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Abstract
β-adrenergic receptor (βAR) blockade is standard therapy for cardiac failure and ischemia. G-protein
coupled receptor kinases (GRKs) desensitize βAR, suggesting that genetic GRK variants might
modify outcomes in these syndromes. Re-sequencing of GRK2 and GRK5 revealed a non-
synonymous polymorphism of GRK5, common in African Americans (AA), substituting leucine (L)
for glutamine (Q) at position 41. GRK5-L41 more effectively uncoupled isoproterenol-stimulated
responses than GRK5-Q41 in transfected cells and transgenic mice, and like pharmacological βAR
blockade, GRK5-L41 protected against experimental catecholamine-induced cardiomyopathy.
Human association studies showed a pharmacogenomic interaction between GRK5-L41 and β-
blocker treatment on mortality outcome in independent cohorts of AA cardiac failure (P=0.036) and
ischemia (P=0.023). In 375 prospectively followed AA heart failure subjects, GRK5-L41 was
protective against death/cardiac transplant (single allele: RR=0.28, 95% CI=0.12-0.66; two alleles:
RR=0.08, 95% CI=0.04-0.19; P=0.004). The gain-of-function GRK5-L41 polymorphism facilitates
βAR desensitization during catecholamine excess, imparting “genetic β-blockade” and improving
survival in heart failure.

INTRODUCTION
Heart failure is an incurable syndrome of multiple causes that will affect one in five adults,
conferring a ~25% chance of dying within a year of diagnosis and a mortality rate of ~50% at
five years 1,2. Heart failure management is complicated by disease heterogeneity in both
inherited genetic cardiomyopathies 3 and the more common non-familial dilated and ischemic
cardiomyopathies 4–7. We and others have proposed that inter-individual differences in genetic
polymorphisms involving catecholamine signaling pathways can modify heart failure risk,
prognosis, or response to treatment. Especially relevant would be pharmacogenomic
interactions between genetic variants of catecholamine receptors or their effectors and β-
adrenergic receptor (βAR) antagonism (β-blockade), which is a standard therapy for heart
failure and myocardial ischemia 8. Indeed, pharmacogenomics of β-blockade might have
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special importance as this therapy prolongs life and ameliorates symptoms, but concomitantly
impairs a critical mechanism for acutely increasing cardiac output in response to physiological
stress. Maintaining the proper balance between preservation of βAR signaling and avoidance
of βAR-mediated catecholamine toxicity may therefore be critical to outcome.

An important mechanism downregulating βAR signaling in heart failure is increased
expression of myocardial G-protein receptor kinase (GRK)-2, which phosphorylates cardiac
βAR, leading to recruitment of β-arrestin and receptor uncoupling from G-proteins and
downstream signaling effectors 9. While multiple studies have shown that expression of a
GRK2-inhibiting mini-gene can improve cardiac function in experimental models of heart
failure 10,11, cardiac-specific ablation of GRK2 in mice actually accelerates catecholamine-
induced heart failure 12. Thus, the effects of GRK2 on heart function appear to depend both
upon expression level and pathophysiological context. The function of the other dominant GRK
in the heart, GRK5 13, has not been as well defined: Genetic GRK5 ablation was not associated
with a cardiac phenotype in mice 14, but massive cardiac overexpression of bovine GRK5
depressed cardiac βAR responsiveness 15,16. Differences between GRK5 and GRK2 in sub-
cellular localization, mechanism of activation, and receptor specificity suggest that these two
cardiac GRKs may have non-redundant modulatory roles in the heart. Of particular interest is
the rapid up- and down-regulation of GRK2 that correlates with ventricular function 17,18,
which implies that the role of this GRK in the heart may be acute regulation. On the other hand,
GRK5 expression appears to less dynamic and may therefore be more important in chronic
regulation 19,20. As such, GRK5-mediated βAR desensitization could provide adaptive,
beneficial effects during early ventricular decompensation, and prior to frank failure.

