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ABSTRACT OF THE DISSERTATION

Heart Failure Genetics in Mice and Men
by
Jessica Jen-Chu Wang
Doctor of Philosophy in Human Genetics
University of California, Los Angeles, 2014

Professor Aldons Jake Lusis, Chair

The genetics of heart failure is complex. In familial cases of cardiomyopathy, where
mutations of large effects predominate in theory, genetic testing using a gene panel of
up to 76 genes returned negative results in about half of the cases. In common forms of
heart failure (HF), where a large number of genes with small to modest effects are
expected to modify disease, only a few candidate genomic loci have been identified
through genome-wide association (GWA) analyses in humans. We aimed to use exome
sequencing to rapidly identify rare causal mutations in familial cardiomyopathy cases
and effectively filter and classify the variants based on family pedigree and family
member samples. We identified a number of existing variants and novel genes with
great potential to be disease causing. On the other hand, we also set out to understand
genetic factors that predispose to common late-onset forms of heart failure by
performing GWA in the isoproterenol-induced HF model across the Hybrid Mouse
Diversity Panel (HMDP) of 105 strains of mice. We performed fine phenotyping using

serial echocardiograms and controlled for environmental heterogeneity in the



experimental setting. As a result, we achieved high heritability estimates of 64% to 84%
for all cardiac traits and had superior power for mapping HF-related trait, compared to
human studies. Association analyses of cardiac traits, corrected for population structure
and multiple comparisons, revealed genome-wide significant loci across the spectrum of
cardiac traits. Cardiac tissue gene expression profiling, expression quantitative trait loci,
expression-phenotype correlation, and coding sequence variation analyses were
performed to prioritize candidate genes and to generate hypotheses for downstream
mechanistic studies. Future directions will be to further bridge the gap of understanding
between rare Mendelian and common cardiovascular diseases, which together will have
wide spread therapeutic implications in delaying or reversing HF progression in human

populations.
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1 Introduction

Heart failure (HF) is a complex clinical syndrome that results from impaired
ventricular filling or ejection of blood. Its cardinal features are dyspnea, fatigue, and fluid
retention. HF may be associated with a wide spectrum of left ventricular (LV) functional
abnormalities, ranging from normal LV size and preserved ejection fraction (EF) to
severe dilatation and/or markedly reduced EF. HF with reduced EF (HFrEF) is defined
as the clinical diagnosis of HF and EF<40%. HF with preserved EF (HFpEF) is defined
as the clinical diagnosis of HF, EF>40%, and abnormal LV diastolic dysfunction, after
the exclusion of non-cardiac causes’ 2. HFrEF and HFpEF each make up about half of
the overall HF burden®. Risk factors for HFrEF include a family history of
cardiomyopathy, long-standing hypertension, previous myocardial infarction (Ml),
cardiotoxic agents, valvular abnormalities, congenital heart lesions, arrhythmias, and
others. Current therapies for HFrEF range from prevention, non-pharmacological
interventions, pharmacological treatment, device therapy, to inotropic support,
mechanical circulatory support and cardiac transplantation at the end-stage. Risk
factors for HFpEF include hypertension, obesity, coronary artery disease (CAD),
diabetes mellitus, atrial fibrillation (AF), and hyperlipidemial. Effective pharmacological
treatments for HFrEF have generally been disappointing when used in patients with
HFpEF2. The lifetime risk of developing HF is 20% for Americans =40 years of age. The
total cost of HF care in the United States exceeds $30 billion annually, with over half of
these costs spent on hospitalizations®. HF is the primary diagnosis in >1 million

hospitalizations annually. A subset of patients with chronic HF will continue to progress
1



and develop persistently severe symptoms that are refractory to maximum therapy. The

absolute mortality rates for HF remain approximately 50% within 5 years of diagnosis®.

In the past 25 years, through linkage studies of familial cardiomyopathies and
arrhythmias, a number of genes associated with early-onset HF have been identified,
each harboring unique amino acid substitution, splice site, and truncation mutations®2.
Definitive causal link of some of these mutations to disease have been established in
mouse models'®'2, Allele-specific silencing of the mutant allele demonstrated
therapeutic benefit’®. In the past decade, next-generation sequencing has enabled the
massive and parallel sequencing of many genes at once, which brought the cost of
sequencing down to a level similar to other routine medical tests. Genetic testing for
many disorders can now be ordered commercially from any medical office outside of the
academic setting, including gene panels for specific forms of familial cardiomyopathies
and arrhythmias. Because familial cardiomyopathies and arrhythmias are clinically
overlapping and genetically heterogeneous, comprehensive cardiomyopathy and
arrhythmia panel tests have also been made available. Genetic test panels are
designed to effectively and accurately capture sequence variants in the protein-coding
regions of genes known to be associated with disease. A more global approach is whole
exome sequencing, where in theory all protein-coding variants of the genome can be
evaluated. Genetic polymorphisms are frequently observed in any given exome. Our
results showed that each exome contains approximately 22,000 single nucleotide
polymorphisms (SNPs) and 1-10 bp insertion-deletions (indels) (Table 2-3). In other

words, one variant would be found in each gene sequenced on average. In the absence



of family member samples, prioritization of variants for disease significance generally
relies on the following criteria: 1) previous report in literature, 2) allele frequency in the
reference population, and 3) in silico pathogenicity algorithms, based on the following
assumptions: 1) causal mutation lies in protein coding regions of the genes or exome, 2)
mutations reported in literature are unbiased and truly causal, 3) causal mutations are
rare, 4) the referenced controls are representative of the sequenced individual’s genetic
background, and 5) in silico pathogenicity algorithms give biologically meaningful
predictions. In practice, the assignment of variant classes as disease-causing, likely
disease-causing, and of unknown significance is complex for both gene panel and
whole exome testing. As technologies and analytical methods for genome sequencing
continue to advance, current limitations in the assumptions will likely be overcome and

variant interpretation will improve.

The majority of HF encountered in the community is not explained by a single
gene mutation. Rather, there is a complex interplay between genetic susceptibility and
environmental factors that results in the phenotype of clinical HF and LV structural or
functional abnormalities that are known to predispose to HF. Genome-wide association
(GWA) of common genetic variants offers an alternative, high-throughput and unbiased
approach to identify risk loci contributing to HF. A number of HF-related GWA has been
performed to date, each revealing a small number of loci and candidate genes. For
example, two SNPs, one at 58.8kb from USP3 (ubiquitin-specific protease) gene in
individuals of European ancestry and the other at 6.3 kb from the LRIG3 (leucine-rich,

immunoglobulin like domain) gene in individuals of African ancestry, have been



associated with the development of HF. A third SNP located in the intron of CMTM7
(CKLF-like MARVEL transmembrane domain containing 7) gene among individuals of
European ancestry was associated with HF mortality’>. In a European consortium study
on DCM, two SNPs were associated with sporadic DCM and replicated in independent
samples. One of these SNPs was located near HSPB7 (heat shock 27kDa protein
family, member 7). Another was a non-synonymous SNP located in BAG3 (BCL2-
associated athanogene 3). Sequencing of BAG3 exons in 168 independent index cases
with familial DCM identified four heterozygous truncating and two missense mutations,
which were present in all genotyped relatives affected by disease and absent in a
control group of 347 healthy individuals®®. Lastly, GWA of cardiac structure and systolic
function among African Americans associated 4 genetic loci near UBE2V2 (ubiquitin-
conjugating enzyme E2 variant 2), WIPI1 (WD repeat domain, phosphoinositide
interacting 1), PPAPDC1A (phosphatidic acid phosphatase type 2 domain containing
1A) and KLF5 (Kruppel-like factor 5) with left ventricular mass, interventricular septal

wall thickness, left ventricular internal diameter and ejection fraction, respectively

Base on the Framingham Heart Study, the genetic basis of HF in human is
modest. The hazard ratio for HF in those with parental HF was 1.70 [95% confidence
interval (CI) 1.11-2.60]* and the estimated heritability of LV mass (LVM) was 0.24-
0.3218. One twin study demonstrated interaclass correlation coefficients of 0.69 and
0.32 for monozygotic and dizygotic twins, respectivelyﬁ, consistent with significant
environmental influences on HF traits, thus limiting the power of signal detection in a

GWA. Complementary to the studies in humans, we conducted a large-scale survey of



cardiac structure and function in 105 inbred mouse strains, termed the Hybrid Mouse
Diversity Panel (HMDP), at baseline and in each subsequent week during a 3-week
isoproterenol infusion to investigate genomic loci controlling variations in traits relevant
to HF. We observed striking variations among the mouse strains and deteremined that
cardiac structure and function were highly heritable at baseline and in response to
isoproterenol, with heritability estimates between 0.64 and 0.84. Using a linear mixed
model algorithm, which accounts for relatedness among the strains, GWA was
performed on the observed traits. A number of loci contributing to heart weight, fibrosis,
cardiac structure and function were identified. We prioritized genes in each associated
genomic locus using expression quantitative trait locus (eQTL) analysis and coding
sequence variations in the Wellcome Trust Mouse Genomes Project. We validated one
of the association loci candidate genes Abcc6 as causal for the variations in
isoproterenol-induced fibrosis. We were able to identify more significantly associated
loci than in the human studies, because we were able to fully control for environmental
confounders in the laboratory setting, which contributed to improved heritability

estimates and significantly improved mapping power.

Through gene panel testing and exome sequencing in human subjects and HF
GWA in mice, we have implicated a number of novel genes and genetic variants in HF-
related traits, which need to be replicated or validated experimentally, to establish
definitive causal role in disease. Given the number of genes and variants to test, a high-
throughput pipeline is required to screen associated disease genes and variants

experimentally. We have explored two high-throughput model systems for gene



validation thus far, one using neonatal rat ventricular cardiomyocytes (NRVMs) and one
using zebrafish. Additional gene validation technique include adeno-associated virus 9
(AAV9) to examine the role of the candidate gene in the mouse heart. To validate
genetic variants, we plan to use the clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas9 system to generate targeted coding sequence variants in
zebrafish and mice. Finally, we will also explore the role of allele-specific silencing of
disease-causing mutation using RNA interference and CRISPR to be carried out in
patient-derived induced pluripotent stem (iPS) cells. Once the causal role of a gene or
genetic variant is establish, genetically stable mouse models will be generated for

further functional and downstream mechanistic studies.

The results from our GWA and those of others showed that the majority of the
genomic regions controlling susceptibility to HF are located in intergenic regions, which
highlights the importance of gene regulation rather than protein-coding sequence
variations in the mechanisms affecting complex traits such as HF. A number of
mechanisms have been proposed to link non-protein-coding sequence variations to
gene regulation, including promoter region variations, methylation changes, non-coding
RNA, and altered chromatin states among others. Using Reduced Representation
Bisulfite Sequencing (RRBS) we studied the methylation patterns in the left ventricular
tissues from 2 mouse strains, susceptible and resistant to ventricular dilation and
decreased ejection fraction after isoproterenol treatment. We found that the differences
in methylation patterns were greater between strains than between treatment groups.

We plan to examine the role of methylation patterns and their relationships to SNP



variations and HF traits across the HMDP. In the coming years, the use of fine and deep
phenotyping, large-scale whole genome sequencing, and evermore sophisticated
mapping strategies, will work together to improve our current understanding of heart
health genetics even more. This new understanding will translate into preventive and
treatment options for those who have no effective therapies currently, such as familial

cardiomyopathy and HFpEF.
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2 Exome Sequencing ldentifies a Novel Candidate Gene
ZBTB17 for Arrhythmogenic Right Ventricular
Cardiomyopathy.

Background

Family history is an important risk factor for heart disease, due to shared
environment and genetic inheritance. Over the past 25 years, through family-based
linkage analyses, an increasing number of genes have been implicated in inherited
cardiomyopathies, arrhythmias and congenital heart disease’. In many cases, these
genes harbor rare missense, frameshift and nonsense mutations in the protein-coding
regions that are unique to individual families. Familial cardiomyopathies are clinically
and genetically heterogenous. The correct identification of the disease-causing mutation
is not only important for prognostication in family members but also critical in providing a
novel entry point for disease mechanism investigation and therapeutic designs. The
study of familial cardiomyopathies can reveal important insights in disease causation
and open opportunities for novel therapies, as there is currently no effective treatments

to reverse, stall, or prevent disease among patients and their family members.

In the last decade, the cost of sequencing has decreased dramatically. With
increasing awareness of genomic data and acceptance by the public and insurance
companies, genetic testing for familial diseases has moved into the clinic, most

commonly in the form of commercial gene panel testing. The reported diagnostic yield

12



for HCM and DCM/LVNC gene panel testing were reported by commercial genetic
testing company to be as high as 60% and 50%, respectively. Without detailed pedigree
information and additional DNA samples from family member to demonstrate genetic
segregation with disease, variants detected from commercial gene panel testing are
routinely evaluated solely based on variants previously reported in literature, allele
frequency in the reference population, and in silico predicted pathogenicity, all of which

have potential pitfalls and drawbacks.

To address the bias inherent in gene panel testing, an alternative diagnostic
approach to gene panel testing is available in the form of whole exome sequencing,
where in theory all protein-coding variants of the genome can be evaluated at once for
disease-causing mutations and novel gene and mutation discovery. A major challenge
of using exome sequencing data is to find the novel disease genes among the
background of rare non-pathogenic variants and sequencing errors. Exome sequencing
identifies about 20,000 to 24,000 single nucleotide variants (SNVs) on average. While
about 95% of the variants that are known common polymorphisms in the human
population can be quickly excluded, strategies to further narrow down on the variant list
are to: 1) Exclude variants outside of identity by descent (IBD) regions (if known for
affected members of the family), 2) exclude variants conflicting with mode of
inheritance, 3) exclude common variants present in the reference population, 4) exclude
synonymous variants, 5) exclude variants predicted not to be deleterious, 6) select
variants in genes which have physical protein-protein interaction, share same biological

pathway, or are found in literature to be associated with other previously identified
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genes of the disease. Among these some of the most effective strategies to narrow
down on the list of candidate variants are based on evidence for shared ancestral
polymorphisms and/or genetic linkage co-segregation. Other strategies include in silico

prediction of pathogenicity similar to those employed in gene panel testingz.

Traditional gene mapping approaches to gene discovery require the collection of
families or large family pedigrees, in order to finely map the region of interest to a
manageable size for targeted resequencing. One of the attractive features of exome
sequencing in facilitating disease-causing gene or mutation discovery is that the exome,
while constituting only approximately 1% of the human genome, is enriched with 85% of
the mutations with large effects on disease-related traits. By employing filtering criteria
based on mode of inheritance and allele frequency and additional genotyping
information from select few family members, it is possible to quickly narrow in on the

putative causal genetic variant.

