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MYBPC3 Haplotype Linked to
Hypertrophic Cardiomyopathy in Rhesus
Macaques (Macaca mulatta)

Robert F Oldt,">" Kimberly J Bussey,* Matthew L Settles,* Joseph N Fass,* Jeffrey A Roberts,® J Rachel Reader,®
Srivathsan Komandoor,® Victor A Abrich,® and Sreetharan Kanthaswamy,"**

In humans, abnormal thickening of the left ventricle of the heart clinically defines hypertrophic cardiomyopathy (HCM), a
common inherited cardiovascular disorder that can precede a sudden cardiac death event. The wide range of clinical presenta-
tions in HCM obscures genetic variants that may influence an individual’s susceptibility to sudden cardiac death. Although
exon sequencing of major sarcomere genes can be used to detect high-impact causal mutations, this strategy is successful
in only half of patient cases. The incidence of left ventricular hypertrophy (LVH) in a managed research colony of rhesus
macaques provides an excellent comparative model in which to explore the genomic etiology of severe HCM and sudden
cardiac death. Because no rhesus HCM-associated mutations have been reported, we used a next-generation genotyping as-
say that targets 7 sarcomeric rhesus genes within 63 genomic sites that are orthologous to human genomic regions known to
harbor HCM disease variants. Amplicon sequencing was performed on 52 macaques with confirmed LVH and 42 unrelated,
unaffected animals representing both the Indian and Chinese rhesus macaque subspecies. Bias-reduced logistic regression
uncovered a risk haplotype in the rhesus MYBPC3 gene, which is frequently disrupted in both human and feline HCM; this
haplotype implicates an intronic variant strongly associated with disease in either homozygous or carrier form. Our results
highlight that leveraging evolutionary genomic data provides a unique, practical strategy for minimizing population bias
in complex disease studies.

Abbreviations: HCM, hypertrophic cardiomyopathy; LVH, left ventricular hypertrophy; SNP, single-nucleotide polymorphism
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Comparative medicine relies on the evolutionary relation-
ships between humans and a variety of animal species to ad-
dress health issues that affect all species involved. Such studies
are particularly useful for conditions with a genetic risk com-
ponent because they provide a way to isolate environmental
exposures from inherited risk due to the differences in both
population structure and exposure between species. Hypertro-
phic cardiomyopathy (HCM), a common cardiovascular disease
with a range of clinical manifestations principally defined by
abnormal thickening of the heart’s left ventricle (left ventricular
hypertrophy [LVH]), affects 0.2% of the human population* and
is inherited in families typically as an autosomal dominant trait
with variable penetrance and expressivity.*® HCM and the muta-
tions associated with it can be screened by sequencing cardiac
sarcomere genes responsible for heart muscle function. Varia-
tions in 11 primary sarcomeric genes are associated with HCM,
frequently affecting the genes responsible for f-myosin heavy
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chain (MYH?7) and myosin-binding (MYBPC3) proteins.®*%
Regions of the genome outside the sarcomere units have lim-
ited influence on the HCM phenotype.'* Despite the disease’s
prevalence and strong association with sudden cardiac death, a
leading cause of natural death in the United States, genetic test-
ing strategies that target these genes detect causal pathogenic
variants in only approximately half of patients with HCM.62%
Establishing a clear relationship between genotype and phe-
notype remains elusive in HCM, where the large intersection
between human life habits and cardiovascular health creates en-
vironmental confounding effects unique to each patient.! Even
identical HCM mutations have been demonstrated to produce
differing disease phenotypes.®**

The inability to detect genetic markers linked to human HCM
can also be attributed to 2 foundational genomic problems. First,
the clinical exome sequencing assays used to find patient muta-
tions focus particularly on variants directly affecting protein
structure, that is, the exonic and exon—-intron boundaries of the
sarcomere genes.”? Comprehensive sequencing endeavors over
the last 4 y have highlighted the role of deep intronic variants
in both HCM as well as other complex human diseases.”*” Even
single-nucleotide polymorphisms (SNP) in conserved intron
sequences can result in haploinsufficiency, where expression
levels are reduced in patients heterozygous or homozygous for
a pathogenic variant.* Whole-gene sequencing is necessary to
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capture mutations affecting protein regulation, such as those
in repressor or enhancer regions and at sites associated with
transcription factors and long noncoding RNA sequences.*#

