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Abstract

BACKGROUND—The genetic determinants of heart failure (HF) and response to medical
therapy remain unknown. We hypothesized that identifying genetic variants of HF that associate
with response to medical therapy would elucidate the genetic basis of cardiac function.

OBJECTIVES—This study sought to identify genetic variations associated with response to HF
therapy.

METHODS—This study compared extremes of response to medical therapy in 866 HF patients
using a genome-wide approach that informed the systems-based design of a customized single
nucleotide variant array. The effect of genotype on gene expression was measured using
allele-specific luciferase reporter assays. Candidate gene transcription-deficient mice underwent
echocardiography and treadmill exercise. The ability of the target gene agonist to rescue mice
from chemically-induced HF was assessed with echocardiography.

REPRINT REQUESTS AND CORRESPONDENCE: Dr. Euan Ashley, Cardiovascular Medicine, Stanford University, 300 Pasteur
Drive, Stanford, California 94305-5233. euan@stanford.edu.

APPENDIX For a supplemental Methods section as well as figures and tables, please see the online version of this article.
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RESULTS—Of 866 HF patients, 136 had an ejection fraction improvement of 20% attributed
to resynchronization(n = 83), revascularization (n = 7), tachycardia resolution (n = 2), alcohol
cessation (n = 1), or medications (n = 43). Those with the minor allele for rs7767652, upstream
of hypocretin (orexin) receptor-2 (HCRTRZ2), were less likely to have improved left ventricular
function (odds ratio: 0.40 per minor allele; p = 3.29 x 107°). In a replication cohort of 798
patients, those with a minor allele for rs7767652 had a lower prevalence of ejection fraction
>35% (odds ratio:0.769 per minor allele; p = 0.021). In an HF model, HCRTRZ2-deficient mice
exhibited poorer cardiac function, worse treadmill exercise capacity, and greater myocardial
scarring. Orexin, an HCRTR2 agonist, rescued function in this HF mouse model.

CONCLUSIONS—A systems approach identified a novel genetic contribution to human HF and
a promising therapeutic agent efficacious in an HF model.
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Heart failure (HF), a syndrome characterized by impaired function and high filling
pressures, affects more than 5 million people in the United States and is expected to
touch 3.5% of the population over the next 20 years (1). A wide range of conditions

can lead to HF, such as coronary artery disease and hypertension (2). Although heritable
(3), few studies have explored the genetic basis for HF. Candidate gene studies identified
associations between common variants in HSPB7and FRMD4B and dilated cardiomyopathy
(4) or advanced HF (5). Targeted genotyping of common variants in ADRB1 and GRK5,
members of the B-adrenergic receptor signaling pathway, demonstrated associations with
survival (6,7). In the limited genome-wide studies of HF (8-11), only 1 common variant
associated with dilated cardiomyopathy of genome-wide significance has been replicated
(12).

Systems approaches to studying the genetics of complex traits have been successful in
uncovering promising gene targets and identifying fundamental disease patterns. Genome-
wide association analyses have been combined with gene expression and metabolic data, for
example, to identify AGPAT5 as an important effector of insulin resistance (12). Using gene
coexpression network analyses, we previously identified patterns of gene expression found
in common between diseased and developing myocardium(13). Gene expression patterns
can also distinguish patients with HF and ischemic heart disease from those with dilated
cardiomyopathy (14).

A phenomenon long recognized by HF physicians is that some patients dramatically respond
to HF therapy with large increases in ejection fraction (EF) associated with positive
remodeling of the left ventricle, whereas others deteriorate seemingly in spite of optimal
medical management. Few studies have addressed even the clinical associations of such
responders, a group for whom long-term survival is predictably better (15).

In this study, our primary hypothesis was that there are genomic variants associated with a
dramatic response to HF medical therapy. We used a systems approach to design a genetic
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discovery platform optimized for HF, then evaluated whether there was a functional role for
the gene target of the variant association.