The purpose of this study is 1) to estimate the rate and quality of genetic variant
detection based on commercial gene panel testing sent from the UCLA Cardiomyopathy
Center, 2) to identify the pitfalls and promises of genetic variant testing using whole
exome sequencing, 3) to identify possible causal genes and mutations in a highly
consanguineous family where a few family samples significantly improved variant

filtering and variant classification.
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Methods

Family pedigree construction. Familial cases of cardiomyopathy were collected from
the Ahmanson-UCLA Cardiomyopathy Center. Health history, electrocardiogram,
echocardiogram, stress test, and cardiac MRI results from the proband and extended
family members (whenever available) were collected through detailed family interviews.
Detailed family pedigrees were constructed to the extent possible. Genetic counseling

was provided to the patients and their families prior to genetic testing.

Genetic testing strategies and sample collection. Patients with insurance coverage
for genetic testing were referred to gene panel testing by the commercial company
GeneDx. In addition, patients hospitalized at the Ronald Reagan UCLA Medical Center
with a particularly strong family history were considered for UCLA Clinical Exome
Sequencing testing. Follow-up patient family member saliva samples were collected via
standard procedures with informed consent under the UCLA Office of the Human

Research Protection Program Institutional Review Board for segregation analysis.

Gene Panel Testing. Genomic DNA was extracted from blood (2-5 mL in EDTA)
using standard methods and sequencing was performed using a novel solid-state
sequencing-by-synthesis process that allows sequencing a large number of amplicons
in parallel*. DNA sequence was assembled and compared to the published genomic
reference sequences. The presence of any potentially disease-associated sequence

variant(s) was confirmed by dideoxy DNA sequence analysis. A reference library of
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almost 800 alleles was used to evaluate the allele frequency of novel sequence variants
if indicated. If appropriate, testing of one affected relative or, if not available, of both
biological parents, was performed to clarify variants of unknown significance at no
additional charge. HCM panel: Approximately 150 exons and their splice junctions of 18
genes were sequenced. DCM/LVNC panel: Approximately 620 exons of 38 genes
including their splice junctions are sequenced. ARVC panel: The entire coding region of
seven genes and their splice junctions are sequenced. CCM panel: Approximately 1300
coding exons and their flanking splice junctions of 76 genes are sequenced.
Concurrently, targeted array CGH analysis with exon-level resolution is performed to
evaluate for a deletion or duplication of one or more exons in 61 nuclear genes of the 76
genes included on the panel. Deletion/duplication testing does not include FKTN,
GATAD1 and the 14 mitochondrial genes. The presence of a potentially disease-
associated deletion/duplication mutation is confirmed by quantitative PCR, repeat
aCGH, or by another appropriate method. The genes tested in each panel are listed in

Table 2-1.

Whole Exome Sequencing. DNA was extracted from the specimen using standard
methods. Exome sequencing was performed using the Agilent SureSelect Human All
Exon 50 Mb kit and an lllumina HiSeq2000. The raw sequencing data was mapped to
and analyzed in comparison with the published human genome build UCSC hg19
reference sequence. The quality of the sequencing data was evaluated based on
genomic variation quality parameters. Candidate variants, including single nucleotide

variants or insertions or deletions (in/dels), were identified. Variants were filtered
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according to mode of inheritance, allele frequency, and deleteriousness based on
protein prediction algorithms. Any mutations/copy number changes found in the affected
individual and thought to cause the clinical condition was confirmed by a second
independent method such as dideoxy sequence analysis, or another appropriate
method. Variants of uncertain clinical significance, which were unrelated to the primary
clinical concern(s), as well as any incidental findings, which were not medically
actionable, were not be reported. The UCLA Genomic Data Board, an interdisciplinary
team of physicians, pathologists, clinical geneticists, laboratory directors, genetic
counselors, and informatics specialists, reviewed the results and rendered the

interpretation (Figure 2-1).
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Results

Gene panel testing is unable to capture the causal genetic variant in more than
half of HCM and DCM cases

The UCLA Cardiomyopathy Center began sending blood samples of familial
cardiomyopathy patients to the commercial gene testing company GeneDx starting in
March 2011 for next-generation sequencing-based genetic panel testing. Depending on
the patient’s clinical history, samples were directed towards genetic test panels for
hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy/left ventricular
noncompaction (DCM/LVNC), or arrhythmogenic right ventricular cardiomyopathy
(ARVC). Starting from November 2013, a comprehensive cardiomyopathy (CCM) gene
panel consisting of 76 genes previously associated with any familial cardiomyopathy
also became available (Table 2-1). Based on our review of the reports, variants
identified in the genes tested were prioritized by GeneDx for pathogenicity by the
following criteria: 1) previously reported in literature with strong evidence for its
association with disease, 2) absence or rare in presumably healthy control samples,
and 3) in silico predicted to be pathogenic based on vicinity to previously reported
pathogenic amino acid substitution, deleterious effects on protein structure and function
by prediction algorithms SIFT and Poly-Phen2, and conservation across species.
Suspected pathogenic variants were reported by following classifications: disease-

causing (DC), likely disease-causing (LDC), or variant of unknown significance (VUS).
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We compiled results from all 21 HCM and 9 DCM patients tested between March
2011 and March 2014 (Table 2-2). We found that one patient from each group had 2
variants reported. In the HCM patient, one DC mutation in the TPM1 gene and one LDC
mutation in the TNNI3 gene were identified. In the DCM patient, one LDC mutation in
the TTN gene and one VUS in the TNNTZ2 gene were identified. Overall, in 38% of HCM
and in 33% of DCM cases, a definite disease-causing variant was reported. In 57% of
HCM and 56% of DCM cases, no variant with evidence stronger than that at the level of
VUS was identified. The distribution variants among the variant classes indicated that
the current state of gene panel testing is unable to capture the causal genetic variant in

more than half of the cases (Figure 2-2).

Exome sequencing relies on primary gene list in variant prioritization to identify

disease-causing mutations in genes previously associated with disease

To examine the performance of whole exome sequencing in our patient
population, we selected 3 patients to refer to the UCLA Clinical Exome Sequencing
service for exome sequencing. Exome 1 was performed on a 33-year-old Hispanic male
with a history of restrictive cardiomyopathy, who underwent heart transplant due to
refractory symptoms of congestion. His father died at the age of 32 from heart failure.
He has 2 brothers and 2 sons with heart failure, and a nephew who died of heart failure
at the age of 13 (Figure 2-3A). Exome 2 was performed on a 70-year-old Filipino
woman with a history of sudden cardiac death and dilated cardiomyopathy, who

received an automatic implantable cardioverter defibrillator (AICD) and LV assist device.
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Her father died suddenly at the age of 55. One of her brothers died of sudden cardiac
arrest at the age of 49. Another brother underwent a heart transplant at the age of 60.
One of her sisters has ventricular tachycardia and AICD. Another sister takes
medications for her heart and has a daughter who underwent cardiac ablation for
arrhythmia (Figure 2-3B). Exome 3 was performed on a 32-year-old woman with familial
dilated cardiomyopathy who presented with frequent ventricular tachycardia requiring a
heart transplant. Both of her brothers were diagnosed with dilated cardiomyopathy at
the age of 18 and received heart transplants. Both she and her sister were diagnosed
with dilated cardiomyopathy in their 30s and received heart transplant. Both her mother
and her grandfather died in their 30s of unknown causes. Both grandmothers are alive
and well. Of note, she and her siblings are products of a consanguineous union from a

small village in Mexico (Figure 2-3C).

Whole exome capture and sequencing was performed using the Agilent
SureSelect Human All Exon 50 Mb kit and an lllumina HiSeq2000. The raw sequencing
data was mapped to and analyzed in comparison with the published human genome
build UCSC hg19 reference sequence. The quality of the sequencing data were
evaluated based on genomic variation quality parameters. Candidate variants, including
single nucleotide variants or insertions or deletions (in/dels), were identified (Table 2-3).
Variant filtration was performed by the exclusion of common SNPs based on dbSNPs
and nonsynonymous SNPs. At this point each variant is referenced for presence in the
human gene mutation database (HGMD), allele frequency based on the ~1,300 exome

samples at UCLA, predicted pathogenicity based on protein prediction algorithms such
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as SIFT, Poly-Phen2 and Condel, gene expression level in different tissues, and other
supplementary information. In addition, a primary gene (PG) list was created for each
patient, based on the clinical features of disease and associated genes, which is similar
but more extensive than the cardiomyopathy gene panel offered by GeneDx. Based on
the mode of inheritance, variants that intersect the PG list and are rare (<1%) were
given first priority for consideration. Any mutations/copy number changes found in the
affected individual and thought to cause the clinical condition was confirmed by a
second independent method such as dideoxy sequence analysis, or another
appropriate method. Variants of uncertain clinical significance, which were unrelated to
the primary clinical concern(s), as well as any incidental findings, which were not
medically actionable, were not reported. The UCLA Genomic Data Board, an
interdisciplinary team of physicians, pathologists, clinical geneticists, laboratory

directors, genetic counselors, and informatics specialists, reviewed the results.

In exome 1, six heterozygous variants in the primary gene list remained after
filtering for allele frequency of < 1%. Only of the variants ¢.1544 T>C p.Met515Thr in
exon 15 of 40 MYH7 was predicted by SIFT, PolyPhen-2, and Condel to be deleterious.
The same variant was found in the HGMD database to have been previously identified
in an Indian female who had asymmetrical septal hypertrophy with septal thickness of
19 mm and died of sudden cardiac arrest®. Targeted sequencing confirmed the same

MYH7 mutation in his 2 affected children.
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In exome 2, twenty-four heterozygous variants in the primary gene list remained
after filtering for allele frequency of < 1%, six of which were considered deleterious by
protein prediction algorithms. Among the genes intersected by these 6 variants, SCN5A
and LMNA only were directly associated with cardiomyopathy and arrhythmia. The
SCNbA variant ¢.1567 C>T p.Arg523Cys found in exon 12 of 28 had previously been
identified to be associated with long QT syndrome in a Norwegian individual®. The
LMNA variant c.646 C>T p.Arg216Cys in exon 4 of 12 has not been previously reported
and was classified as a variant of unknown significance. Incidentally, patient was also
noted to have homozygous disease-associated variant c.109G>A p.Val37lle in exon 2
of 2 of GJBZ2 and a heterozygous ¢.3374 T>C p.Val1125Ala variant in the APC gene
based on a survey of the HGMD results. The GJBZ2 variant represents 7.8% of
deafness-associated GJB2 variants and is the most common variant among Asians’.
The patient was subsequently confirmed to have a history of childhood-onset hearing
impairmentThe APC variant has previously been associated with one individual with
non-familial adenomatous polyposis colorectal adenomaZ. All of these results were

reported.

Exome sequencing relies on family segregation to rapidly identifies disease-

causing variant

Prior to exome sequencing, gross and histopathological examination of the
hearts from the proband and her brother revealed characteristic fibrofatty replacement

changes of ARVC, involving predominantly the left ventricle, which was not suspected
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prior to these findings (Figure 2-4). Due to the lack of adequate health history on the
exome 3 proband’s mother and grandfather, the pattern of inheritance could not be
definitively established but appears to be dominant. However, given the highly
consanguineous pedigree, pseudo-dominant pattern of inheritance, in which an
autosomal recessive condition is present in individuals in two or more generations of a
family, cannot be excluded. Similar to the prior approach in exome 1 and exome 2,
variants filtered according to the dominant model were examined (Table 2-4). After
filtering for rare (<1%) heterozygous variants found in the primary gene list, no variants
remained. There was an uncommon heterozygous variant in DSG2, a gene previously
associated with ARVC; however, this was likely benign, as it was observed in 3% of the
population. In addition, the patient was compound heterozygous in TTN gene with allele
frequency of 46% (c.49942A>G p.lle16648Val) and 1% (c.21241A>G p.Lys7081Glu).
Neither of these variants were predicted by SIFT, PolyPhen-2, and Condel to be
deleterious. HGMD database flagged a heterozygous ¢.835C>T p.Arg279Cys variant of
NEXN to have been previously reported in a Chinese family with hypertrophic
cardiomyopathy. However, the allele frequency for this variant is 29% in our reference
database. None of these variants seemed to be consistent with the severe phenotypes
we observed in this family. Next, variant prioritization was performed on the
homozygous variants, based on a recessive mode of inheritance. No rare homozygous
mutations was found within the primary gene list. However, a homozygous truncation
mutation in MYOM2 (c.1366C>T p.Arg456X), with an allele frequency 1.9% in the

reference population, was found. Given that this is a truncation mutation, this mutation

23



was deemed to be a causal variant. The mutation was confirmed by Sanger sequencing

in the proband.

MYOM?2 is a 1465-amino-acid sarcomere structural protein localized to the M-
line. If this variant were responsible for disease, the homozygous Arg456* truncation
may be expected to nullify the function MYOM2 and disrupt M-line ultrastructure. We
performed electromicrograph (EM) to evaluate the sarcomeric structure in the proband.
Surprisingly, EM of the proband cardiac sarcomere demonstrated normal M-line pattern
(Figure 2-5). To evaluate whether the MYOM2 mutation segregated with disease, we
obtained saliva samples from available family member, including the proband’s father,
living siblings as well as the explanted heart tissue samples from the deceased brother.
However, the PCR genotyping results did not confirm segregation of homozygosity for

the MYOMZ2 c.1366C>T variant with the phenotype (Table 2-5).

To further investigate the exome variants according to the autosomal recessive
model, the lllumina HumanOmniExpress BeadChip assay was performed on the
proband and her living affected siblings (Figure 2-6). Three variants were found to be
homozygous, rare (<1%) and shared among the three affected siblings (Table 2-4).
Among the genes affected by these candidate variants, ZBTB17 resides in a region that
was previously implicated in dilated cardiomyopathy in two select SNP association
studies (one in Europeans and one in Han Chinese) and one genome-wide association

study in Europeans®™. The exome variant ¢.535+2T>A in ZBTB17 is an essential splice
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site variant not previously identified in more than 1,300 control samples in the UCLA

exome database.

Discussion

In spite of the number of genes included in genetic panel(s) for cardiomyopathy,
only 38% and 33% of the patients received a definitive disease-causing mutation
diagnosis. There remains a substantial gap in the understanding genetic causes of
familial cardiomyopathies. While some of the causal mutations for familial
cardiomyopathy may lie in non-coding regions of known genes, there are likely still a
significant number genes whose role in cardiomyopathy have not yet been discovered.
Gene panel testing is cheap, simple and easy for the average cardiologist to interpret;
however, its major drawback is the failure to detect potentially causal genetic variants in
more than half of the cases. Whole exome sequencing serves as an important

alternative to close the gap of understanding in cardiomyopathy genetics.