To examine the above notion, we searched for human genetic variants of cardiac-expressed
GRK2 and GRK5 that might impart risk, modify the course, or alter the response to therapy
of heart failure. We identified a non-synonymous polymorphism of GRK5 that changes amino
acid 41 in the non-catalytic regulatory domain from glutamine (Q, the most common allele) to
leucine (L). In levels of increasing complexity, we have defined the phenotype of this
polymorphism in transfected cells, transgenic mice, and in two independent cohorts of cardiac
disease among African Americans, in whom the polymorphism is common. We show that the
GRK5-L41 variant augments βAR desensitization and represents a form of “genetic β-
blockade” that diminishes βAR signaling, confers resistance to experimental catecholamine-
induced cardiomyopathy, and protects against early death in African Americans with heart
failure.

RESULTS
GRK5, but not GRK2, exhibits genetic variability

Of the seven human GRKs, GRK5 and GRK2 predominate in myocardium 10,12,13.
Polymorphism discovery in the 16 exons of GRK5 and 21 exons of GRK2 was performed by
resequencing 96 DNA samples (Human Variation Collection of the Coriell Institute
[http://ccr.coriell.org/nigms/cells/humdiv.html]) from individuals of diverse ethnicity (40
Caucasians, 40 African American, 16 Asians), providing a 98% probability of detecting
polymorphisms with allele frequencies as low as 0.02. Four non-synonymous polymorphisms
were detected for GRK5, at cDNA nucleic acid positions 122 (A/T), 840 (G/A), 1274 (C/T)
and 1624 (C/G), resulting in amino acid changes at residues 41 (Q to L) (rs17098707), 304 (R
to H) (rs12718341), 425 (T to M) and 542 (P to A). The GRK5-Q41L variant was the only one
with an allele frequency greater than 2% in any ethnic group, and was therefore studied further.
In contrast to GRK5, we found no non-synonymous polymorphisms of the GRK2 coding exons,
including the D457V and K465M variants reported in dbSNP (NCBI SNP Cluster ID #
rs1977983 and rs1977982). To further confirm this, templates from the Whitehead Institute
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with the reported polymorphisms were sent to the University of Cincinnati and sequenced;
these two SNPs were not confirmed.

GRK5-Q41 and -L41 differentially affect β-adrenergic receptor desensitization in transfected
CHO cells

Amino acid 41 of GRK5 is adjacent to a lipid and calmodulin binding domain. To determine
the significance of the Q to L substitution at this position on the canonical desensitization
function of GRK5, the effects of recombinantly expressed GRK5-Q41 and -L41 on β1AR
desensitization were examined during continuous agonist exposure. Chinese Hamster Ovary
(CHO) cells were co-transfected with human β1AR (Arg389 variant, which is the most
common) and either GRK5-Q41 or -L41. Receptor expression (determined by radioligand
binding, data not shown) and GRK expression as determined by Western blotting were
equivalent (not shown). The rate and maximal level of cAMP accumulation over time in
response to 10 μM isoproterenol in these cells is a measure of receptor coupling to Gαs/adenylyl
cyclase, and is inversely related to receptor desensitization. As shown in Figure 1a, GRK5-
L41 cells had a different desensitization pattern compared to GRK-Q41 (P < 0.001 by
ANOVA), with a ~25% decrease in the rate of cAMP accumulation (4.7±1.2 vs 6.4±1.9,
P<0.05) and a ~33% decrease in maximal response (2.6±0.2 vs 3.8±0.4% conversion, P<0.05),
compared to GRK5-Q41. Thus, the GRK5-L41 polymorphism decreases β1AR signaling by
enhancing agonist-promoted desensitization.