METHODS
STUDY POPULATIONS.

Patients were recruited from Stanford University Medical Center, Stanford, California, and
the Palo Alto Veterans Hospital, Palo Alto, California; patients were included who had
clinically diagnosed HF, were referred for subspecialty care between 2005 and 2009, had an
echocardiogram performed, and had an EF <55%. Patients were excluded if they could

not be contacted by telephone or if they had insufficient clinical data. Also excluded

were patients with congenital heart disease or cardiomyopathy due to infiltrative disease,

a peripartum state, infection, or chemo-therapy; with a myocardial biopsy suggestive of
viral cardiomyopathy who responded to medical therapy within 30 days of administration;
who experienced an acute myocardial infarction and showed subsequent improvement

in their EF within 3 months of infarction; or with a history of substance abuse (illicit

drugs or alcohol) within 6 months before the study. Patients whose EF improved after
surgical or percutaneous revascularization, resynchronization therapy using biventricular
pacing, alcohol cessation, or cardioversion were excluded from the genomic analyses.

The EF was measured using routine transthoracic echocardiography obtained by trained
echocardiographers using 2-dimensional scanning in the parasternal long axis, parasternal
short axis, and apical views. Change in EF was measured as maximal difference between
lowest recorded EF and the highest subsequent recorded EF. Written informed consent was
obtained from study participants in accordance with the Stanford University Internal Review
Board policy.

For the informative genome-wide association studies (GWAS), case subjects (n = 29)

were patients whose EF had improved by >20% while on medical therapy. Patients with
poor sample quality were excluded. Control patients (n = 37) were selected from those
followed in the Stanford University transplant clinic who had demonstrated lack of clinical
improvement before transplant despite medical therapy. The case and control patients were
matched by age, sex, race, medical therapy received, baseline EF on echocardiography, type
of cardiomyopathy, and duration of HF. The remaining HF patients underwent genotyping
with the custom genotyping array. Patient charts were retrospectively reviewed and their
baseline demographics, clinical characteristics, and medication use were recorded. Serial
measurements from clinically available echocardiograms were also recorded. Outcome data
were obtained through detailed phone interviews.

REPLICATION.

For the independent replication study, patients with HF were recruited from the University
of Pennsylvania as previously described (5). Briefly, Caucasian patients (n = 798) were
recruited from the Penn Heart Failure Study, specifically those participating in an ongoing
prospective observational study of patients with advanced HF referred for subspecialty care
at the University of Pennsylvania Health System, Philadelphia, Pennsylvania. The primary
inclusion criterion was a clinical diagnosis of HF with abnormal left ventricular function.
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Extensive clinical data were collected at enrollment. Written informed consent was obtained
from study participants in accordance with the University of Pennsylvania Internal Review
Board policy.

GENOTYPING.

Informative GWAS.—Genomic deoxyribonucleic acid (DNA) was isolated from whole
blood using a commercial DNA extraction kit (Gentra Purgene Kit, Qiagen Inc., Valencia,
California). The samples were genotyped using a 550K single nucleotide polymorphism
(SNP) platform (lllumina, Inc., San Diego, California) at the Hudson Alpha Institute

for Biotechnology (Huntsville, Alabama) (16). Additionally, genomic DNA was isolated
from peripheral blood mononuclear cells and DNA quality was assessed utilizing optical
absorbance and minigels.

A target of 1,536 SNPs was chosen to create a customized gene array. The overall strategy
was to assign approximately one-third of the array to intergenic SNPs, one-third to genic
SNPs, and one-third to SNPs ascertained from the network analyses and curated lists (Figure
1). Details of the informative GWAS analysis, including a Manhattan plot (Online Figure 1)
and QQ plot (Online Figure 2), which used an additive logistic regression model, as well

as the network analyses are included in the Online Appendix, which also includes details
related to the animal portion of this study.