Both gene panel testing and exome sequencing employ variant filtering
strategies based on previous reports in literature, allele frequency and in silico
prediction of pathogenicity to classify variants, with the following underlying
assumptions: 1) Disease-causing mutations reported in literature are supported with
good evidence. 2) Disease-causing mutation is rare in the population. 3) In silico
prediction of missense variant pathogenicity is biological meaningful. In practice,

disease-causing mutations in the reported literature demonstrate variable levels of
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evidence. Unfortunately, some of the reported mutations in literature were identified
using targeted sequencing in isolated cases without segregation data in the proband’s
family. Therefore, previously reported disease-causing mutations may in fact be benign
genetic polymorphisms, especially if the cases were of non-Caucasian genetic
backgrounds and harbored variants that appeared to be novel and rare at the time of
identification. The apparently familial disease may be due to two or three different
mutations, each with an allele frequency above the threshold for being called rare. The
reference population for variant allele frequency calculation may be inappropriate and
result in false allele frequency calculation. For example, using a predominantly
Caucasian reference population to estimate the allele frequency of a variant found
commonly in the Asian population may falsely underestimate the allele frequency for
some and misclassify them as rare variants, while in fact the variant is common in the
Asian population. Finally, in silico prediction of missense variant pathogenicity by the
most commonly used prediction algorithms, SIFT, Poly-Phen2, and Condel, may not
agree with each other or represent biologically meaningful results. Finally, disease
causal variants may not be in protein-coding regions, even in Mendelian cases, which

will be missed by the current gene panel and exome sequencing strategies by design.

Whole exome sequencing demonstrates great promise for more than half of the
cases tested negative on genetic test panels. In the case of exome 3, we illustrated the
importance of family pedigree analysis and additional family member sample testing.
The identification of a relatively rare homozygous truncation mutation in MYOM?2,

predicted to be deleterious to protein function, led us down the path of studying muscle
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M-line structure by EM, which turned out to be normal. Targeted genotyping in family
members verified that the candidate variant in MYOM?2 did not segregate with disease.
The presence of a rare variant with predicted deleterious effect thus presents as a
difficult diagnostic dilemma in real life. It also highlights the fact that exome sequencing
results can be very difficult to interpret in isolation. But, a well-defined pedigree and a
few additional family member samples can be rapidly filtered down the variant list to a

handful of candidates.

ZBTB17 (zinc finger and BTB domain containing 17), also known as Miz-1, is
located less than 40 kb from HSPB7 in a region previously demonstrated by select SNP
association and genome-wide association (GWA) to be associated with dilated
cardiomyopathy® 1. Last year, the genotype of SNP rs10927875 in ZBTB17 (OR=5.19,
95% CI1 =1.00 to 27.03, P=0.05) was associated with DCM in a Han Chinese population
and there was no difference in genotype or allele frequencies in HSPB7 between DCM
patients and control subjectsm. Interestingly, of the two replicated loci reported from the
DCM GWA, one has already been validated in familial DCM human subjects. Thus, the
candidate essential splice-site variant in ZBTB17 found on the second locus presents

ZBTB17 as a very interesting gene to validate experimentally or in human cohorts.

There is significant potential in variant and gene discovery using exome
sequencing in the clinical population, especially in those with clearly demonstrated
Mendelian pattern of inheritance and adequate number of family samples. A systematic

approach to screen patients and families, collect deep pedigree information, deep
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cardiac phenotyping, patient and family sample collection, sequence, filter, and validate
candidate variants will be critical to the rapid identification of causal genetic variants in
familial cardiomyopathies and will build an important phenotype-genotype correlation

resource that will guide future prognostic and treatment strategies.
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UCLA Clinical Exome Sequencing Workflow

Library Preparation

Illumina HiSeq2500

Exome Capture

Alignment

Find the correct location for each
read in the human genome

. Variant Calling
Post-Alignment Process (SNVs® and small indels™)

(Fine-tuning)

Indel-realignment
Recalibration

* SNVs: Single Nucleotide Variants
** small indels: 1-12bp insertions and deletions

. Use average of 100 reads
Mark Duplicate overlapping at a given base to call

variants

Filtration

Mark and remove variants with
low confidence

Genomic Annotation and
Filtration*

Determine variant effect on
protein sequence and filter out
variants that are not likely to cause
a give disease

Figure 2-1. UCLA Clinical Exome Sequencing workflow.

Genomic Data Board Discussion

Determine likelihood of causing a
given disease

* Ensembl and RefSeq are used for gene models and OMIM and
HGMD professional versions are used to annotate
disease/genes. Allele frequencies are inferred from dbSNP135,
1000 Genome database, >5000 control exome data from the
NHLBI Exome Sequencing Project Exome Variant Server. A
subset of the variants is selected and categorized for review by
our Genomic Data Board. Some of the criteria of filtering and
categorizing the variants include but are not limited to:
association with human disease related to the chief complaint,
rarity of the variant in the general population, zygosity, degree
of consequence at the protein level, etc. Prediction software
such as SIFT, PolyPhen, Condel and GERP are only used for
references and not to filter out variants.

Ensembl and RefSeq were used for gene models. OMIM and HGMD professional
versions were used to annotate disease/genes. Allele frequencies were inferred from
dbSNP135, 1000 Genome database, > 5000 control exome data from the NHLBI
Exome Sequencing Project Exome Variant Server. A subset of the variants was
selected and categorized for review by the Genomic Data Board. Some of the criteria of
filtering and categorizing the variants included but were not limited to: association with
human disease related to the chief complaint, rarity of the variant in the general
population, zygosity, degree of consequence at the protein level, etc. Prediction
software such as SIFT, PolyPhen, and Condel and GERP were only used for references

and not to filter out variants.
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Figure 2-2. GeneDx genetic test results by variant classifications for familial
cardiomyopathy patients.

A. Hypertrophic cardiomyopathy (HCM) patients. B. Dilated cardiomyopathy (DCM)
patients. DC represents disease-causing mutation. LDC represents likely disease-
causing mutation. VUS represents variant of unknown significance.
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Figure 2-3. Family pedigrees for exome sequencing patients. A. Family pedigree for
Exome 1. B. Family pedigree for Exome 2. C. Family pedigree for Exome 3. P
represents the proband on whom exome sequencing was performed. + represents DNA
sampled individuals.
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Figure 2-4. Gross and histopathologic examination of the exome 3 proband and
family member are consistent with arrhythmogenic right ventricular
cardiomyopathy (ARVC).The gross appearance of the proband’s (left most) and
proband’s brother’s (left) heart. Masson’s trichrome stained sections of the proband’s
heart in the longitudinal (right) and the cross-sectional (right most) views.
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Figure 2-5. The M-line ultrastructure of exome 3 proband is intact.Normal
electromicrograph (EM) and diagram (left), low magnification EM (middle) and high
magnification EM (right) of the exome 3 proband’s heart tissue.
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Figure 2-6. Homozygosity by descent analysis.

The lllumina HumanOmniExpress BeadChip assay was performed on the proband and
her two living affected siblings. Homozygous identical by descent regions are marked by
the black bars. Of the two homozygous identical by descent regions shared by all three
siblings, three variants in PLEKHM?2, ZBTB17, and KCNK17 were found to be rare.
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Table 2-1. Genes in the GeneDx cardiac genetic test panels.

HCM represents hypertrophic cardiomyopathy, DCM represents dilated
cardiomyopathy, ARVC represents arrhythmogenic right ventricular cardiomyopathy,
and CCM represents comprehensive cardiomyopathy genetic test panel.

HCM DCM ARVC CCM (since Nov 2013)
ACTC (ACTC1) | ACTC (ACTC1) DSC2 ABCC9 MTTLA
CAV3 ACTN2 DSG2 ACTC (ACTC1) MTTL2
GLA ANKRD1 DSP ACTN2 MTTM
LAMP2 CSRP3 JUP ANKRD1 MTTQ
MTTG DES PKP2 BAG3 MTTS1
MTTI EMD RYR2 BRAF MTTS2
MTTK LAMP2 TMEM43 | CAV3 MYBPC3
MTTQ LDB3 (ZASP) CRYAB MYH7
MYBPC3 LMNA CSRP3 MYL2
MYH7 MTND1 DES MYL3
MYL2 MTND5 DMD MYLK2
MYL3 MTNDG6 DSC2 MYOZz2
PRKAG2 MTTD DSG2 MYPN
TNNC1 MTTH DSP NEBL
TNNI3 MTTI DTNA NEXN
TNNT2 MTTK EMD NRAS
TPM1 MTTLA FKTN PDLIM3
TTR MTTL2 GATAD1 PKP2
MTTM GLA PLN
MTTQ HRAS PRKAG2
MTTS1 ILK PTPN11
MTTS2 JPH2 RAF1
MYBPC3 JUP RBM20
MYH7 KRAS RYR2
NEXN LAMA4 SCN5A
PLN LAMP2 SGCD
RBM20 LDB3 (ZASP) SOS1
SCN5A LMNA TAZ
SGCD MAP2K1 TCAP
TAZ MAP2K?2 TMEMA43
TCAP MTND1 TMPO
TNNC1 MTND5 TNNC1
TNNI3 MTNDG6 TNNI3
TNNT2 MTTD TNNT2
TPM1 MTTG TPM1
TTN MTTH TTN
TTR MTTI TTR
VCL MTTK VCL
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Table 2-2. Reported genes from gene panel testing by variant classification.DC
represents disease-causing mutation. LDC represents likely disease-causing mutation.
VUS represents variant of unknown significance. § represent that the variants are from
the same hypertrophic cardiomyopathy (HCM) patient. q] represent that the variants are
from the same dilated cardiomyopathy (DCM) patient.

A. Reported genes by variant classification in HCM cases.

Gene DC LDC VUS
BAG3 1
TNNI3 1 18
TPM1 18 1
MYH7 1 1 2
MYBPC3 5

B. Reported genes by variant classification in DCM cases.
Gene DC LDC VUS
LMNA 1
MT-TH 1
MYH7 1
SCN5A 1
TNNT2 Al
TTN Al

36



Table 2-3. Exome sequencing summary data.
Het represents heterozygous variants, Hom represents homozygous variants. Greater
than 95% of the variants found within the primary gene list had > 10X sequencing

coverage.
Exome 1 Exome 2 Exome 3

Ethnicity Hispanic Asian Hispanic
Mode of Inheritance Dominant Dominant Dominant*
Phenotype DCM DCM DCM
Mapped Reads (10°) 15.2 14.6 15.2
Coverage 165X 157X 163X
Total Variants 21,956 22,171 22,369

SNV 20,845 21,055 21,267

Indel (1-10bp) 1,111 1,116 1,102
Common & 659 883 604
synonymous excluded

Het SNV 635 851 579

Het Indel 24 32 25

Hom SNV 26 16 37

Hom Indel 1 3 0

MT 2 1 3
Primary gene list 376 655 176

Het 13 40 7

<1% 6 24 0

Compound Het 0 2 2

Hom 0 1 0

MT 0 0 0
Gene MYH7 SCN5A NA

DNA c.15447>C c.1567C>T

Protein p.Met515Thr  p.Arg523Cys

37



Table 2-4. Select genetic variants from exome 3.

Gene Zygosity DNA Protein Allele Frequency

DSG2 Heterozygous c.877A>G p.llle293Val 3%

TTN Compound C.49942A>G p.lle16648Val 46%
Heterozygous c.21241A>G p.Lys7081Glu 1%

NEXN Heterozygous c.835C>T p.Arg279Cys  29%

MYOM?2 Homozygous c.1366C>T  p.Arg456Xx 1.9%

PLEKHMZ2 Homozygous c.2594T7>G p.Met865Arg 0%

ZBTB17 Homozygous c.535+2T>A 0%

KCNK17  Homozygous c.949C>T p.GIn317X 0%
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Table 2-5. PCR genotyping results of candidate MYOM2 variant.
Reference Proband Father Sister Brother Brother

C/IC T/T CIT T/T CIT CIT
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3 Genetic Contributions to Cardiac Hypertrophy and
Fibrosis Induced by Beta-adrenergic Stimulation in Mice

Abstract

Chronic heart failure exhibits both a wide range in severity and a high degree of
heterogeneity in clinical manifestation in human patients. These pathological variations
are the result of complex interactions between pathological stressors and underlying
genetic variations. Although numerous factors have been established as key
pathological stressors for heart failure, the genetic impact on the pathological outcome
of these stimuli remains poorly understood. Using the -adrenergic agonist
isoproterenol as a specific pathological stressor to circumvent the problem of etiological
heterogeneity, we performed a Genome Wide Association Study (GWAS) for genes
influencing cardiac hypertrophy and fibrosis in a large panel of inbred mice. Seven
significant and 22 suggestive loci, containing an average of 14 genes were found to
affect cardiac hypertrophy, fibrosis and other pathological traits associated with heart
failure. Several loci contained candidate genes, which have already been implicated in
familial cardiomyopathies in humans or pathological cardiac remodeling in experimental
models. Other loci contained genes with previously uncharacterized roles in heart
failure. In particular, we identified Abcc6 as a novel gene regulating isoproterenol-
induced cardiac fibrosis and validated that an allele with a splice mutation of Abcc6
promoted fibrosis accumulation. In conclusion, we find that genetic variants significantly

contribute to the phenotypic heterogeneity of stress-induced cardiomyopathy. Systems
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genetics is an effective approach to identify genes and pathways underlying the specific
pathological features of cardiomyopathies. Abcc6 is among many previously
unrecognized players in the development of stress-induced cardiac hypertrophy, fibrosis

and other pathological features of heart failure.

Significance

Heart failure (HF) is a common cause of mortality and morbidity, with a lifetime
risk of 1 in 9 in first world countries. Due to its complex etiology, genome-wide
association studies (GWAS) of HF in humans have been only modestly successful in
determining the genetic bases of HF. We approach HF GWAS using a novel population
of mice, the Hybrid Mouse Diversity Panel. GWAS analysis revealed known genes for
cardiomyopathy and cardiac pathology as well as previously uncharacterized players
affecting the process. In particular, we identified and validated Abcc6 as a previously
unknown regulator of stress-induced cardiac fibrosis. The application of GWAS in a
genetically diverse mouse population is a robust approach to dissect the genetic basis

of heart failure.

Background

Heart failure (HF) is a common cause of death with a lifetime risk of at least one

in 9 for both men and women in developed countries’. Heart failure is a complicated
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syndrome, characterized by a large number of pathological changes, such as contractile
dysfunction, cardiomyocyte hypertrophy, edema and myocardial fibrosis*. The onset
and severity of these pathological manifestations are highly heterogeneous among HF
patients, likely due to complex interactions between the genetic variants and the
pathological stressors including mechanical overload and humoral overstimulation.
Indeed, a number of humoral factors such catecholamines and angiotensin Il are known
to play key roles in triggering HF, however the genetic variations underlying the
pathological outcome in response to these stressors remains elusive. Dissecting the
genetic contributions to specific pathological changes in the failing heart would provide
important insights for the future development of personalized diagnoses and targeted

therapies.