The second major compounding factor in human HCM
studies is genetic variant misclassification due to population
structure. Differences in ancestry between groups of people is
known to cause spurious genotype—-phenotype correlations, es-
pecially when using small sample sizes.?%* This phenomenon
has significantly inflated the number of purported risk alleles
for HCM, evidenced by the high false-positive rate observed in
persons of non-European ancestry.® The inclusion of even small
numbers of control persons of different ancestry would be ex-
pected to reduce the amount of misclassified HCM risk alleles.®!
In particular, alleles defined according to exome sequence data
are vulnerable to pathogenicity misclassification* and can be
difficult to distinguish from statistical noise.*> Whole-gene se-
quencing methods are demonstrably more capable of detecting
biomedically relevant splice variants compared with exome-
based approaches.!

High-throughput sequencing coupled with enrichment
through PCR amplification—i.e., targeted or amplicon se-
quencing—is a cost-effective method for quickly generating
vast quantities of genomic data spanning exonic and noncod-
ing sites. Custom primer pairs can be optimized for uncharac-
terized genetic variation across diverse populations' and can
produce quality genotypes from DNA target regions that are
500 base pairs or smaller.”” Due to the PCR amplification step
coupled with sample-specific barcodes, expensive library con-
structions can be bypassed.”” Therefore, microfluidic PCR-based
sequencing has been established as a robust method for SNP ge-
notyping,'*'*** and bioinformatic pipelines exist for the rapid
analysis of such data.”

A comparative medicine approach to LVH offers the ability
to mitigate the confounding environmental factors relevant to
cardiovascular health in a research colony setting. Comparable
manifestations of the disease have been limited to rare observa-
tions in nonmodel species, including dogs,** captive gorillas,”
and owl monkeys.* Cats exhibit HCM naturally, typically due
to high-frequency single-amino-acid substitutions inherited
in an autosomal dominant fashion.”?”* In addition, the feline
model reflects the myocyte disarray and haploinsufficiency*7
observed in the human presentation of the disease.5”70%% Mice
genetically engineered to have HCM mutations have been used
to model the effects of various sarcomere mutations'® and
haploinsufficiency phenotypes,” but rodent models differ sig-
nificantly from humans in regard to myosin composition and
contractile function.'®%

During the past 5 y, reviews of records at the California Na-
tional Primate Research Center have identified numerous rhe-
sus macaques (Macaca mulatta) that experienced sudden cardiac
death and were found to have HCM, specifically LVH.*® Rhe-
sus macaques serve as valuable biomedical models owing to
their close evolutionary relationship with humans* and lack of
environmental confounding effects, such as differences in diet
and activity levels.” With a 93% DNA sequence similarity to
that of humans, the rhesus macaque genome has been character-
ized by using whole-genome sequencing®'™ as well as through
copy number variant”® and SNP mapping techniques*” to de-
fine orthologous regions in high resolution. In addition, rhe-
sus macaques share the same genetic susceptibility to complex
diseases, such as macular degeneration, as humans.” Pedigree
analysis has demonstrated that approximately 1% to 2% of
the rhesus colony at the California National Primate Research
Center is affected by LVH, with the inflated prevalence of the

disease in these macaques compared with humans explained by
colony founding effects.** Clinical analysis of the LVH-affected
animals in regard to physiologic variance® and biomarker re-
covery® is ongoing, but currently, no work has been published
regarding the genomic etiology of rthesus HCM.

Materials and Methods

Candidate sequencing targets. We aggregated 428 human vari-
ants associated with LVH by using the NCBI ClinVar database®
for 8 sarcomere genes: MYBPC3, MYH7, TNNT2, TPM1, TNNI3,
ACTC1, MYL3, and MYL2 .37 Variant flanking sites in each
gene were mapped to the human reference genome hg19 fea-
tured on the UCSC Genome Browser* by using the Burrow—
Wheeler aligner (bwa) v.0.7.13% to ensure unique mapping of a
single allele. We found 11 variants in gene MYH? to have map-
ping qualities greater than 1; these were treated as paralogous
sites and subsequently removed from further analysis to pre-
vent downstream inflation of association significance. Of the re-
maining 417 human sarcomere sites, 63 mapped uniquely to the
rheMac3 reference genome, which also was accessed by using
the UCSC Genome Browser. These 63 orthologous gene regions
were treated as the core candidate sequencing sites to screen for
pathogenic variation (Figure 1).