Custom array analysis was performed in PLINK (16) using a multivariate additive logistic
regression model to measure the association between each SNP and an improvement in

EF >10% compared with those without documentation of such an improvement. This
association was adjusted for age, sex, and race. A Manhattan plot of —log10P was generated
using Hap-loview (Figure 2A). Values for a quantile-quantile plot were generated using
PLINK to evaluate the potential effect of population stratification (Online Figure 3). Odds
ratio (OR) values were measured as OR per minor allele of each SNP. The threshold for
statistical significance was estimated at the Bonferroni-corrected value of 0.05/1,402 = 3.56
x 107,

The p values from the informative GWAS and custom gene array were meta-analyzed with
a weighted Z-method (17) using Stouffer’s Z trend, which considers sample size and effect
directions, in MetaP.

Association analysis.—Analysis of the replication genotyping in the University of
Pennsylvania cohort was performed in SAS version 9.1 (SAS Institute Inc., Cary, North
Carolina) using a multivariate additive logistic regression model to measure association
between the rs7767652 genotype and a baseline EF 235% compared with a baseline EF
<35%. The association was adjusted for age, sex, hypertension, diabetes, renal function
(glomerular filtration rate), and body mass index. The OR was measured as OR per minor
allele. The threshold for statistical significance in this single replication association was
0.05.

For differences in relative luciferase activity, degree of hypocretin receptor-2 (HCRTR?2)
expression, E/E’ ratios, and peak VO, difference where continuous values were compared
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between 2 groups, the Student #test was used. For differences in trichrome staining, blue/red
ratios were calculated using mean values from the RGB histogram in Photoshop version12.0
(Adobe, San Jose, California) and the ratios were compared using Student #test. For EF
differences in the chemical stress model, EF differences between the treatment and control
groups were compared only at the 4-week time point using the Student #test. A p value
<0.05 was considered statistically significant.

DRAMATIC RESPONSE TO HF THERAPY.

Of 866 patients with HF recruited at Stanford, 136 were found to have an absolute
improvement in EF =20%. Dramatic improvement was attributed to resynchronization
therapy in 83 (61%), revascularization therapy in 7 (5.1%), resolution of tachycardia in

2 (1.5%), alcohol cessation in 1 (0.7%), and standard HF medical therapy in 43 (32%)
patients. Patients with a dramatic improvement in heart function (absolute increase of 20%
in EF) attributed to medical therapy were on average 62 years of age, 41% were female,
and 21% had ischemic cardiomyopathy. Compared with age- and sex-matched patients
who ultimately underwent heart transplant, the patients with a dramatic improvement in
heart function were more likely to have hypertension (37.9% vs. 16.2%; p = 0.045) or
diabetes (48.2% vs. 13.5%; p = 0.002) (Table 1). There were no significant differences in
beta-blocker or angiotensin-converting enzyme inhibitor use.

DESIGN OF CUSTOMIZED ARRAY.

We first designed a customized single nucleotide variation (SNV) array, generating

posterior probabilities by compiling publicly available myocardial gene expression data

and combining them with a GWAS of extreme response to HF therapy and other resources
(Figure 1). We evaluated 866 patients with HF at Stanford University. Patients at the extreme
of the distribution of dynamic change were genotyped using a 561,464 SNV genotype chip
that was used to inform the design of a customized genotyping array.

All publicly available microarray gene expression data from human cardiac tissue (13)

was collected from the Gene Expression Omnibus (GEO) database and normalized using a
median-absolute-deviation algorithm (18). Differences in expression levels between failing
and normal human myocardium were measured using significance analysis of microarrays
(19). The significance value (a-score) was used to weight (20,21) p values from the
informative GWAS analysis. The top-ranking genic SNPs were included in the customized
array (Online Table 1). The top intergenic SNPs from the informative GWAS analysis,
ranked by unweighted p values, were also included in the customized array (Online Table 2).