In contrast to many other common disorders, GWAS of HF have had modest
success in elucidating the genetics underlying this complex disease. Only two heart-
failure related loci® have reached accepted levels of genome-wide significance, despite
meta-analyses of tens of thousands of patients® Z. The challenge of performing GWAS
in human HF is likely due to the very complex nature of the disease, which can arise as
a result of multiple underlying etiologies, such as myocardial infarction, hypertension or
metabolic disorders, each of which are complex traits with significant environmental
confounders’. Attempts to dissect the genetics of HF traits in rodents have been only
modestly successful; although a number of loci for hypertrophy and fibrosis have been
identified, the poor mapping resolution of traditional linkage analyses has complicated

the identification of the underlying genes®'*. The development of a method to perform
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high resolution, association-based mapping of complex traits in mice’? provided an
opportunity to identify genetic factors contributing to common forms of HF under defined

stress conditions.

In this study, we have conducted a comprehensive phenotypic characterization in
a large panel of densely genotyped inbred mice from the Hybrid Mouse Diversity Panel
(HMDP)* following chronic treatment with a B-adrenergic agonist, isoproterenol (ISO).
A wide spectrum of phenotypic changes was observed among the HMDP mice in ISO
induced cardiac hypertrophy, fibrosis and peripheral edema. Using GWAS, we
uncovered 7 significant loci and 22 suggestive loci, each containing an average of 14
genes. Several of these loci included genes with established causal roles in familial
cardiomyopathies in humans or heart failure phenotypes in experimental models. In
addition, we identified Abcc6 as a previously unrecognized regulator of ISO-induced
cardiac fibrosis. Therefore, our study demonstrates clear evidence that genetic variants
have a significant contribution to the phenotypic heterogeneity of stress-induced
cardiomyopathy. Systems genetics is a potent approach to reveal genes and pathways
underlying the specific pathological features of cardiomyopathies. The genetic
information and the phenotypic spectra established by this study will be a valuable

resource for future heart failure studies.

45



Methods

Ethics Statement
All animal experiments were conducted following guidelines established and approved

by the University of California, Los Angeles Institutional Animal Care and Use
Committee. All surgery and echocardiography was performed under isoflurane

anesthesia, and every effort was made to minimize suffering.

Online database
All results and data can be accessed at http://systems.genetics.ucla.edu/data

Mice and isoproterenol treatment
The mouse strains listed Table 3-1 were obtained from The Jackson Laboratory and

then bred in our colony. All mice have been previously genotyped at over 130,000
locations. Isoproterenol (30 mg per kg body weight per day, Sigma) was administered
for 21 d in 8- to 10- week-old female mice using ALZET osmotic minipumps, which were
surgically implanted intra- peritoneal. Abcc6 KO and transgenic mice®  underwent the
same protocol as described above, although both male and female mice were used in

the analysis. No significant difference between genders was observed as a result of ISO

treatment in these KO and transgenic animals.

Heart Weights
At day 21, mice were sacrificed and body weight recorded. The heart was removed and

weighed, then separated into its four component chambers, each of which was
individually weighed as well. Each chamber of the heart was immediately frozen in liquid

nitrogen for any future analysis. Lung and liver were removed and weighed.
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Additionally, the adrenal glands were removed, weighed and frozen in liquid nitrogen.

All frozen tissues were immediately transferred to a —80 freezer.

Fibrosis and Calcification

A portion of the left ventricle was placed in formalin for at least 48 hrs for preservation of
ultrastructure. These samples were then washed with distilled water and sent to UCLA
Department of Pathology and Laboratory Medicine for paraffin embedding and staining
using Masson's Trichrome for fibrosis and Alizarin Red for calcification. Sections were
analyzed using a Nikon Eclipse, TE2000-U microscope and images captured of the
entire cross-section of the heart. Fibrosis was quantified using the Nikon Imagine
System Elements AR program by comparing the amount of tissue stained blue (for
collagen) or red (for calcification) to the total tissue area. As expected® 12, we observed
strong correlations between cardiac fibrosis and total heart weight (P=1.1E-07). Our
results compare favorably to prior quantifications of fibrosis in a limited number of
strains™®.
Association Analysis
We performed the association testing of each SNP with a linear mixed model, which
accounts for the population structure among the n animals using the following model'’:
y=1l +m+xb+u+e,
where m is the mean, b is the allele effect of the SNP, x is the (n x 1) vector of observed
genotypes of the SNP, u is the random effects due to genetic relatedness with
var(u) = 0. IuK , and e is the random noise with var(e) = 0_1. K denotes the identity-by-
state kinship matrix estimated from all the SNPs, | denotes the (n x n) identity matrix,

and 1, is the (n x 1) vector of ones. We estimated ¢ and o using restricted maximum
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likelihood (REML) and computed p values using the standard F test to test the null
hypothesis b=0. Genome-wide significance threshold and genome-wide association
mapping are determined as the family-wise error rate as the probability of observing one
or more false positives across all SNPs for phenotype. Prior work' has demonstrated
that for the HMDP, 4.1E-6 is the correct significance threshold for a single trait. We
conservatively estimated that we were observing ten independent phenotypes in our
data and determined our final significance threshold, 4.1E-7, by Bonferroni correction.
LD was determined by calculated pairwise r* SNP correlations for each chromosome.
Approximate LD boundaries were determined by visualizing »* > 0.8 correlations in

MATLAB (MathWorks).

Locus Overlap with Other Studies
Gwas.gov was queried for all human GWAS loci for the terms 'heart failure' or 'cardiac

hypertrophy.' All loci with p-value < 5E-7 were selected. The NCBI homology maps
(http://www.ncbi.nlm.nih.gov/projects/homology/maps/) were used to find syntenic
location of the 5 Mb region surrounding the peak SNP of the human HF locus. If a
mapped syntenic region overlapped with the LD block of a suggestive locus from our
study, it was considered a positive hit. A significance p value was obtained by
permutation testing, in which all suggestive loci were randomly placed across the
genome and the number of overlaps measured. Final significance was calculated as the

number of permutations that surpassed the observed number of overlaps.

Microarray and eQTL analysis
Following homogenization of LV tissue samples in QIAzol, RNA was extracted using the

Qiagen miRNAeasy extraction kit, and verified as having a RIN > 7 by Agilent
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Bioanalyzer. Two RNA samples were pooled for each strain/experimental condition,
whenever possible, and arrayed on lllumina Mouse Reference 8 version 2.0 chips.
Analysis was conducted using the Neqc algorithm included in the limma R package™®
and batch effects addressed through the use of COMbat2. eQTLs were then calculated
using EMMA, as described above. Significance thresholds were calculated as in Parks

et al. 22

Briefly, cis-eQTLs were calculated using a FDR of 5% for all SNPs that lay within
1 Mb of any probe, while trans-eQTLs were calculated using the overall HMDP cutoff as

determined in Kang et al. and described above™.

Results

Pathological Analysis of ISO Induced Cardiomyopathy in HMDP Mice

Although rarely an initial impetus for HF, B-adrenergic stimulation is considered a
common and critical driving force behind ongoing hypertrophy and progression to heart
failure?l. We treated mice chronically with isoproterenol (ISO), a synthetic non-selective
B- adrenergic agonistg'g. 748 mice from 105 different strains of the Hybrid Mouse
Diversity Panel (HMDP) were divided into control (average 2.2 per strain) and treated
(average 4.1 per strain) cohorts (Table 3-1). Treated mice were implanted with an Alzet
micropump and given 30 mg/kg/day of ISO for three weeks, at which point all mice were
sacrificed. We characterized a variety of phenotypes to capture specific portions of the
complex heart failure syndrome. For this report, cardiac hypertrophy and pulmonary and

liver edema were assessed by measuring the weights of the four cardiac chambers, the
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lungs and the liver. Cardiac fibrosis was measured by quantifying fibrotic tissue area as

a percentage of all tissue area in LV sections stained using Masson Trichrome.

As shown in Figure 3-1, we observed striking differences in cardiac hypertrophy,
fibrosis, and degrees of pulmonary and hepatic edema among the strains. Our results
are consistent with another report from a more limited strain survey?:. Of the 470 mice
assigned to the treatment cohort, 139 (29.6%) died prior to the end of the protocol, most
(127) within the first 48 hours of treatment, whereas none of the control cohort died. We
did not observe a significant correlation between the mice that died prior to end of
protocol and any of our analyzed phenotypes or any of our expressed genes. This leads
us to believe that the cause of the ISO-induced death is independent from other

pathological phenotypes, but is clearly determined by genetic background (Figure 3-2).

GWAS for Pathological Traits

Association analysis was performed using ~132,000 SNPs across the genome
with the EMMA algorithm?Z to correct for population structure. In addition to the absolute
tissue weight measurements, analyses were performed on the ratios of each treated
weight to its corresponding control weight as a measure of responsiveness to ISO
treatment. Prior work with EMMA and the HMDP, employing simulation and
permutation, has suggested that an appropriate genome-wide significance threshold for
a single trait is 4.1E-06'2. This is approximately equivalent to a Bonferroni correction’.

To correct for multiple comparisons, we have chosen the threshold of 4.1E-07 and a

50



minimum minor allele frequency (MAF) of 7.5% for our study. Given that the traits are
correlated, this threshold (10-fold lower than the genome- wide significance level for a
single trait) is conservative. Using these thresholds, we have identified 7 significant loci
and 22 additional loci, which matched the nominal significance threshold of 4.1E-06
(Table 3-2 and Table 3-3). While linkage analysis in mice typically exhibits a resolution
of tens of Mb2 2, the loci identified in this study averaged 1-2 Mb in size, based on

linkage disequilibrium, with the majority being less than 1 Mb.

The right and LV weight (RVW, LVW) variations mirrored each other closely, with
associations being somewhat stronger for RVW (Figure 3-1b). In total we observed
three significant and five suggestive loci corresponding to treated RVW (Figure 3-3a),
one significant and one suggestive locus for the ratio of treated to untreated RVW
(Figure 3-3b), and a single suggestive locus for the ratio of right atrial weight. Similar to
the heart weights, we observed marked variation of liver and lung weights following ISO
treatment across the HMDP (Figure 3-1c and Figure 3-1d). Lung weight in particular
showed a robust increase with ISO treatment. We observed one significant and four
suggestive loci corresponding to ISO-treated lung weights (Figure 3-3c), and one
significant and one suggestive locus corresponding to ISO-treated liver weights (Figure
3-3d). Cardiac fibrosis also varied significantly in both baseline and treated mice, with
the extent of fibrosis being much greater in treated mice (Figure 3-1e). We observed a
total of seven suggestive loci for cardiac fibrosis in untreated animals (Figure 3-3e), and

one significant and five suggestive loci in treated animals (Figure 3-3f).
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eQTL Analysis for Candidate Genes from ISO treated HMDP Mice

To help identify candidate genes at the heart failure associated loci, we carried
out global expression analysis of LV heart tissue from 92 strains of ISO treated mice .
The loci controlling gene expression levels were mapped using EMMA, and are referred
to as expression quantitative trait loci (eQTL). eQTLs were termed 'cis' if the locus maps
within 1Mb of the gene and otherwise were termed 'trans'. Overall, we observed 3093
cis eQTL (5% FDR p-value < 3.6E-3). Additionally, the Wellcome Trust Mouse
Genomes Project sequencing database®, which has the full genomic sequence of 10
strains in our panel, was utilized to examine genomic variations, such as missense,
nonsense or splicing variations, in each locus. Together, these two approaches
provided a powerful and systematic method for the identification of causal genes within
each locus. All significant and suggestive loci as well as gene expression data are

available at http://systems.genetics.ucla.edu/data.

Using eQTL analysis combined with GWAS, we identified a causal gene in one of
the cardiac hypertrophy loci on chromosome 3 (Figure 3-4). The peak SNP (P=1.9E-6),
for the trait of treated-to-untreated right RVW ratio, lies between the second and third
exons of Ppp3ca, encoding the alpha isozyme of calcineurin A, which is also the only
gene contained within the Linkage Disequilibrium (LD) block surrounding the
significantly associated SNPs. Calcineurin A is a known target of 3-adrenergic signaling,
with a well-described role in ISO-induced hypertrophy®. Calcineurin A is the only gene
in LD with the peak SNP and has a significant cis-eQTLs (P=1.3E-3) for the ratio of

treated to control calcineurin A expression (Figure 3-4a and Figure 3-4b). We also
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observed a modest correlation between the ratio of Ppp3ca expression and the ratio of
heart weights in control and ISO-treated animals (p = 0.01). We further observed
Ppp3cb, the beta isozyme of calcineurin A, in a locus on chromosome 14 (P=3.3E-6) for
the trait treated lung weight. Ppp3cb has a strongly suggestive cis-eQTL (4.7E-3) as
well as a minor allele with an insertion in a splice site in several strains of the HMDP. In
addition to calcinerurin A, we identified several other genes with well-established roles
in cardiac physiology and pathology within other disease-associated loci. These include
the key calcium cycling regulator phospholamban?’ and structural protein sarcoglycan
delta®® as well as other genes which have previously been implicated in cardiac
hypertrophy such as Prkag22?, or cardiac malformation, such as Mospd3% (Table 3-2

and Table 3-3).

Conservation of Cardiomyopathy Loci Identified from HMDP

We explored whether the loci we identified overlap with human GWAS results by
examining the top twelve previously identified significant and suggestive human loci® ~
# The human loci were mapped onto the mouse genome using the NCBI Homologene
resource and compared to a set of loci identified for the weight traits based on a slightly
relaxed stringency (P<1E-05, MAF>5%) from the HMDP study. We observed six out of
twelve human loci, including one of the genome-wide significant loci near USP3,
replicating in our study (Table 3-4). We determined that this overlap is highly significant
(P=3.5E-4) by permutation analysis. Our result supports the concept that genetic

influences in B-adrenergic signaling significantly contribute to polygenic human HF.
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Furthermore, sixteen loci for HF-related traits have previously been identified via linkage
studies in mice for CHF-related traits. We further observed that seven of these sixteen
QTLs overlap with weight loci identified in this study (P=1.2E-3 by permutation analysis)
(Table 3-5), despite the fact that some of the linkage studies utilized different
hypertrophy-inducing stressors such as a calsequestrin transgene?, which likely

influence distinct HF pathways.

