow during the same phase of the cardiac cycle showed jets of high velocity 

flow around the aortic cusps (red and blue mixinghighlighted by white arrowheads) 

providing evidence of stenosis and calcification. (B) The biphasic depolarization pattern 

seen in the QRS complex of the conditional heterozygous mouse (right) could be suggestive 

of slower electrical conduction through one of the bundle branches. (C) Aortic rootdiameters 

of conditional heterozygous mice were around 24% larger than control mice. (D) Control 

valves did not stain positive for alizarin red or RUNX2. (E) In 

contrast,NfatC1Cre(+);Exoc5f/+adult (6 weeks old) aortic valves stained positive for alizarin 

red along the cusps and showed positive RUNX2 staining on sequential histological sections 

Fulmer et al. Page 19

Circulation. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



indicating areas of valve calcification. Brightfield images were taken to ensure melanocyte 

autofluorescence was not responsible for the positive staining.
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Table 1.

GWAS Studies.

CHR SNP
Ref. 

Allele
Minor 
Allele

MAF 
BAV 
Cases
Discovery

MAF 
Controls
Discovery

MAF BAV 
Cases

Replication

MAF 
Controls

Replication
Combined 
P–Values CHR:Position

Near 
Gene

1 rs2807347 A C 0.1051 0.1392 0.1355 0.1439 0.07796 1:22533608 CDC42

1 rs7543130 C A 0.4354 0.4927 0.4419 0.5101 2.37E–08 1:100049785 PALMD

1 rs17645143 C T 0.3639 0.2965 0.321 0.2943 2.62E–05 1:109835757 CELSR2

1 rs3738777 G A 0.3650 0.2977 0.3142 0.2951 0.000208 1:109836835 CELSR2

1 rs2491417 G A 0.1648 0.1365 0.1538 0.1549 0.2332 1:231547888 EXOC8

2 rs1830321 T C 0.4181 0.3957 0.4163 0.3736 0.001566 2:145825555 TEX41

2 rs62169409 G A 0.2882 0.2849 0.3168 0.2876 0.0264 2:145904907 TEX41

4 rs73248479 A G 0.0951 0.0462 0.04172 0.04083 0.000394 4:24754220 LGI2

6 rs10455872 G A 0.0814 0.0600 0.07539 0.08669 0.7497 6:161010118 LPA

7 rs10279531 C T 0.2777 0.2166 0.2266 0.2122 0.000872 7:132920710 EXOC4

10 rs2488087 A G 0.4303 0.4749 0.4633 0.4821 0.01966 10:94446041 EXOC6

10 rs12355604 G A 0.1228 0.1585 0.1521 0.1396 0.326 10:94987241 EXOC6

11 rs41310330 A G 0.0332 0.0153 0.02443 0.01566 0.000193 11:6631300 DCHS1

13 rs61965893 A G 0.3385 0.3944 0.3536 0.3841 0.001709 13:95824227 ABCC4

13 rs9590221 C T 0.4779 0.4198 0.4571 0.4418 0.006648 13:95907223 ABCC4

Ref.=Reference, MAF=minor allele frequency

Fifteen top BAV GWAS hits from the Discovery Study of 452 BAV patients and 1,834 Caucasian population-controls were used in the Replication 
Study, with a separate cohort of 1,679 BAV patients and 894 control patients undergoing coronary artery bypass grafting.
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