Next, gene coexpression networks with scale-free topology were created from a collated file
of all human myocardial gene expression data (n = 340 expression arrays) (13). Genes were
clustered using average linkage hierarchical clustering and adaptively assigned to modules
using a dynamic tree-cutting algorithm (22). Modules with topology shared between normal
and failing myocardium were ranked according to differential gene expression (quantified
by average d-score for modular gene expression differences between normal and failing
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myocardium) to identify sets of genes associated with adaptation to HF. Common variants
from the hub genes, defined as the genes in each module with maximum intramodular
connectivity, from the highest-ranking modules were included in the customized array
(Online Table 3). The top-ranking module with SLC25A30as its hub is depicted in Online
Figure 4. Next, PubMed abstracts were retrieved and semantic mining was used to create a
gene—gene interaction network (23,24). The top common variants of the hub genes, ranked
by average d-scores (19), were included in the customized array (Online Table 4). Finally,

a curated set of SNVs derived from multiple sources including significant SNPs from prior
cardiovascular GWAS (Online Table 5), micro RNA, and coding SNVs in genes known to be
targets of pharmacological agents used in HF were included. The selected SNVs were placed
on a customized GoldenGate platform (lllumina, Inc.).

CUSTOMIZED ARRAY GENOTYPING AND REPLICATION.

After excluding patients with insufficient clinical data and failure to pass quality control
measures, there were a total of 591 patients successfully genotyped with a custom array.
Baseline characteristics of these HF patients, 23% of whom had an absolute improvement of
10% in their EF, are shown in Table 1. An additive logistic regression model, adjusted for
age, sex, and race, was used to test the association between each SNV on the customized
array and improved EF (Manhattan plot [Figure 2A], quantile-quantile plot [Online Figure
3]). Patients with the minor allele for rs7767652 were less likely to have a response >10%

in EF (OR: 0.394 per minor allele; p = 3.29 x 1075), with statistical significance below

the Bonferroni cutoff of 0.05/1,402 = 3.56 x 1072, This variant was chosen for the custom
array as 1 of the intergenic SNVSs. In the informative GWAS, patients with the minor allele
for rs7767652 were less likely to have a response >20% in EF compared with transplanted
patients (OR: 0.279 per minor allele; p = 0.0040). The meta-analysis p value was 9.04 x
1076. The rs7767652 is 2,705 base pairs upstream from HCRTRZ splice variant 1A, within a
haplotype block that encompasses several alternative splice sites (25) and the 5 untranslated
region (UTR) of HCRTRZ2 (Figure 2B). Top results from each of the custom array selection
categories are presented in Table 2 and Online Tables 1 to 6. We sought replication in

798 HF patients from the cross-sectional Penn Heart Failure Study (5). After multivariate
adjustment, HF patients with the minor allele for rs7767652 were less likely to have an EF
>35% (OR: 0.769 per minor allele; p = 0.021).

FUNCTIONAL VALIDATION OF HCRTR2.

To assess the potential regulatory role of the lead variant rs7767652 upstream of

HCRTRZ, we first mapped putative transcription factor binding sites in silico using various
bioinformatics tools (Online Table 6). The minor allele (T) predicted disruption of a
transcription factor 4 (TCF4) binding site containing the motif ATCAAAG. We then
measured allele-specific gene regulation using luciferase reporters containing the predicted
binding site in transfected C2C12 myablast cells (Figure 3A). At baseline, transfection
with the minor allele (T) construct of rs7767652 resulted in lower luciferase activity
compared with the major allele (C) construct (p < 0.05) (Figure 3B). We also observed
that the minor allele significantly disrupted p-catenin/TCF4-mediated transactivation in
cells overexpressing human B-catenin and TCF4 cofactors (p < 0.01). These effects were
abolished in the presence of a TCF4 transactivation mutant (p < 0.005).
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To assess a myocardial role for this neuropeptide receptor, we compared HCRTRZ2
expression in diseased human hearts (dilated n = 162; ischemic n = 143) with control tissue
(n = 45). Expression of HCRTRZ2was greater in dilated cardiomyopathy (p = 0.00017) and
ischemic cardiomyopathy samples (p = 0.000044) compared with control samples (Figure
3C). We also confirmed that the HCRTR2 protein product was present in diseased human
myocardial tissue and found that it was present in a greater concentration in the left ventricle
compared with the left atrium (Figure 3D).