Validation of Abcc6 as Causal Gene for ISO Induced Cardiac Fibrosis

We have identified a locus contributing to ISO-induced fibrosis on chromosome 7
(Figure 3-5, P=7.1E-7). One of the 28 genes within the LD block, Abcc6, has a splice
site variation®® resulting in a premature stop codon that is found in 19 of the strains we
analyzed for cardiac fibrosis (KK/HiJ, C3H/Hed, DBA/2J, 11 BxD, 2 BxH,3 CxB) in the
HMDP. In untreated animals, we did not observe any significant difference (P=0.25)
between the degrees of fibrosis present in the left ventricle among HMDP strains
divided based on Abcc6 genotype. In contrast, we observed a marked increase in
cardiac fibrosis in the mice containing the Abcc6 splice mutation allele in response to
ISO treatment (P=1E-4) (Figure 3-5b). Abcc6 deficiency is the cause of
pseudoxanthoma elasticum, a disorder characterized by progressive tissue

calcification® 22

, and a deficiency of Abcc6 has previously been linked to calcification
phenotypes in aged mice by our laboratory®®. However, the fibrosis phenotype observed
in these studies is clearly distinct from that of calcification. In fact, we did not observe a

significant association with heart calcification in our study under basal (P=0.8) or ISO
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treatment condition (P=0.12) in mice with different Abcc6 genotypes, although we did
observe some outlier strains such as KK/HIJ, that had markedly increased calcification
after ISO stimulation (Figure 3-5c). Therefore, Abcc6 is a likely candidate gene

contributing to ISO induced fibrosis in heart.

To validate the role of Abcc6 in cardiac fibrosis, we studied a previously
described Abcc6 knockout mouse carrying a targeted mutation in a C57BL/6J strain
background (KO) as well as the wildtype C57BL/6J(Control) mice%. We previously
reported that the Abcc6 KO mice exhibited increased cardiac calcification beginning
from 6 months of age’®. At three months of age, neither the wild type nor the KO mice
exhibited significant differences in calcification as judged by Alizarin Red staining or
cardiac fibrosis based on Masson Trichrome staining in the absence of ISO treatment
(Figure 3-5d). Consistent with our observations of the entire panel, the ISO treatment
significantly increased fibrosis levels in the Abcc6 KO animals without significantly
increasing calcification levels in these mice. This result suggests that the age-
associated calcification phenotype observed in Abcc6 KO is distinct from the 1ISO-

induced cardiac fibrosis phenotype.

To further establish Abcc6 as a causal gene for ISO induced cardiac fibrosis, we
studied transgenic mice carrying the Abcc6 wildtype locus from a C57BL/6J bacterial
artificial chromosome (BAC) on the background of the fibrosis-susceptible C3H/HeJ
strain. Strain C3H/HeJ mice lack functional Abcc6 due to a splice variation®:. In the

absence of ISO neither C3H/Hed mice nor C3H/Hed mice carrying the Abcct BAC-
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transgene exhibited significant calcification or fibrosis in the heart, whereas after ISO
treatment the C3H/Hed mice but not the Abcc6-BAC transgenic mice exhibited
substantial fibrosis and calcification (Figure 3-5e). The differing results between the
C57BL/6J KO mice and the naturally mutant C3H/HedJ mice suggests that additional
modifier genes are necessary to induce cardiac calcification in Abcc6 KO mice after ISO
stimulation, whereas Abcc6 KO is sufficient to cause 1ISO-induced cardiac fibrosis. The
mechanisms by which Abcc6 promotes fibrosis is unknown, but DAVID analysis of
genes significantly correlated with Abcc6 expression in heart showed highly significant
enrichment for mitochondrial genes (Table 3-6). Systemic factors are clearly involved in

the calcification phenotype of Abccé deficiency.

Discussion

In conclusion, we have used a strategy involving GWAS in a large panel of
inbred mice to perform fine mapping of loci contributing to specific pathological features
of cardiomyopathy following treatment with ISO%* 22, We have combined this strategy
with global gene expression analysis in the heart to help identify candidate genes. A
significant number of genetic loci revealed from this study are replicated in human
GWAS analysis, supporting a conserved genetic network contributing to human heart
failure. A number of the loci contain genes known to be involved in cardiomyopathy
based on previous biochemical or genetic studies, supporting the validity of this
approach to uncover important mechanisms and pathways related to the onset of heart

failure. Finally, we validated Abcc6 a candidate GWAS hit, as a novel player in stress-
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induced cardiac fibrosis. These findings should complement human studies to identify

genes and pathways contributing to this very common and poorly understood disorder.
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standard deviation.

Figure 3-1. Wide variation of heart failure traits between the strains of the HMDP.
A) Total Heart Weight B) Right Ventricular Weight C) Lung Weight D) Liver Weight. E)

Cardiac Fibrosis. A-D are organized by the untreated heart weight of the strain and

display mean +/-
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Figure 3-2. Isoproterenol-induced lethality.
The HMDP strains varied in the percent survival in response to ISO. In some strains,

survival was 100% even when large numbers (>10) of mice were studied while, in other
strains, 100% of mice died, usually within the first week.
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Figure 3-3. Manhattan plots of heart failure traits. A) treated right ventricular weights
B) Ratio of treated to untreated right ventricular weights C) treated lung weights D)
treated liver weights. E) baseline cardiac fibrosis and F) treated cardiac fibrosis The red
line indicates the threshold for suggestive association between a SNP and a phenotype.
Proposed candidate genes are indicated by gene symbols above peaks.
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Figure 3-4. Ppp3ca (calcineurin A) is a candidate gene at the chromosome 3 right
ventricular weight ratio locus. A) Ppp3ca is the only gene within the locus. The red
horizontal line represents the significance threshold, while the red vertical lines indicate
the limits of the Linkage disequilibrium block. The dots represent SNPs, plotted in bp

along the chromosome with —log10 (p value) on the Y axis. Below are the locations of

genes from a genome browser. B) Ppp3ca has a significant cis-eQTL (P=1.3E-3) for the

ratio of gene expression after and before treatment. Red line and number indicate
average gene expression C) The ratio of Ppp3ca expression has significant (P=0.01)
negative correlation with the ratio of treated to untreated heart weights.
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Figure 3-5. Abcc6 plays a role in the regulation of cardiac fibrosis after ISO
stimulation. A) The locus on chromosome 7 which contains Abcc6 spans ~800kb and
contains 28 genes within LD. B) Calcification in post-ISO treated hearts is increased in
mice lacking Abcc6. C) Expression of Abcc6 in a mouse that lacks the gene is sufficient
to rescue the mouse from the ISO-induced fibrosis and calcification. D) Knockout of
Abcc6 in a mouse is sufficient to cause ISO-induced fibrosis, but does not cause a
significant increase in calcification. E) The addition of Abcc6 as a transgene is sufficient
to significantly reduce both calcification and fibrosis. (*=P< 0.05)
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Table 3-1. List of mouse strains in the study.

Strain

Ctrl

Iso Death

129X1/SvJ
AlJ

AKR/J
AXB-10/PgnJ
AXB-12/PgnJ
AXB-13/PgnJ
AXB-18/PgnJ
AXB-19/PgnJ
AXB-20/PgnJ
AXB-4/PgnJ
AXB-6/PgnJ
AXB-8/PgnJ
BALB/cByJ
BALB/cJ
BTBRT<+>tf/J
BUB/BnJ
BXA-1/PgnJ
BXA-11/PgnJ
BXA-12/PgnJ
BXA-14/PgnJ
BXA-16/PgnJ
BXA-2/PgnJ
BXA-24/PgnJ
BXA-4/PgnJ
BXA-7/PgnJ
BXA-8/PgnJ
BXD-1/TyJ
BXD-11/TyJ
BXD-12/TyJ
BXD-14/TyJ
BXD-15/TyJ
BXD-19/TyJ
BXD-20/TyJ
BXD-21/TyJ
BXD-22/TyJ

3
3
2
2
1
0
4
5
1
1
1
3
2
6
5
3
2
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BXD-24/TyJ
BXD-27/TyJ
BXD-31/TyJ
BXD-32/TyJ
BXD-33/TyJ
BXD-34/TyJ
BXD-38/TyJ
BXD-39/TyJ
BXD-40/TyJ
BXD43
BXD44
BXD45
BXD48
BXD49
BXD-5/TyJ
BXD50
BXD55
BXD56
BXD-6/TyJ
BXD61
BXD62
BXD64
BXD66
BXD68
BXD69
BXD70
BXD71
BXD73
BXD74
BXD75
BXD79
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BXD87
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C57BL/6J
C57BLKS/J
C57LIJ
C58/J
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CE/J 230
CXB-11/HIAJ
CXB-12/HiAJ
CXB-13/HiAJ
CXB-3/ByJ
CXB-6/ByJ
CXB-7/ByJ
CXBH
DBA/2J
FVBI/NJ
KK/HIJ

LG/
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Table 3-2. Significant heart failure trait loci identified in HMDP GWA.

The significance threshold is defined as p-value < 4.1E-07. RV, Liver, and Lung
represents isoproterenol-treated right ventricular, liver and lung weights at week 3,
respectively. RV* represents the ratio of isoproterenol-treated versus control RV weight
at week 3. Fibrosis represents isoproterenol-treated LV fibrosis at week 3. For each
locus, the peak SNP location, given by chromosome (Chr) and base pair position (Bp) in
the NCBI-build-37 assembly, and association p-value are reported, along with the
number of genes (N) within the estimated LD block (LD) surrounding the peak SNP and
the top candidate gene (Gene). Bold entries represent genes which contain
nonsynonymous mutations within the HMDP as reported by the Wellcome Trust Mouse
Genome Project, while underlined entries contain significant cis-eQTLs.

Phenotype Chr Bp P-value LD N Gene
Hypertrophic Loci

RV 5 137934905 3.49E-10 137.93-138.15 11 Mospd3
RV 9 40202022 8.41E-08 39.77-40.52 15 Scn3b
RV 10 49818583 2.80E-07 48.19-54.24 22 Pin
Rv* 9 80542295 2.94E-07 80.00-80.99 2 Myob
Fluid Retention Loci

Liver 7 15251391 1.93E-07 15.13-18.75 57 Calm3
Lung 6 53975816 2.90E-07 53.88-55.57 17 Aqp1
Fibrosis Loci

Fibrosis X 10277028 4.10E-07 5-12.5 127 Srpx
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Table 3-3. Suggestive heart failure trait loci identified in HMDP GWA.

The suggestive threshold is defined as p-value < 4.1E-06. RV, Liver, and Lung
represents isoproterenol-treated right ventricular, liver and lung weights at week 3,
respectively. RV* represents the ratio of isoproterenol-treated versus control RV weight
at week 3. Fibrosis represents either control or isoproterenol-treated LV fibrosis at week
3. For each locus, the peak SNP location, given by chromosome (Chr) and base pair
position (Bp) in the NCBI-build-37 assembly, and association p-value are reported,
along with the number of genes (N) within the estimated LD block (LD) surrounding the
peak SNP and the top candidate gene (Gene). Bold entries represent genes which
contain nonsynonymous mutations within the HMDP as reported by the Wellcome Trust
Mouse Genome Project, while underlined entries contain significant cis-eQTLs.

Phenotype Chr Bp P-value LD N Gene
Hypertrophic Loci
RV 1 134467906 5.75E-07 133.78-134.53 14 -
RV 5 23873494 1.23E-06 23.82-24.47 20 Prkag2
RV 11 47181489 2.15E-06 46.18-49.3 41 Sgcd
Rv* 3 136305887 7.83E-07 136.04-136.79 1 Ppp3ca
RV* 7 142011844 1.41E-06 141.50-144.81 15 Mgmt
Fluid Retention Loci
Liver 10 49468021 3.48E-06 48.19-54.24 22 PIn
Lung 5 111867706 1.28E-06 110.87-112.87 22 Miat
Lung 7 81841621 3.88E-06 79.8-82.2 6  Slco3a1
lqggap1
Lung 14 14941056 3.34E-06 8.5-21.5 50 Ppp3cb
Lung 19 27061190 2.01E-06 26.68-27.43 1 VidIr
Baseline Fibrosis Loci
Fibrosis 2 139163425 2.51E-06 13.7-14.0 6 Jag1
Fibrosis 4 84420058 2.20E-06 84-85 2  Cniln
Fibrosis 7 73365047 1.31E-06 72.3-74.3 7 Tjpt
Fibrosis 8 64382692 1.43E-06 63-66 12 Tt
Fibrosis 16 83682440 2.52E-06 82.5-84.25 0o -
Fibrosis 17 64376735 1.43E-06 64.2-65.8 4  Fert2
Fibrosis 18 47786513 1.87E-06 47.2-48.2 3 -
Isoproterenol Treated Fibrosis Loci
Fibrosis 7 52946331 7.11E-07 52.85-53.42 28 Abcc6
Fibrosis 7 68593223 1.40E-06 60.5-69.5 18 Snrpn
Fibrosis 7 73365047 1.40E-06 72.3-74.3 7 Tjpt
Fibrosis 15 69907056 9.60E-07 68.4-71.4 3 Col22a1
Fibrosis 17 64833212 2.47E-06 64.2-65.8 4  Fert2
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Table 3-4. Significant overlap of HMDP and human GWA loci for heart failure
traits. Human loci were considered to overlap with mouse loci if they fell within 5 MB of
a mouse locus peak. Overall, six of the twelve currently reported loci in human are
matched in the HMDP study. DCM represents dilated cardiomyopathy, LVM represents
Left ventricular, HF represents heart failure, and Death represents mortality among HF
patients. Syntenic region represents the mouse region that is syntenic to the loci
reported in the human studies® 332, The genomic locations are notated by
chromosome and bp position in Mb. RV represent right ventricular weight, TH
represents total heart weight, RV* represents the difference in RV weight between
isoproterenol-treated and control animals at week 3.

Human HMDP

Study Trait Peak SNP P-value Syntenic Region | Trait P-value SNP Location
Ellinor DCM - LOD 8.2 chr1:187-193 RV 1.56E-10 chr1:186.73
Parsa LVM rs12757165 1.00E-07  chr1:189.7 TH 1.08E-06 chr1:186.73
Parsa LVM rs16830359 1.00E-07  chr4:120 RV* 8.99E-07 chr4:122.0
Parsa LVM rs17636733 2.00E-07  chr7:66.5 RV* 9.57E-07 chr7:64.06
Smith HF rs10519210 1.00E-08  chr9:66.25 RV* 4.93E-06 chr9:66.33
Morrison Death rs12638540 3.00E-07  chr9:114.5 RV* 9.97E-06 chr9:116.8
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Table 3-5. Significant overlap of HF GWAS loci in HMDP with QTL from previous
mouse linkage analyses.Overall, 7 of the 16 reported QTLs relating to heart failure in
mice are duplicated in the study. HR represents heart rate, HW represents heart weight,
DCM represents dilated cardiomyopathy, and HF represents heart faiure. LV represents
the LV weight in controls, TH’ represents isoproterenol-treated total heart weight at
week 3, RA represents right atrial weight in controls, and RA* represents the difference
in RA between isoproterenol-treated and control animals at week 3.