Samples. A total of 52 Indian-derived rhesus macaques from
the CNPRC confirmed to have LVH*# were treated as a cohort
of HCM-affected animals. These affected animals were derived
from 4 different pedigrees representing 9 generations and, as
such, these macaques reflected various degrees of relatedness to
each other. We assembled a reference nonpathogenic sample set
from unaffected rhesus macaques of Chinese (1 = 13) or Indian
(n =29) ancestry that had no kinship to any of the affected study
animals*% as biologic replicates. DNA extracts comprising this
sample set (n = 94) originally purified from blood samples of
colony animals were quantified by using a Qubit 3.0 fluorom-
eter (Thermo Fisher Scientific, Waltham, MA) and diluted to 25
to 50 ng/uL prior to sequencing.

This research followed the American Society of Primatolo-
gists” principles for the ethical treatment of primates. The ani-
mals studied have been managed in compliance with IACUC
regulations, NIH guidelines, or the US Department of Agricul-
ture regulations prescribing the humane care and use of labora-
tory animals.

Amplicon sequencing and haplotype calling. Deep targeted
amplicon sequencing on a MiSeq 600 instrument was facilitated
by using the Access Array System (Fluidigm, San Francisco,
CA) at the UC Davis Genome Center DNA Technologies Core
by using two 48x48 integrated fluidic circuits. Illumina assays
designed to capture the 63 conserved candidate sites were aug-
mented for the rhesus macaque genome through the Fluidigm
workflow and condensed into 35 primer pairs targeting 150- to
500-bp sequence windows. These target-specific primer pairs
were optimized and tagged for downstream pooling according
to the Fluidigm Access Array System user manual. Reads were
demultiplexed by sample by using barcodes and by primer
pair by using adaptor sequences as described previously.” Raw
FASTQ files were processed into consensus sequences by using
the dbcAmplicons R script (https://github.com/msettles/db-
cAmplicons) incorporating polymorphisms present in over 5%
of reads to reduce the inclusion of common sequencing errors.”
After manually removing poorly performing assay targets ac-
cording to multiple sequence alignments of each amplicon, we
used the reduce-amplicons option available within the dbcAm-
plicons repository (https://github.com/msettles/dbcAmpli-
cons/blob/master/scripts/R/reduce_amplicons.R) to establish
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Figure 1. Bar plot displaying uniquely mapped human variants associated with LVH in the major sarcomere genes. The first column denotes
417 variants in complete alignment to human genome hg19; the second column denotes a subset of 63 variants in complete alignment to rhesus
genome rheMac3. The overlapping orthologous variant sites were treated as candidate pathogenic gene regions for sequencing.

representative sequences. Paired-end reads were joined into a
single contiguous sequence by using FLASH2 (https:/ /github.
com/dstreett/FLASH?2) and standardized to the most frequent
amplicon length per sample and primer pair. We ensured ampli-
con quality by removing assay regions amplified in fewer than
80 animals and by removing animals not represented by at least
25 amplicon sequences. Sequences represented by less than 8%
of a target’s reads were eliminated also. Due to the abundance of
sequence reads per target region, homozygosity was confirmed
when an allele was present at a frequency of 28% within each
amplicon and when no alternative alleles were observed to be
within 8% of the wildtype allele frequency. Sequences failing
this test were considered heterozygous.

Results

Amplicon sequencing. A total of 23.3 million Illumina reads
were generated and subsequently assessed for quality by using
a LabChip GX. Approximately 80.9% of reads surpassed the
Phred Q30 quality filter; 8.95% of reads represented PhiX library
quality-control sequences. On average, more than 242,000 reads
were produced for each rhesus macaque, representing an ap-
proximate coverage of 7000 reads per target region. Given that
the average consensus sequence of each amplicon was 425 base
pairs, this figure indicates more than 16-fold coverage across tar-
get gene regions. Individual amplicon performance per sample
is represented by the heatmap in Figure 2.