To investigate a causal role for HCRTRZin HF pathogenesis, we performed heart function
testing via ultrasound in HCRTRZtranscription-disrupted (TD) mice (n = 10) compared
with wild-type mice (n = 11) (26). There was greater diastolic dysfunction in HCRTR2TD
mice compared with wild-type mice (p = 0.05) (Figure 3E), but no significant difference in
systolic function. Similar studies in a small number of HCRTRZ2knockout mice (27) (n =

5) compared with control subjects (n = 5) also demonstrated a trend toward greater diastolic
dysfunction. HCRTRZ TD mice that underwent chemical stress with 2 weeks of angiotensin
Il and isoproterenol infusion had a smaller increase in treadmill exercise capacity (Figure
3F) and greater evidence of myocardial fibrosis (Figure 3G) compared with wild-type mice.

Finally, to assess the potential of HCRTR2 as a novel therapeutic target for HF, wild-type
mice were infused with saline (n = 6) or the HCRTR2 agonist orexin A (n = 7) for 4 weeks.
At week 2, all mice underwent infusion of angiotensin Il and isoproterenol, neurohormones
that mimic human HF. Echocardiography was performed blinded to drug infusion status at
baseline and 2, 3, and 4 weeks (Figure 3H). Mice with orexin A had better systolic function
compared with control subjects (p = 0.045).

DISCUSSION

Starting from a clinical observation of a dramatic response to HF medical therapy in a
subset of patients, we categorized dramatic responders then studied the extremes of response
using a customized gene array. Our primary hypothesis was that there are common genomic
variants that associate with response to HF therapy. After identifying a genomic variant

in the regulatory region of HCRTRZ associated with improved left ventricular function,

we sought to validate this finding by performing a replication study in the University of
Pennsylvania cohort and several functional experiments. Allele-specific reporter assays at
this locus further suggested a role for this variant in regulating nearby gene transcription,
and functional characterization of mice with HCRTRZ2transcription deficiency demonstrated
that HCRTRZ itself plays an important role in the regulation of cardiac function (Central
[llustration).

The HCRTRZ2 gene encodes a G protein-coupled receptor that binds hypocretin (orexin) A
and B, neuropeptides involved in regulating appetite (28,29) and sleep (30). Although highly
expressed in the hypothalamus (29), its expression has been documented in several tissues
including the gut (31) and adrenal glands (32). Alternative splice variants of HCRTRZ2 were
also previously expressed in heart tissue (25). Orexins provoke increases in blood pressure
and heart rate via a centrally-mediated response (33-35).
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The effect of these neurohormonal peptides on myocardial function, however, has not been
studied. Yet, there are well-established links between sleep disorders and heart failure (36).
This link is thought to be mediated by oxidative, inflammatory, and vascular endothelial
mechanisms (37). Whether or not orexins mediate this association will need to be studied
further.

The HCRTRZ gene has been best studied in context of its link to narcolepsy, which was
first reported in Doberman canines (30). This later led to the discovery of the role of orexins
in sleep regulation and, ultimately, a role for antagonists of HCRTR2 (such as suvorexant)
in treating insomnia (38). Our observation that agonism of HCRTR2 leads to beneficial
effects on myocardial function, however, suggests that patients using long-term HCRTR2
antagonists may benefit from monitoring for signs and symptoms of HF. Similarly, future
studies to evaluate heart function in patients with narcolepsy are warranted.