Linkage HMDP
QTL Phenotype Location Phenotype P-value Location
Hrg3 HR chr1:90.5-170 LV 8.47E-06 chr1:154.47
Hrtg1 HW chr2:64.5-141.8 TH' 6.45E-06 chr2:79.63
Hrq1 HR chr2:64.6-159.4 TH' 6.45E-06 chr2:79.63
Cmn1 DCM chr9:110.4-118.2 | RA* 9.97E-06 chr9:116.8
Hrtq3 HW chr10:26-88.5 LV 1.85E-06 chr10:41.11
Hrtfm6 HF chr13:108.1-134.2 | RA 6.75E-07 chr13:117.73
Hrtfm4 HF chr18:29.6-65.3 RA* 2.46E-07 chr18:47.78
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Table 3-6. DAVID enrichment of all genes significantly correlated with Abcc6
expression in ISO treated mouse heart.
No. represents the number of genes in each term category. Enrichment represents fold
enrichment by DAVID. Adj. p-value represents the Benjamini-Hochberg adjusted p-

value.

Term Count % No. Enrichment Adj. p-value
mitochondrion 97 18.3 1322 24 4.65E-15
transit peptide 40 7.5 457 3.1 1.36E-07
acetylation 104 19.6 2325 1.6 1.51E-04
transferase 65 12.3 1385 1.7 0.005
mitochondrial envelope 27 5.1 391 2.3 0.006
ribosome 16 3 192 2.8 0.02
coenzyme metabolic process 16 3 143 4 0.02
cytoplasm 114 21.5 3029 1.3 0.04
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4 Genetic Dissection of Cardiac Remodeling in an
Isoproterenol-induced Heart Failure Mouse Model

Background

Heart failure (HF) affects about 5.1 million people in the United States and 23
million people worldwide® 2. Although current therapies have been demonstrated to slow
down HF progression and improve mortality, HF remains a lethal condition with 5- and
10-year survival rates of less than 50% and 30% from the time of diagnosis®2. A variety
of etiologic factors, including coronary artery disease, hypertension, valvular disease,
alcohol, chemotherapy and others, contribute to HF. Studies of rare familial cases have
identified dozens of genes that can cause HF but whether more subtle mutations of
these and other genes contribute to HF progression is unknown. Irrespective of the
primary insult, compensatory sympathetic and renin-angiotensin activation augment
heart rate, contractility and fluid retention to maintain adequate cardiac output and
preserve organ function, while leading to chronic maladaptive cellular growth and
irreversible myocardial injury, furthering HF progression’. Understanding how common
genetic variations modify HF progression will provide insights into the management and

the design of viable therapeutics to improve lifestyle and survival of all HF patients.

The genetic basis of the HF spectrum is complex. The unbiased genome-wide
association study (GWAS) design is well suited to detect the effects of genetic

variations on complex traits®. However, a number of human HF GWAS performed to-
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date have had limited success. For example, a HF GWAS in humans was performed by
meta-analyses of 4 community-based cohorts involving nearly 24,000 subjects. In spite
of its scale, only two loci were identified to be significantly associated with incident HF,
explaining a very small fraction of the variance®. Villard et al. reported the first GWAS
based on sporadic dilated cardiomyopathy, which included 1179 cases and 1108
controls in several European populations, and identified only two associated loci?.
Recently, a genome-wide association study of cardiac structure and function in 6,765
African Americans identified 4 loci related to left ventricular mass, interventricular septal
wall thickness, LV internal diastolic diameter, and ejection fraction™. In spite of large
amounts of resources channeled into human HF GWAS, the extent of phenotypic,
environmental and genetic heterogeneity as well as the limitations in phenotypic and
endophenotypic data have hampered the detection of meaningful signals that are
broadly applicable to diverse populations or informative about the underlying

mechanisms.

Genetic studies with animal models provide a means of overcoming some of the
challenges in humans. Particularly informative have been reverse genetic studies of
candidate genes and pathways, utilizing engineered mouse models'2. Also, studies of
natural variations of mice and rats, some involving sensitized models, have resulted in
the identification of novel pathways contributing to HF1e A major difficulty of the latter
studies, however, has been the poor resolution of classical linkage, making the
identification of underlying causal genes a very difficult and laborious process™’.

Recently, with the development of high-density genotyping and sequencing in rodents,
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relatively high-resolution association mapping approaches, analogous to human GWAS,
have become feasible™™ 12, Our group has pioneered a resource termed the Hybrid
Mouse Diversity Panel (HMDP), a panel of 100+ strains of inbred mice that have either
been sequenced or densely genotyped and display natural inter-strain genetic variation,
allowing a mapping resolution more than an order of magnitude higher than traditional
crosses™2. The method combines the use of classic inbred strains for mapping
resolution and recombinant inbred strains for power, and has been used to successfully
identify many genes and loci involved in obesity, lipid, bone, and behavioral traits1® 2022,
Because the HMDP strains are renewable, the resource is well suited to the application

of systems genetics approaches, involving the integration of high throughput molecular

phenotypes, such as expression array data, with clinical phenotypes.

Cardiac remodeling in the setting of HF involves structural changes, such as
hypertrophy, fibrosis and dilatation, and multiple abnormalities of cellular and molecular
function. Most HF therapies with long-term benefit result in reverse remodeling. Thus,
cardiac remodeling traits are not only important prognostic indicators but likely
therapeutic targets?. Echocardiography has emerged as a powerful and noninvasive
tool to serially monitor cardiac structure and function in murine injury models?* 2.
Isoproterenol, a non-selective B-adrenergic agonist, has been used widely in
laboratories to mimic the heart failure state in experimental animals? 22, We now report
the genetic analysis of isoproterenol-induced cardiac remodeling as measured by

echocardiography in the HMDP resource. We demonstrate high heritability of a number

of cardiac remodeling traits. Using association analysis, we identify 3 genome-wide
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significant and 13 suggestive loci with high resolution (many loci less than a Mb in size).
We also perform expression array profiling of LV tissues, both before and after
isoproterenol treatment, from the entire panel to understand the genetic control of gene
expression, gene expression correlation to phenotype, and to prioritize candidate

genes.

Methods

Mice. Breeding pairs from the Hybrid Mouse Diversity Panel (HMDP) inbred strains
were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Eight- to ten-week-
old female offspring from the following 105 mouse strains were used, including 30
classical inbred strains (129X1/Svd, A/J, AKR/J, BALB/cByJ, BALB/cJ, BTBRT<+>tf/J,
BUB/BnJ, C3H/HedJ, C57BL/6J, C57BLKS/J, C57L/J, C58/J, CBA/J, CE/J, DBA/2J,
FVB/NJ, KK/HIJ, LG/J, LP/J, MA/MyJ, NOD/LtJ, NON/LtJ, NZB/BINJ, NZW/LacJ, PL/J,
RIS/, SEA/Gnd, SJL/J, SM/J, SWR/J) and 75 recombinant inbred lines [RI (number of
strains) — AXB (9), BXA (10), BXD (44), BXH(5), CXB (7)]. All animal experiments were
conducted following guidelines established and approved by the University of California,

Los Angeles Institutional Animal Care and Use Committee.

Chronic p-adrenergic stimulation and tissue collection. Isoproterenol (30 ug per g body

weight per day) was administered for 21 days using intra-abdominally implanted

osmotic minipumps from ALZET (Cupertino, CA, USA) in approximately 4 mice per
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strain. At the end of the protocol, LV tissues were harvested and frozen immediately in

liquid nitrogen.

Echocardiography. Transthoracic echocardiograms were performed using the Vevo 770
ultrasound system (VisualSonics, Inc., Toronto, ON, Canada). Inhaled isoflurane (1.25%
during induction and 1% during maintenance) was administered to ensure adequate
sedation while maintaining heart rate above 450 beats per minute. A parasternal long-
axis B-mode image was obtained. The maximal long-axis of the left ventricle (LV) was
positioned perpendicular to the ultrasound beam. A 90° rotation of the ultrasound probe
at the papillary muscle level was performed to obtain a parasternal short-axis view of
the LV. A M-mode image was captured to document LV dimensions. Then a semi-apical
long-axis view of the LV was obtained. The LV ejection time, E and A wave velocities
were obtained from this view using pulse wave Doppler. Images were saved for analysis
at a later time point using the Vevo 770 cardiac analysis package. In summary, a
baseline echocardiogram was performed on all of the mice. Among control mice, a
second echocardiogram was performed in 70 mouse strains at week 3. In isoproterenol-
treated mice, serial echocardiograms were performed at 1, 2, and 3 weeks. A single
operator, who followed a standard operating protocol detailed above, performed all of
the echocardiograms. Saved images were analyzed at a later time point by a single

observer who was blinded to mouse strains.
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Heritability calculation. One-way analysis of variance was used to calculate inter-strain
and intra-strain variances for each phenotype and time point. Heritability H?was
calculated as the following:

) Var(G)
" Var(G) + Var(E)

where Var(G) is the genetic (i.e. the inter-strain) variance and Var(E) is the

environmental (i.e. the intra-strain) variance of the phenotype.

RNA extraction and expression array profiling. Frozen LV tissues were homogenized in
QlAzol Lysis Reagent prior to RNA isolation using RNeasy columns (QIAGEN,
Valencia, CA, USA). RNA quality was assessed using the Bioanalyzer RNA kits (Agilent
Technologies, Santa Clara, CA, USA). Expression profiling of samples with RIN = 7.0
was performed using lllumina MouseRef-8 v2.0 Expression BeadChip arrays (lllumina,
Inc., San Diego, CA, USA). Raw data were deposited in the Gene Expression Omnibus
(GEO) online database http://www.ncbi.nlm.nih.gov/geo/ (Accession GSE48760). To
minimize artifacts due to single nucleotide polymorphisms (SNPs), we excluded probes
that aligned to sequences containing known SNPs. Background correction and quantile
normalization of the image data was performed using the neqc method from the R
package limma?. Hierarchical clustering of samples was performed to exclude outlier
samples using the R package WGCNAZ. Expression profiles of biological replicates
were averaged by strain and treatment. In total expression profiles for 90 control and 91
isoproterenol strains (including 82 strains with matching control and isoproterenol

samples) were included in downstream analyses.
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Differential gene expression. Using the R package limma, moderated t-statistics and the
associated p values were calculated. Multiple testing was corrected by controlling for
false discovery rate using the Benjamini-Hochberg procedure®2. Probes with log,-fold
change > 0.2 and adjusted p-value < 0.05 were considered significantly differentially
expressed. Functional analysis of probe lists was performed using DAVID to identify
pathways and cellular processes enriched in genes differentially regulated by

isoproterenol stimulation®!" 32,

Genotypes. Classical and recombinant inbred mouse strains were genotyped at the
Jackson Laboratory using the JAX Mouse Diveristy Genotyping Array3. To select for
informative and high quality SNPs, each SNP was filtered for > 5% minor allele

frequency and < 10% missing values among the strains using plink®.

Genome-wide significance threshold. Random phenotypes with a correlation structure
derived from the genetic background of the 105 strains were generated using the R
package emmaPowerSim and the genome-wide significant threshold of association at

the 5% a level was estimated by simulation®.

Association mapping. We used Factored Spectrally Transformed Linear Mixed Models
(FaST-LMM) to test for association while accounting for the population structure and
genetic relatedness among strains as previously described®. Briefly, we applied the
following linear mixed model:

y=utxpru+e,
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where u represents mean, x represents SNP, 3 represents the SNP effect, e represents
error, and u represents random effects due to genetic relatedness with Var(u) = 6,°K
and Var(e) = o¢2, where K represents identity-by-state matrix across all genotypes in the
HMDP panel. A restricted maximum likelihood estimate for o,? and c.” was computed
and the association mapping was performed based on the estimated variance
component with a standard F test to test . Association mapping was performed for
clinical traits, such as raw and baseline body weight adjusted echocardiographic
measurements at each time point and the change in clinical traits compared to baseline,
and for gene expression traits, under baseline and isoproterenol-treated conditions, to
define clinical quantitative trait loci (cQTL) and expression quantitative trait loci (eQTL),

respectively.

Linkage disequilibrium. Genomic boundaries around peak association SNPs were
chosen based on flanking SNPs with p-values < 1 x 10 that were no more than 2 Mb
apart between nearest consecutive pairs. Peak SNPs without any neighboring SNPs at
p-value < 1 x 10™ were excluded. Linkage disequilibrium (LD) between peak SNPs and
flanking SNPs were calculated and visualized by plotting regional plots using

LocusZoom?®’.

Candidate gene prioritization. Genes within LD (r* > 0.8 or r* > 0.9) of the peak SNPs
were examined for coding sequence and splice region variations using the Wellcome
Trust Mouse Genomes Project sequencing database®. SIFT score, a functional

annotation score for non-synonymous variants, was noted whenever available®2. The
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expression profiles of genes within LD or nearby the peak SNPs were further examined
for the presence of cis-expression quantitative trait loci (cis-eQTL). When a transcript’s
cis-eQTL coincides with the clinical trait locus and is correlated with the trait, a causal

relationship between the locus, the transcript and the trait may be inferred.

Statistical analysis. The standard R package was used to performed t-test, correlation,
analysis of variance, and hierarchical clustering. The R package WGCNA was used to

calculate bicor and associated p-value®.

Results

Study Design

We characterized 105 classical and recombinant inbred mouse strains by directly
obtaining multiple weight and echocardiographic measurements under the baseline
condition and in response to chronic administration of isoproterenol for 3 weeks. Briefly,
isoproterenol was administered at a dose of 30 mg/kg body weight/day for 21 days
using intra-abdominally implanted minipumps in four mice, 8-10 weeks of age, from
each strain. In addition, 2-4 control mice were examined. A baseline echocardiogram
was performed on all the mice. In isoproterenol-treated mice, serial echocardiograms
were performed at 1, 2, and 3 weeks of treatment. In control mice, a repeat
echocardiogram was performed at week 3 as an internal control. At the end of the

protocol, relevant tissues were weighed. Global gene expression profiling of LV tissues
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from control and isoproterenol-treated mice was performed to identify genes whose
expression was correlated to HF traits and to identify expression quantitative trait loci
(eQTL) for purposes of prioritizing candidate genes. This manuscript focuses on the
analyses pertaining to echocardiographic measures of clinical significance, including
interventricular septal wall thickness at end diastole (IVSd), LV internal diameter at end

diastole (LVIDd), fractional shortening (FS), and LV mass (LVM).