Risk haplotype determination. After postsequence reduction
and consensus sequence generation, we tested representative
haplotypes denoting polymorphic sites for association with LVH
by using Firth bias-reduced logistic regression.?* Because colony
macaques are expected to share genotypes as a consequence of
close shared ancestry, typical logistic regression approaches may
yield skewed odds ratio estimates. Firth regression, however,
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minimizes the effect of alleles shared through identity-by-de-
scent in LVH-affected animals. In our analysis, we incorporated
the Indian or Chinese ancestry status of each rhesus macaque as
covariates to correct for population structure. Because the risk
haplotype indeed may be segregating in the Chinese popula-
tion, we repeated this experiment without any ancestry infor-
mation and separately with only Indian-origin animals, that is,
by excluding all Chinese animals from the analysis.

Only haplotypes represented in at least 3 animals, from target
regions with at least 2 haplotypes, were used for statistical cor-
relation to ensure high variant quality; no haplotypes from the
MYL3 gene met this criterion. After Bonferroni correction for
multiple comparisons,® which represents a stricter threshold
for statistical significance compared with other procedures that
mitigate false-positive results," we found a haplotype within
the MYBPC3 gene that was highly associated with the disease
in both homozygous (adjusted P value = 0.004) and carrier
(adjusted P value = 0.005) animals. Significant association be-
tween the MYBPC3 haplotype and LVH was observed also, both
among homozygous (adjusted P value = 0.004) and heterozy-
gous (adjusted P value = 0.005) animals, when neither ancestry
information nor Chinese animals were considered. Two addi-
tional potential risk haplotypes were identified in MYBPC3 as
well as in intronic regions of genes TPM1, TNNT2, and MYH?,
but these results were not statistically significant after Bonfer-
roni correction (Figure 3).

Functional inference. We inspected the significant MYBPC3
risk haplotype, which spanned exon—intron flanking regions
(chr14: 18690553 to 18690755), in the Ensembl genome browser
by using the available rhesus macaque genome build rheMac8.
MYBPC3 is a gene known to undergo heavy alternative splicing,®
in which introns near actively spliced exons contain high num-
bers of pathogenic HCM mutations.? The core C-to-T transition
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Figure 2. Heat map designating performance of each target sequence site by sample (y-axis) and primer pair (x-axis). Colors indicate the number
of unique amplicon sequences that differ by one or more ambiguous positions. ‘Failure to produce amplicons’ (in red) represents sample-specific
behavior, rather than stochastic or assay-specific nonamplification (as observed in target sites rhe.A2. MYBPC3 and rhe.A5. TPM1).

variant within the haplotype is an intronic allele immediately
downstream of an alternatively spliced exon designated as exon
24,25, and 22 in the MYBPC3-201(ENSMMUT00000021887.3),
202 (ENSMMUT00000059815.1), and 203 (ENST00000544791.1)
isoforms, respectively. Given the acute effect of mutations on
RNA splicing capabilities®™® and lack of publicly available tools
to specifically analyze the functional effects of rhesus variation,
we assessed the pathogenic polymorphism observed in the pri-
mary MYBPC3 risk haplotype for transcriptional disruption
potential by using the free-use program Spliceman (http://
fairbrother.biomed.brown.edu/spliceman/). Spliceman uses
positional distribution analysis based on hexamers proximate
to splice sites and generates L1 distances based on hexamer fre-
quency that are converted to splicing mutation likelihoods from
1 to 100.5* The program assimilated both the wild-type and risk
variant MYBPC3 sequences to evaluate the effect of the hexamer
modification. In rheMac2, the rhesus reference genome avail-
able in Spliceman, we found the MYBPC3 variant to have a 65%
probability of causing splicing disruption.

Discussion

Among a subset of animals from the rhesus macaque colony
at the California National Primate Research Center that exhib-
ited LVH, we detected a single, high-quality risk allele signifi-
cantly associated with the disease. Our approach leveraged 1)
extant orthologous genomic variation across major subpopula-
tions of the animal species under study, 2) comparative human
genetic data to narrow down the number of pathogenic candi-
date sites, 3) deep sequencing technology inclusive of exons and
introns, capable of producing high-quality and high-coverage
results across a diversity of species,'® and 4) a nonbiased cor-
relation analysis preventing false-positive discovery due to
genotypes shared by ancestry. This approach is essential in light
of the fact that rhesus macaques exhibit greater than 2-fold in-
creased nucleotide diversity compared with humans, including

in functional regions,'™ thus impeding confidence in variant
calling using singular reference genomes.”