Our finding that mice infused with an HCRTR2 agonist were protected from chemical
stress-induced ventricular dysfunction suggests a promising role for HCRTRZ in regulation
of ventricular function. The observation in the myocardial gene expression arrays that
diseased myocardial tissue from the human left ventricle has a higher degree of HCRTR2
gene expression further implies that HCRTR2 may be involved in a protective response

in the setting of myocardial insult. Additionally, the observation from the luciferase
reporter assays that the minor allele results in lower gene expression suggests that minor
allele carriers may lack the capacity to sufficiently up-regulate HCRTRZ in response to
development of myocardial disease.

These findings may point to a novel G-protein-coupled receptor-mediated pathway that
is distinct from, and could be complementary to, the well-established axis of the renin-
angiotensin-aldosterone system. The effects of HCRTR2 agonists on myocardial function
have not previously been characterized, but may play a role in regulating myocardial
remodeling as indicated by our finding that myocardial fibrosis was more pronounced in
HCRTRZ-deficient mice.

Finally, we have identified a few clinical characteristics that are associated with the most
dramatic response to HF therapy (Phase I [Table 1]), including the presence of diabetes
along with HF. Although these were unadjusted comparisons in a relatively small number
of subjects, it is worth validating in future studies whether or not these comorbid conditions
may result in a more treatable form of cardiomyopathy compared with those with a primary
form of HF.

STUDY LIMITATIONS.

Because no other cohort exists that has been studied from the perspective of dramatic
response to therapy, our replication cohort relied on a single EF measurement. We used a
neurohormonal model for HF, which produces a less-severe phenotype than models such
as left anterior descending ligation. Despite this, we found significant changes in fibrosis
and diastolic function. Future work will include more severe HF models as well as specific
small molecule agonists. Additional studies to examine the central versus peripheral effects
of orexin are beyond the scope of this work but will inform future therapeutic development.
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CONCLUSIONS

We used a systems approach to identify a promising therapeutic target, HCRTRZ, for the
treatment of HF. Functional studies in several mouse models validated the role of HCRTR
in regulating cardiac function, possibly via effects on heart remodeling. Further studies are
needed to better elucidate the novel role of this neurohormonal pathway in regulating heart
function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PERSPECTIVES
COMPETENCY IN PATIENT CARE AND PROCEDURAL SKILLS:

Some patients with systolic HF improve during treatment with neurohormonal blockade
and other medical interventions, whereas others worsen despite similar management;
genetic factors might explain some of this disparity.

TRANSLATIONAL OUTLOOK:

Combining genomic data with network-based analyses might not only isolate genetic
variants associated with treatment failure but also identify others with the potential to
rescue impaired myocardium.
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FIGURE 1. Custom Array: Primary Data Sources and Bioinformatic Analyses
Approximately one-third of the 1,536 single nucleotide variants (SNVs) were derived

from the gene expression-weighted analysis of extreme response genome-wide association
studies (GWAS); one-third from the most statistically significant intergenic single nucleotide
polymorphisms (SNPs) from the extreme response GWAS; and one-third from the GWAS-
informed analyses of gene-coexpression networks, semantic published data networks, or a
curated set of SNPs manually selected from the published data.
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FIGURE 2. Significance of Association of EF Improvement

L]
55365

This Manhattan plot shows the significance of association with a 10% improvement in
ejection fraction (EF) for single nucleotide polymorphisms (SNPs) in the customized heart
failure array analysis of Phase Il individuals and regional linkage disequilibrium (LD) plot
of the statistically significant locus. (A) SNPs are plotted on the x-axis according to their
position on each chromosome against association with >10% improvement in EF on the
y-axis. The locus near hypocretin receptor 2 (HCRTRZ2) reached an association significance
of p =3.29 x 107° in the Phase Il analysis. Red line = threshold for Bonferroni-adjusted
significance (p < 3.6 x 1072). (B) The linkage disequilibrium plot of the region surrounding
rs7767652 was drawn according to 1,000 Genomes Pilot 1 CEU individuals. CEU = Utah
residents with Northern and Western European Ancestry; other abbreviations as in Figure 1.
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FIGURE 3. Functional Roles of the rs7767652 Allele and HCRTR2
(A) Diagram of luciferase reporter with the rs7767652 locus, which contains a transcription