Cardiac structure and function across the HMDP

To minimize inter-operator and inter-observer variations, all echocardiograms
were performed by a single operator and interpreted by the same observer who was
blinded to strain name and treatment assignment. Inhaled isoflurane was titrated to
achieve adequate sedation, while maintaining target heart rate above 475 bpm*.. The
reproducibility of our echocardiographic measurements was assessed by performing
echocardiograms at baseline and at week 3 in control mice from 70 strains. IVSd,
LVIDd, and LVM were not statistically different between the 2 time points, although FS
was 2.3% higher at week 3 compared to baseline (p=0.00176), possibly due a more
optimized sedation dosing at week 3 due to operator learning curve or the effects of co-
housing with isoproterenol-treated animals (Table 4-1). Importantly, LVM as calculated
using echocardiographic measures was significantly correlated to independently
measured LV weight (r=0.80 in control and r=0.78 in isoproterenol mice at week 3),
validating our echocardiographic measures externally. Pearson correlation of baseline

body weight adjusted residuals for IVSd, LVIDd, FS, and LVM revealed significant
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correlations among some of the echocardiographic measures (Figure 4-1). Study
sample characteristics across the mouse panel are reported in Table 4-2.Study sample
characteristics.. In short, chronic isoproterenol infusion resulted in early IVSd and FS
increases at week 1 and progressive LVIDd and LVM increases throughout the 3-week
time course. In addition, we observed striking variations in the measures of cardiac
structure and function among the mouse strains (Figure 4-2). One-way analyses of
variance demonstrated significant inter-strain versus intra-strain variances, indicating
that cardiac structure and function have a strong genetic component, with heritability
calculated to be from 64 to 84% (Table 4-3). Our heritability estimates are much higher
than the estimates found in human studies, emphasizing the importance of genetics as

well as gene-by-environment interactions in controlling cardiac traits®2.

Gene expression profiles across the HMDP

We carried out expression array profiling of LV tissues from the mice and
obtained control samples for 90 strains and isoproterenol samples for 91 strains with
matching control and isoproterenol samples in 82 strains. In total 1,502 of the 18,335
probes (8.2%) were differentially expressed at > 15% change and an adjusted p-value
of 0.05, including 840 up-regulated and 662 down-regulated probes. We found that
chronic administration of isoproterenol induced a number of changes in gene
expression downstream of the -adrenergic receptor signaling. Notably, there was a
17% reduction in B1-adrenoceptor expression (Adrb1, adjusted p-value = 2.56 x 107)

and a 16% increase in the expression of the inhibitory G-protein G; (GnaiZ2, adjusted p-

86



value = 4.47 x 10”), reminiscent of cardiomyopathic hearts with diminished B-adrenergic
responsiveness secondary to chronic 3-adrenergic overdrive. Gene ontology analysis of
the up- and down-regulated probes was performed using the Database for Annotation,
Visualization and Integrated Discovery (DAVID)®. The up-regulated probes were most
enriched for secreted signal glycoprotein, proteinaceous extracellular matrix (ECM),
angiogenesis, polysaccharide binding, actin cytoskeleton, vacuole, response to
wounding, chemokine signaling pathway, and epidermal growth factor (EGF)-like
calcium-binding, prenylation and growth factor binding. The down-regulated probes
were most enriched in mitochondrial matrix, mitochondrial inner membrane, and
flavoprotein. These findings provide strong evidence in support of isoproterenol-induced

cellular and ECM remodeling.

To identify transcripts and processes that are important for measures of cardiac
remodeling, phenotype to expression correlations were performed under baseline and
week 3 time points. DAVID gene ontology analysis was performed on the top 1000
correlated transcripts for each phenotype-expression pair. Under the baseline condition,
transcripts correlated with LVIDd were modestly enriched for actin-binding, cell junction
and synapse. At week 3 of isoproterenol, transcripts correlated with LVID and LVM were
highly enriched for proteinaceous ECM, secreted signal glycoprotein, actin cytoskeleton,
collagen, ECM receptor interaction, EGF, polysaccharide binding, and mitochondrial
membrane. These findings suggest that isoproterenol-induced cardiac remodeling as
measured by echocardiography corresponds to cellular and extracellular changes found

in HF.
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Association mapping of cardiac remodeling

Association analyses were performed using ~190,000 single nucleotide
polymorphisms (SNPs) across the genome with the Factored Spectrally Transformed
Linear Mixed Models (FaST-LMM) algorithm to correct for population structure®. The
threshold for genome-wide significance of 4.1 x 10 was determined by simulation and
permutation of strain genotypes, as previously described?'. Because we examined
multiple traits and time points, we increased our significance threshold to 4 x 107 and
considered loci exceeding 4 x 10 suggestive. Since many of the traits we examined
are related and correlated, we consider this a conservative adjustment. The boundaries
of the associated loci were calculated based on the presence of nearby supportive level
SNPs with p-values less than 1 x 10™°. A total of 3 genome-wide significant loci and 13
genome-wide suggestive loci were identified, of which all but one were less than 2 Mb in
size (Table 4-4). One of these loci was previously associated with sudden cardiac death
in humans by GWAS. Nine of these loci were replicated either at a different time point or
by another independently measured echocardiographic or weight trait in this study. We
further performed eQTL analysis using FaST-LMM to identify loci that control gene
expression levels. We used the results of eQTL analysis and the Wellcome Trust Mouse
Genomes Project (MGP) sequencing database to prioritize our candidate gene list. A

few of the associated loci are highlighted below.
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The most statistically significant SNP was rs40560913 with a p-value of 3.17 x
10" on chromosome 7 for the change in LVM by week 3 (Figure 4-3A). The AA
genotype at rs40560913 conferred a LVM increase of 43 mg compared to the GG
genotype with a LVM increase of 28 mg. The peak SNP is located in the intron of
IzumoZ2 and is in linkage disequilibrium (r2 > 0.8) with SNPs spanning 2 other genes,
Myh14 and 2310016G11Rik (Figure 4-3B). 2310016G11Rik has no known function and
does not exhibit structural variations among 10 strains available through the MGP
sequencing database. /zumoZ2 has 3 splice region SNPs rs45784669 (A -> G),
rs50422221 (C -> T), and rs48802363 (T -> C) and encodes a sperm-specific protein®2.
Myh14 has 2 splice region SNPs rs47454934 (A -> G) and rs255254297 (T -> C).
Myh14, myosin heavy polypeptide 14, encodes the nonmuscle myosin (NM) heavy
chain II-C protein. While NM II-C ablated mice survive to adulthood and showed no
obvious defects compared with wild-type littermates, NM |I-C ablated mice expressed
only 12% of wild-type amounts of NM II-B and developed marked increase in cardiac
myocyte hypertrophy compared with NM [I-B hypomorphic mice. In addition, the NM 1I-C
ablated hearts developed interstitial fibrosis associated with diffuse N-cadherin and 3-
catenin localization at the intercalated discs, where both NM II-B and 1I-C are normally
concentrated®. Myh14 is a likely causal gene at this locus responsible for the variations

in the change of LVM by week 3.

The second most significant association SNPs were rs13480288 and
rs29940243 with a p-value of 1.15 x 10 on chromosome 9 for the change of IVSd by

week 1 (Figure 4-4A). The CC and AA genotypes at rs13480288 and rs29940243

89



conferred an IVSd increase of 0.18 mm compared to 0.09 mm associated with the
alternate genotypes. The peak SNPs were located in the intergenic region between
5730403107Rik and Lrrc1 and in an intron of Lrrc1, where nearby SNPs in LD of r’>0.8
spanned a 4 Mb region. The SNPs in LD of r> > 0.9 spanned Lrrc1 (Figure 4-4B). The
MGP suggests that Lrrc1 contains a splice region variant. Expression QTL analysis of
Lrrc1 showed that baseline Lrrc1 expression was controlled in cis by the same locus
controlling week 1 change of IVSd. The most significantly associated cis-eQTL SNP
rs49772635 resided in an intron of Lrrc? and had an association p-value of 1.96 x 107°
(Figure 4-4C). The AA and GG genotypes at rs49772635 conferred a baseline log2
Lrrc1 expression of 6.63 and 6.15 respectively. Baseline Lrrc1 expression level was
negatively correlated with the week 1 change in IVSd (bicor = -0.29, p-value = 0.01). In
addition, Lrrc1 expression in the heart decreased by 15% after 3 weeks of isoproterenol
(p-value = 6.1 x 10°®). Lrrc1, leucine rich repeat containing 1, is a gene of unknown
function conserved in human, chimpanzee, Rhesus monkey, dog, cow, rat, chicken and
zebrafish. Our findings suggest that Lrrc1 may be a repressor of early compensatory
hypertrophy and itself down-regulated after chronic p-adrenergic stimulation. Lrrc1 is a
likely causal gene responsible for the variations in the early response of IVSd to

isoproterenol.

The third most significant association SNP was rs48791248 with a p-value of
2.18 x 107 on chromosome 15 for FS at week 1 (Figure 4-5A). The AA genotype
conferred a week 1 FS of 40% compared to 48% by the GG genotype. The region in LD

with the peak SNP spanned an intergenic region between Lrp12 and Zfpm2 (Figure

90



4-5B). Both Lrp12 and Zfpm2 were expressed in the mouse heart. Zfpm2, zinc finger
protein multitype 2, also known as the transcriptional regulator friend of Gata2 (FOG2),
is known to regulate adult heart function and coronary angiogenesis®. Zfom2
expression level did not have a significant cis-eQTL, was not correlated with week 1 FS
and did not change with isoproterenol treatment. Lrp12, low density lipoprotein receptor-
related protein (LRP) 12, is a member of the low-density lipoprotein receptor (LDLR)
superfamily, whose expression is particularly abundant in heart and skeletal muscle®®.
Its cytoplasmic domain contains several motifs implicated in endocytosis and signal
transduction and interacts with three proteins involved in signal transduction and
endocytosis, i.e. activated protein C kinase (RACK1), muscle integrin binding protein
(MIBP) and SMAD anchor for receptor activation (SARA)4—7. Baseline Lrp12 expression
was negatively correlated with week 1 FS (bicor = -0.36, p-value = 0.0014). Lrp12
expression level was increased by 14% after 3 weeks of isoproterenol (p-value = 1.37 x
10°®). Interestingly, the syntenic intergenic region between LRP12 and ZFPM2 has
previously been implicated in vascular endothelial growth factor (VEGF) levels (p-value
=5 x 10%) and sudden cardiac arrest in patients with coronary artery disease (p-value
=1 x 10°) based on human GWAS*2 %2, Further investigations are needed to define the
regulatory elements and mechanisms responsible for the variations in week 1 FS due to

this locus.

A suggestive association locus was located around SNPs rs27816235 and
rs27816170 in the intergenic region between Xpa and Foxe? on chromosome 4 with a

p-value of 2.12 x 10 for week 2 LVM (Figure 4-6A). The GG and GG genotypes at
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SNPs rs27816235 and rs27816170 conferred a LVM of 115 mg compared to 129 mg
with the alternate TT and AA genotypes. The region in LD (r2 > 0.9) with the peak SNPs
spanned a region containing 10 genes, but the SNPs with the highest p-values spanned
a smaller subset of 5 genes (Figure 4-6B). Among these genes, Xpa expression level
was the highest, was correlated with and mapped to the same locus as week 2 LVM,
and was increased with isoproterenol treatment by 12% (p=1.86 x 10°®; Figure 4-6C).
The GG genotype at SNPs rs27816235 and rs27816170 conferred a high level of Xpa
expression and a low level of week 2 LVM. Xpa, xeroderma pigmentosum,
complementation group A, is a zinc finger protein involved in DNA excision repair. The
encoded protein is part of the nucleotide excision repair complex, which is responsible
for repair of UV radiation-induced photoproducts and DNA adducts induced by chemical
carcinogens®. Our findings provide evidence that Xpa is upregulated in response to
isoproterenol and may play a role in the cardiac response to protect against adverse

cardiac remodeling.

A suggestive association locus was located around SNP rs27811538 in the
intergenic region between Tmem38b and Zfp462 on chromosome 4 with a p-value of
1.48 x 10°® for week 3 change in LVM (Figure 4-3A). The GG and TT genotypes at SNP
rs27811538 conferred a week 3 LVM change of 30 mg and 46 mg respectively. The
region in LD (r? > 0.8) with the peak SNP spanned a region containing 4 genes (Figure
4-7A). Isoproterenol-treated Kif4 expression levels had a significant cis-eQTL at around
SNP rs27794497 (p-value = 5.9 x 10) in the same locus as week 3 change in LVM

(Figure 4-7B). In addition, control Kif4 expression was negatively correlated with week 3
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change in LVM (bicor = -0.3, p-value = 0.009). Kif4, Kruppel-like factor 4, is a repressor
of hypertrophic gene program in cardiomyocytes and is one of the four Yamanaka
factors, that are sufficient to reprogram differentiated cells to an embryonic-like state
designated induced pluripotent stem cells (iPSCs). Our results suggest that Kif4 is a
likely causal gene at this locus responsible for the variations in the week 3 change in

LVM.

A suggestive association locus was located around SNPs rs27851114 in the
intergenic region between Svep? and Musk on chromosome 4 with a p-value of 1.75 x
10 for week 1 change in LVIDd. The region in LD (r* > 0.8) with the peak SNP
spanned a region containing Svep? and Musk. The AA and GG genotypes at SNP
rs27851114 conferred a week 1 change in LVIDd of 0.24 mm and -0.07 mm. Svep1
harbors a missense variant with a SIFT score of 0.01 that results in the change of amino
acid 1149 from T to |. Svep1, sushi, von Willebrand factor type A, EGF and pentraxin
domain containing 1, is a cell adhesion molecule (CAM) specifically expressed in
activated satellite cells prior to their determination to the myogenic lineage, whose
expression declines as the myotube matures®'. Our results suggest that coding
sequence variations in Svep1 may play role in the variations observed in week 1 LVIDd

change in the mouse panel.

A suggestive association locus was located around SNP rs33896682 on
chromosome 9 with a p-value of 2.28 x 10 for week 2 change in FS (Figure 4-8A). The

CC genotype conferred a week 2 FS increase of 6% compared to 0% by the TT
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genotype. The peak SNP rs33896682 resided in an intron of Arpp19 and the region in
LD with the peak SNP spanned an approximately 1.5 Mb region containing many genes
(Figure 4-8B). Arpp 19 expression was not significantly altered by isoproterenol
treatment. Both baseline and isoproterenol-treated Arpp 79 expression levels were
strongly controlled by the same locus as the week 2 change in FS (Figure 4-8C). The
CC and TT genotypes conferred a log2 intensity of about 8.5 and 9.2 respectively. In
addition, Arpp 19 expression was negatively correlated with the change in week 2 FS
(bicor = -0.32, p-value = 0.0041). Arpp19, cAMP-regulated phosphoprotein 19, is a
protein kinase A (PKA) substrate that is ubiquitously expressed®2. When phosphorylated
by the kinase Greatwall/Mastl, Arpp19 becomes a potent PP2A inhibitor to allow mitosis
entry®2. The role of Arpp19 in the heart has not been previously described. Our findings
suggest that the CC genotype at SNP rs33896682 conferred a lower level of Arpp19
expression, which appeared to protect the heart against isoproterenol-induced FS

deterioration by week 2.