We found that the MYBPC3 gene, which is the major source
of HCM mutations in humans,”*”! was strongly associated with
LVH in rhesus macaques. More than 147 mutations in this gene
have been reported in humans alone, accounting for between
15%°! to more than one third* of patient cases. Furthermore, hu-
man HCM mutations present in populations at high frequencies
due to founder effects are primarily localized in the MYBPC3
gene.?'” Although prior studies have neither identified a clear
mode of inheritance nor the genetic variants responsible for rhe-
sus LVH, founder effects best explain the prevalence of LVH in
the rhesus colony at the California National Primate Research
Center."!

Mutations in MYBPC3 also are associated with increased vari-
ability in human subjects” age when the diagnostic test was per-
formed,* correlating with the wide age span of rhesus animals
diagnosed with LVH.® Because 78% of the databased disease-
associated variants in MYBPC3 represent intronic, synonymous,
or rare missense mutations,” successful sequencing strategies
for HCM across species must prioritize nonexonic elements as
well as exons and exon—intron boundary sites.

We detected a candidate sequencing region targeting a splic-
ing-relevant exon in MYBPC3 that was highly correlated to dis-
ease status (Figure 3). This result is consistent with previous
findings of an elevated concentration of HCM mutations located
in intron regions flanking the MYBPC3 exons involved in alter-
native splicing.? The target region amplicon encompassed both
the upstream and downstream intron boundaries of the exon,
exhibiting a deep intron variant highly correlated with LVH
in both homozygous and carrier macaques. Intron mutations
such as these are known to disrupt the regulation of expression
by modifying repressor and depressor elements or introduc-
ing cryptic splice sites.” Genetic changes that might alter RNA
splicing have been characterized extensively in MYBPC3.7%7
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Figure 3. Amplicon-disease status correlation graph comprising all haplotypes tested for association with rhesus LVH incidence by using non-
biased regression. Risk haplotypes statistically associated with animals exhibiting LVH are shown above the red line, which designates the
significance threshold of P = 0.05 after Bonferroni adjustment for multiple corrections. Colors indicate individual sarcomere genes.

The C6 domain of MYBPC3? contains the highest proportion
of clinical variants typed for HCM*7 in the gene; this domain
is where the rhesus risk haplotype was localized. The intronic
space within the exon 24-25 junction of MYBPC3, the exact
same location of the high-association mutation in rhesus ma-
caques, has specifically been linked to haploinsufficiency and
abnormal splicing in HCM.*

The intronic risk allele was implicated with aberrant splic-
ing behavior, because it overlapped at least 3 different iso-
forms of the MYBPC3 transcript and exhibited a significant
likelihood of disrupting regulatory activity. An algorithm
capable of analyzing rhesus macaque intron data to predict
cryptic splicing effects returned a pathogenic probability
score (65%) comparable to splice-site mutations linked to
other complex diseases, such campomelic dysplasia (67%),%
Miillerian aplasia (69%),% and nephropathic cystinosis (55%
to 85%).# In a genome-wide association study of patients
with chronic otitis media, noncoding variants were highly
associated with the disease and confirmed to be pathogenic
by using the same predictive splicing algorithm.? Deep in-
tron mutations, as revealed by large-scale sequencing, have
important functional significance in complex disease® and in
human HCM specifically.”

Whereas sarcomere genes acquire missense mutations that
lead to altered protein structure or ‘poison peptides,® MYBPC3
mutations are commonly associated with haploinsufficiency as
the primary mechanism for human HCM®*” and some cases
of feline” and mouse HCM.? Allelic imbalance, a phenomenon
in which alleles exhibit differential transcription levels due
to polymorphisms, has been linked to human HCM and the
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MYBPC3 gene as a cause of functional haploinsufficiency.?® Hu-
man MYBPC3 mutations result in heterogeneous clinical out-
comes® and diminished or variable protein expression levels in
human patients.”** This clinical variability due to alterations in
expression levels is consistent with recent observations in rhesus
macaques at the California National Primate Research Center,
in which neither major cardiac biomarkers® nor physiologic
metrics** are predictive of LVH.