factor-4 (TCF4) binding site. This SNP with its flanking sequence is inserted into the
multiple cloning site (MCS) of a pLuc-MCS vector, which is driven by a minimal

promoter upstream from the luciferase gene. (B) Allele-specific luciferase reporter assays at
rs7767652 in C2C12 cells. The reporter construct carrying the minor allele (rs776 T-Luc)
had slightly lower activity at baseline compared to the construct with the major allele (rs776
C-Luc). The major allele was highly responsive to B-catenin (B-cat)/TCF4 overexpression,
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whereas the minor allele disrupted p-catenin/TCF4 mediated transactivation. The TCF4
transactivation mutant (TCF4 A30) blocked B-catenin effects. (C) Human HCRTRZ2 gene
expression measurements from microarray experiments in myocardial tissue of patients with
dilated cardiomyopathy (DCM) (n = 162), ischemic cardiomyopathy (ICM) (n =143), and
control subjects (n = 45) were obtained from the Gene Expression Omnibus repository. Gene
expression values are graphed as mean fluorescence intensity ratios with 95% confidence
intervals normalized across experiments. Compared with controls, HCRTRZ expression is
higher in DCM tissue (*p = 0.00017) and in ICM tissue (**p = 0.000044). (D) Expression
of HCRTR2 protein was examined in human brain, left atrium (LA), left ventricle (LV),

rat ventricle (Ven), and mouse ventricle tissues using 2 different antibodies. (E) Diastolic
function in C57BL/6 wild-type (WT) (n = 11) and HCRTRZtranscription-deficient (TD)
mice (n = 10). The HCRTRZ TD mice had worse diastolic function as measured by a higher
E/E’ ratio compared with WT mice (p = 0.05). (F) Change in exercise capacity before and
after angiotensin Il + isoproterenol chemical stress in C57BL/6 WT (n = 8) compared with
HCRTRZ2TD (n = 8) mice. The HCRTRZ TD mice had a smaller improvement in peak VO,
(13.0 £ 3.0 ml/kg/min vs. 4.2 + 2.2 ml/kg/min; p = 0.032) after 2 weeks of chemical stress.
(G) Representative examples of trichrome-stained myocardial sections from 5 C57BL/6 WT
and 5 HCRTR2TD mice after 2 weeks of angiotensin 11 + isoproterenol chemical stress. The
HCRTR2TD mouse hearts had a greater degree of trichrome stain (blue/red ratio 0.82 £ 0.1
vs. 0.85 + 0.01; p = 0.022). (H) Systolic function in WT mice infused with either saline (n =
6) or orexin A (n = 7) for 4 weeks and stressed with angiotensin 11 + isoproterenol infusion
during the latter 2 weeks. Mice who underwent infusion with orexin A had better systolic
function after chemical stress at week 4 (ejection fraction 56.6 + 4.5% vs. 43.6 + 3.3%). *p
= 0.045.
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Functional Validation
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CENTRAL ILLUSTRATION. HCRTR2 and Heart Failure: Therapy Through Genomic
Variation and Functional Validation

A systems approach was used in the design of a customized gene chip to study heart failure
patients who had a dramatic response in heart function with medical therapy. A genetic
variant near hypocretin receptor-2 (HCRTRZ2) was associated with improved heart function
and was replicated in an independent cohort from the University of Pennsylvania. Finally,

a series of functional studies were performed to validate the role of the genetic variant

and the HCRTRZ gene product in heart failure. GAPDH = glyceraldehyde 3-phosphate
dehydrogenase; LA = left atrium; LV = left ventricle; UPENN = University of Pennsylvania.
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