Discussion

We have studied how common genetic variation among inbred strains of mice
can influence cardiac remodeling in response to isoproterenol challenge. Precise
echocardiographic measurements were taken over the three-week study time course
and these measurements were complemented with global LV gene expression profiling
in both treated and control mice. A number of conclusions have emerged from the

study. First, we established the relationships of the echocardiographic measurements
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across time points and to each other and that cardiac remodeling was highly heritable.
Second, we examined isoproterenol-induced changes in gene expression and functional
enrichment in genes correlated with cardiac remodeling. Third, we mapped genetic loci
contributing to the variations using high-resolution association analysis and prioritized
our candidate genes using cis-acting expression variations, correlation to phenotype
and coding sequence variations. We identified 3 significant and 13 suggestive loci and
provided evidence in support of causal candidate genes. Our results provide a powerful
resource for the identification of novel pathways and gene-by-environment interactions

contributing to cardiac remodeling.

Our study has several advantages over human GWAS. First, we were able to
fully control the age, environment, severity and timing of cardiac injury, to accurately
assess cardiac structure and functional changes with minimal confounding factors. We
were able to establish that cardiac structure and function were highly heritable both at
baseline and after cardiac injury. Our heritability estimates were similar to the heritability
estimate of 0.69 based on healthy adult monozygotic twins and were significantly higher
than the estimates of 0.24-0.32 based on the Framingham Heart Study population®* %2,
The relatively high heritability estimate in our panel provided us significant power to
discover novel and interesting loci compared to the human studies. We also had the
benefit of having access to LV tissue expression profiles to examine the relationships
between gene transcripts and phenotypes as well as genetic loci to uncover likely

causal genes, which overcomes at least in part the challenges of working with relatively

long LD structure in mice compared to humans. Finally, the MGP provided us a map of
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coding variations among 10 inbred mouse strains in our panel, which allowed us to
identify functionally relevant variants that segregated with the association loci SNPs.
This combined approach allowed us to quickly prioritize the lists of candidate genes to
manageable sizes for the majority of the loci in an unbiased manner without a prior
knowledge about the genes in the loci. Our study is a proof of principle study, whose

results have the potential of being extended to humans in future investigations.

As with any study in mice, there are several disadvantages of our approach
compared to human studies. We have identified several likely candidates that point to
genes and pathways relevant to the isoproterenol-induced heart failure model. While
isoproterenoal injury mimics the HF state, artificial off-target effects of isoproterenol may
potential affect our study results and make them less relevant to human HF. For
example, the variations in phenotype may be due to variations in isoproterenol
metabolism; however, there is no indication based on our candidate gene lists to
suggest that differences in isoproterenol metabolism played a major role. The variations
in phenotype may also be confounded by adrenergic receptor variations. It has been
hypothesized that differences in B-adrenergic receptor (3-AR) density and/or coupling
between A/J and C57BL6/J mice contribute to the differences in cardiac remodeling
upon isoproterenol stimulation®. Based on the MGP sequences, there were 2 missense
variants in the coding sequence of Adrb3 and no sequence variations in Adrb7 and
Adrb2. Based on our expression profiles, only control Adrb1 was regulated in cis. We
did not map any of our phenotypes to the adrenergic receptors to indicate that

adrenoceptor status was a major contributor to variations observed in our study. This

96



finding is not dissimilar to findings in a study of LVM in humans, which demonstrated
that LVM variations were not significantly associated with genetic polymorphisms in 31-
adrenoceptor®. The final disadvantage of a study in the mouse is that, although the
identified variants, genes and pathways may be relevant and important in human
disease pathology, the specific genetic variants will most likely not be directly

translatable to humans.

Our study also highlights the strength of a systems approach to studying
common variations relevant to HF. By overlaying genetic, expression and phenotypic
information, we were able to begin to deduce potential mechanisms of action and
generate hypothesis driven studies to further understand genetic underpinnings of
phenotypic variations. For example, isoproterenol treatment resulted in the overall
decrease of Lrrc1 expression. At the same time, Lrrc1 expression under control and
isoproterenol treated conditions was significantly controlled by the genotype at the same
locus that controlled the week 1 change in IVSd, or early septal wall hypertrophy,
suggesting the Lrrc1 played a regulatory role in early hypertrophic response to
isoproterenol. Mice with the lower Lrrc1 expression genotype had a higher degree of
IVSd hypertrophy at week 1 and maintained an elevated FS at week 2, which suggests
that Lrrc1 expression may be a negative effector of compensatory hypertrophy and

cardiac contractility.

Cardiac remodeling is one of the most important prognostic determinants of

clinical HF. The laboratory mouse with its fully sequenced and annotated genome,
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targeted germline modification and many inbred strains, is an essential tool in
biomedical research that complements the strengths of human studies. Our study is the
first to survey isoproterenol-induced cardiac remodeling in a panel of 100+ laboratory
inbred mouse strains. Our study provided strong evidence for the contribution of
common genetic variations to cardiac structure and function in normal and diseased
heart and that HF traits are complex, influenced by many genes in addition to various
environmental factors. Future advances in understanding how common genetic
variations in a population modify HF progression are needed to provide insights in
genetic risk profiling, gene-gene and gene-environment interactions as well as the

design of personalized therapies for all HF patients.
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Figure 4-1. Correlation among echocardiographic measures and LV (LV) weights.
Signed (A) and absolute (B) correlation and hierarchical clustering of baseline body
weight adjusted echocardiographic measures, including interventricular septal wall
thickness at end diastole (IVSd), left ventricular internal diameter at end diastole
(LVIDd), fractional shortening (FS), and left ventricular mass (LVM), and left ventricular
weights (LV). Suffixes denote control (c) and week 3 isoproterenol-treated (i) LV and
baseline (0), week 1 (1), 2 (2), and 3 (3) isoproterenol-treated echocardiographic
measures.
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Figure 4-2. Cardiac structural and functional variations in the HMDP.Circos plots
represent IVSd (mm), LVIDd (mm), FS (%), and LVM (mg) at baseline (red bars in
ranked order) and after 3 weeks of isoproterenol (blue bars). Black bars represent
measurements within 1 standard deviation.
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Figure 4-4. Fine mapping of the change in week 1 IVSd chromosome 9 locus.A.
Manhattan plot for the change in week 1 IVSd. B. Regional plot for the change in week
1 IVSd around peak SNPs rs13480288 (purple) and rs29940243. C. Regional plot for
the control Lrrc1 expression (ILMN_2868457) around SNP rs49772635 (purple).
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Figure 4-6. Fine mapping of week 2 LVM chromosome 4 locus.A. Manhattan plot for
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and rs27816170. C. Regional plot for the control Xpa expression (ILMN_2968515)
around SNP rs27816412 (purple).

104



om, oG oo 6 o 28
e 8& ¥
. ©o @y
. . e,
»or Raczgo~

10 2 10 2
I;e 08
06 d 08
a o 04 § 8 04
: 02 02
T I 3
> 6 > 6
& -;-ru"“"l—--r-- oo w upn &
S~ O . J N
9_ 4 o ° .Of © ®% g@go 00 o0 o o 'O_ 4
@)} @0 . 888 g (o)} @
o, . g, =
| ©O @RaO |
. e L] Y
o b4 Jo o .
Tmem3so - 2462~ Rad23>—~ Tmem3gb—~
ocm.vm
D d
54 545 55 555 56 54
Position on chrd (Mb)

545 55 555 56
Position on chr4 (Md)
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Regional plot for the change in week 3 LVM around peak SNP rs27811538 (purple). B.
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Manhattan plot for the change in week 2 FS. B. Regional plot for the change in week 2
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Table 4-1. Echocardiographic traits in control mice measured at 2 time points.

Baseline Week 3 p-value

IVSd (mm)  0.73 0.75 0.725
LVIDd (mm)  3.75 3.68 0.0192
FS (%) 36.5 38.8 0.00176
LVM (mg) 92.3 93.5 0.345
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Table 4-2. Study sample characteristics.
Dataare represented as population mean + standard deviation.

Baseline Week 1 Week 2 Week 3

IVSd (mm) 0.73+0.08 0.85+0.12 0.80+0.11 0.80+0.10
LVIDd (mm) 3.7 +0.2 39+04 41+0.3 42+04
FS (%) 37+5 41 +7 377 38+8
LVM (mg) 90 = 14 121 £ 23 124 + 24 127 + 26
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Table 4-3. Heritability estimates of cardiac structure and function in the HMDP.AIl
heritability values exceed ANOVA p-value of <0.001.

Control Week1 Week2 Week3

IVSd 0.72 0.71 0.66 0.64
LVIDd 0.81 0.76 0.75 0.76
FS 0.79 0.74 0.71 0.76

LVM 0.84 0.77 0.72 0.79
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5 Future Directions

Genetic studies have the potential to reveal insights into the mechanisms of
disease causation, progression, prognosis and potential points of therapeutic
intervention. From gene panel tests in human patients, a number of genetic variants
were implicated in known disease-causing genes with varying levels of evidence. From
exome sequencing of familial cardiomyopathy cases, we have identified a novel
candidate gene that is highly likely to be causal for disease. Genome-wide association
(GWA) in the isoproterenol-induced heart failure (HF) model in mice identified dozens of
significant and suggestive loci controlling cardiac structure, function and remodeling.
Understanding whether the identified genes and variants are indeed causal for disease
will inform the relevance of genes and variants in HF development and any future
mechanistic studies. In the case of human patients, knowing definitively that the variant
reported to be disease-causing or likely disease-causing not only helps the patient
understand his/her disease process but also inform post-genetic counseling with
patients and their family members in understanding the risk for disease. Given the
number of mouse and human candidate genes and variants to screen, we need a high-
throughput method of functional characterization protocol and candidate gene and
variant screening. We have conducted preliminary studies in a cell-based model using
neonatal rat ventricular cardiomyocytes (NRVMs) as well as in a whole organism model
the zebrafish. We will explore additional model systems for effective site mutagenesis to

fill the need for gene variant screening.
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The choice of isolated NRVMs has several advantages, such as the ability to
sample cells from different areas of the heart including the atria, left and right ventricle.
Imaging of isolated cells is trivial and is well suited for experiments aimed at visualizing
cellular structure and the precise localization of intracellular molecules, which is
especially important for our studies aiming to observe cardiomyocyte hypertrophy.
Isolated cardiomyocytes are also routinely used for studies examining intracellular Ca2+
homeostasis, cellular mechanics, and protein biochemistry, and can be easily infected
or transfected for gene transfer studies’. We transfected NRVMs using two siRNA
oligos against the Myh14 gene, one of the top candidates for the change of left
ventricular mass, and induced hypertrophy with isoproterenol and phenylephrine for 24
hours. The Myh14 siRNA treated NRVMs failed to mount a hypertrophic response after
isoproterenol and phenylephrine stimulation as in the siRNA scramble control group
(Figure 5-1). In future experiments, cardiomyocyte cell size will be measured. The
expression levels of cardiac hypertrophy markers, atrial natriuretic peptide (Nppa), brain
natriuretic peptide (Nppb), alpha-myosin heavy chain (Myh6) and beta-myosin heavy
chain (Myh7) will be analyzed using quantitative RT-RCR. Replication-deficient
adenoviruses for each siRNA screened positive candidate gene will be constructed
using the AdEasy adenoviral system. Cell growth and marker gene induction will be

evaluated as above to establish the role of each gene in cardiomyocyte hypertrophy.

In a semi-hierarchical approach, genes screened positive in NRVMs or are
expected to have a phenotype on the whole heart level will be evaluated in the zebrafish

system to assess for their role in the intact heart. We will inactivate candidate genes by
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injecting morpholinos into fertilized eggs, targeted to the translation initiation site or
splicing site of the genes, at the 1-2 cell stage and visualize the heart using the cardiac
myosin light chain promoter (cmic)-drive green fluorescent protein (GFP) transgenic
zebrafish. Similar to the NRVMs, zebrafish embryo and larvae are well suited for
experiments aimed at visualizing cardiac function in the GFP tagged hearts. This is
especially important for the functional characterization of cardiac contraction. Zebrafish
are also routinely used for studies examining intracellular Ca2+ homeostasis and can be
easily injected with capped mRNA for transgene expression and anti-sense
morpholino?. We injected an anti-sense morpholino against Tnnt2, cardiac troponin T,
and demonstrated successful arrest of the heart, pericardial fluid accumulation
(congestion), and cardiac compression (Figure 5-2). We do not expect the genes that
we screen will have such a dramatic effect but rather have effect on ventricular size and

function.

To evaluate individual genetic variants, we will explore the role of
clustered regularly interspaced short palindromic repeats (CRISPR) technologies in the
zebrafish and mice, to characterize the functional effects of the candidate variant in a

high-throughput manner® #

. We will establish cardiac functional characterization protocol
and methods to measure electrical conduction in the zebrafish through collaboration.
We will also establish detailed cardiac functional characterization protocol, including
measures of diastolic function to measure subtle changes from the candidate genetic

variants, and methods to measure electrical conduction to fully assess the status of the

heart. Finally, the role of using patient-derived iPS cells to validate candidate variant,
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personalized therapies based on pharmacogenomic, and personalized allele-specific

knock-down technologies may be explored.

The results from genome-wide association analyses suggest that many of
the genomic region controlling susceptibility to heart failure are located in gene poor or
intergenic regions, which suggests that gene regulation rather than protein coding
sequence variations play a major role in mechanisms affecting complex traits. A number
of mechanisms have been proposed to effect non-coding sequence variations on gene
regulation, including promoter region variations, methylation changes, non-coding RNA,
and chromatin states among others. In addition to coding-sequence variations,
understanding of gene regulation in genes important in heart failure susceptibility may
provide clues to lifestyle factors that may promote heart health and prevent disease, in

spite of non-modifiable genetic backgrounds.

The future of genetics research in heart failure holds great promise for
heart failure prevention. Improved disease risk prediction informed by genomics data
will help guide counseling of patients and installment of programs to prevent disease,
such as diastolic dysfunction, for which there are no effective treatments. Improved fine
phenotyping of traits, large-scale sequencing for rare variants, and ever more
sophisticating mapping strategies will work together to improve the understanding of
heart health genetics. Improve translational research to understand how genes

predispose to disease will guide drug design to address common pathological
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processes shared by heart failure subtypes to improve cardiac health across the

general population.
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Scramble siRNA siMyh14 #1 siMyh14 #2

Isoproterenol Control

Phenylephrine

Figure 5-1. siRNA knock-down of Myh14 in neonatal rat ventricular
cardiomyocytes abrogates hypertrophic effects of isoproterenol and
phenylephrine.

siMyh14#1 represents the first Myh14 siRNA. siMyh14#2 represents the second Myh14
siRNA.
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Figure 5-2. Transgenic zebrafish strain with cmlc2::EGFP.Control (left) and Tnnt2
(right) morpholino treated embryos at 54 hours post fertilization (hpf).
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