Although direct evidence of alternative MYBPC3 splicing or
reduced mRNA levels would have supported our haploinsuf-
ficiency hypothesis for HCM in Indian rhesus macaques, these
approaches were not feasible because the current retrospective
study relied on samples that had been stored for decades. Car-
diac tissue samples from recently diagnosed animals would
be ideal for confirming that transcript levels are significantly
reduced in affected compared with unaffected macaques. How-
ever, it is a noteworthy caution that the heterogeneity of disease
presentation observed in the affected study cohort may further
obstruct functional studies.**%

A previous pedigree analysis involving LVH-affected animals
at the California National Primate Research Center was unable
to confirm an autosomal dominant inheritance pattern due to
genetic drift creating a higher prevalence of the disease.* How-
ever our current results affirm that LVH in rhesus macaques
is an autosomal dominant trait due to the strong correlation
between a deep intron variant, in either homozygous or hetero-
zygous form, and the disease. This mode of inheritance, coupled
with the cross-species relevance of the MYBPC3 gene in HCM,
establishes that the rhesus macaques at the California National
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Primate Research Center are a suitable and uniquely useful
model for human HCM.

This comprehensive analysis of sarcomere variants in rhesus
macaques with LVH underscores the critical need for full gene
sequencing and population genomic variation in complex dis-
ease. Exonic and exon—intron flanking mutations are known to
have devastating consequences in the HCM and sudden car-
diac death phenotypes, and next-generation sequencing has
confirmed a strong intronic component to human HCM.¥71% In
general, access to high-throughput sequencing technologies has
led to the discovery of deep intron variants highly correlated
with a disease,'® and in genes that undergo extensive splicing,
such as those that encode sarcomeres, these variants may acti-
vate dormant splice sites as well as alter enhancer or depressor
regions.®*2¥ 12 This notion is consistent with the variety of ages
among the colony rhesus macaques that experienced sudden
cardiac death.®

Recent advancements highlighting the role of intronic and
noncoding-region mutations in HCM* warrant further deep
sequencing of subjects—both humans and other animals—
that exhibit clear clinical signatures such as LVH. In addition,
haplotype-based methods can be used to efficiently investi-
gate loci for disease association, because genetic studies of
HCM require that the recovery of combinations of alleles is
precise.” The discovery of more disease variants and the ex-
pansion of reference genomic information for biomedically
relevant model species is crucial for accurate and replicative
sequencing results. Not only do therapeutic strategies and in
vivo knockout models using MYBPC3* need to account for
confounding intronic effects on phenotype, but the efficacy of
resources for determining functional consequences of muta-
tions is dependent on robust reference genomic data. Our am-
plicon sequencing strategy has been shown to be a powerful
alternative to whole-exome approaches, which ignore most
intronic sequences and have a substantial fail rate for causal
mutation recovery in human HCM patients.

Although the LVH-affected rhesus macaques we studied may
carry exonic mutations in untested sarcomere regions or non-
sarcomere genes, no exonic variant interrogated in our study
reached statistical significance when factoring population struc-
ture and unbiased genotype correlation. Even if it is not the pri-
mary causal HCM mutation, the intronic risk allele identified
in MYBPC3 may be linked to another locus involved with LVH
susceptibility, as similarly postulated in other macaque com-
plex disease studies.” Alternatively, this disease-associated al-
lele could represent an ancestry-biased variant indicative of the
Indian macaque founding population responsible for the trans-
mittance of LVH in the rhesus colony at the California National
Primate Research Center. These suppositions can be explored
comprehensively in future research by combining high-reso-
lution linkage analysis methods with multiplex LVH pedigree
reconstructions (based on parentage, clinical, and pathologic
data***°) and colony-wide genotype information from a rapid
detection SNP technique, such as that which exists for ABO
blood group determination in both rhesus and cynomolgus ma-
caques (M. fascicularis) 52

The recent description of a cynomolgus (M. fascicularis) ma-
caque in China with HCM and LVH?* accentuates the applica-
bility of, and need for, genotyping tools capable of capturing
inter- and intraspecies genomic variation. Cynomolgus ma-
caques housed at Chinese breeding centers exhibit substan-
tial rhesus ancestry due to their origin in the hybridization
zone between the 2 species located in Laos, Cambodia, and
Vietnam.'® If pathogenic variants for HCM have been shared

across different biomedical model macaque species, sequence-
based approaches are critical to assessing disease risk, in large
part owing to the heterogeneous clinical manifestation of the
disease. Our discovery of a deep intron variant heavily associ-
ated with LVH and HCM in rhesus macaques represents an
overall success in using primate evolutionary genomic data to
focus on high-probability candidate regions for next-genera-
tion sequencing.
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