Identification of a pharmacogenomic interaction between GRK5 –L41 and β-blockade in
human cardiac ischemia and failure

Diminished isoproterenol-stimulated βAR signaling by GRK5-L41 resembles receptor
antagonism by pharmacological β-blockers, suggesting that this polymorphism might interact
with or mimic β-blockade in human cardiac syndromes wherein β-blockers are standard
therapy. Accordingly, we genotyped for GRK5-Q41 or –L41 in two independent closely
matched and highly phenotyped cohorts of cardiac disease subjects, 810 individuals (568
Caucasians and 242 African Americans) from Cincinnati with New York Heart Association
class II – IV heart failure, and 822 individuals (580 Caucasians and 242 African Americans)
from Kansas City and Atlanta with acute cardiac ischemia. Clinical characteristics of the two
study groups are in Table 1. A non-affected control group consisted of 513 subjects (406
Caucasians and 107 African Americans) with negative histories and physical examinations for
cardiac disease, normal ECGs, and normal echocardiograms. Among Caucasians, L41 allele
frequencies were 0.013 (unaffected), 0.024 (heart failure), and 0.010 (acute ischemia), with no
association between Q41L genotype and either cardiac disease. Among African Americans,
L41 allele frequencies were ~10-fold higher than Caucasians, but again did not differ among
unaffected (0.23), heart failure (0.24), and acute ischemia (0.28) subjects. Heterozygous L41
genotype frequency among African Americans was 0.35 and homozygous frequency was
0.062, consistent with predictions from Hardy-Weinberg equilibrium (P=0.57). Thus, the
GRK5-L41 allele is rare in Caucasians, but common in African Americans, and is not
disproportionately represented in cardiac disease.

Since GRKs exhibit activity only for ligand-occupied receptors, and functional differences
between GRK5-Q41 and –L41 were observed only after catecholamine challenge (see Figure
1), it is not surprising that the GRK5 polymorphism does not alter the risk of developing either
heart failure or ischemia. In these syndromes, catecholamine excess and chronic βAR
stimulation occur during the course of the disease, and GRK5 effects (like protection afforded
by β-blockade) may therefore only be detectable after the disease and accompanying
catecholamine excess develop. Accordingly, we examined the heart failure and acute coronary
ischemia cohorts for any interaction between GRK5-L41 and β-blocker usage that influenced
survival.
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Among African Americans either with heart failure or acute coronary ischemic syndromes,
age- and gender-adjusted Cox proportional hazards modeling showed significant interactions
between GRK5-L41 and β-blocker usage on the endpoint of death (Likelihood Ratio P=0.036
and 0.023, respectively). In Caucasians, wherein the GRK5-L41 variant is rare, there was no
significant interaction in either the heart failure (P=0.46)or acute coronary ischemia (P=0.72)
cohorts. These results reveal pharmacogenomic interactions between the GRK5-L41 allele and
β-blocker therapy for heart failure and acute ischemic syndromes in African Americans only.

GRK5-L41 enhances β1-adrenergic receptor desensitization in transgenic mice
The above studies show that the GRK5-L41 variant decreases β1AR signaling in transfected
CHO cells much like partial β-blockade, and that there is a significant interaction between
GRK5-L41 and β-blocker use that affects long-term outcome in human heart failure and acute
myocardial ischemia. As human gene-association studies do not address molecular
mechanisms and are subject to epistatic effects from other polymorphisms, we further
characterized the effects of GRK5-Q41 and -L41 using mice in which each allele was
specifically expressed only in cardiac myocytes, so phenotypes would only reflect cardiac
effects of the GRK5s. Since prior 30-fold overexpression of bovine GRK5 in transgenic mouse
hearts significantly depressed basal and catecholamine-stimulated cardiac function 15,16, we
created a large number of founder lines to identify pairs of human GRK5-Q41 and -L41
expressing mice with comparable, low levels of expression (Figure 1b, upper panel). The
selected lines (Q41A and L41B) each exhibited 4 to 6-fold increases in myocardial GRK
activity assessed by rhodopsin kinase assay (Figure 1c) and immunoblotting (Figures 1b-d),
with no counter-regulation of GRK2 (Figure 1d). Importantly, no abnormalities of cardiac size,
histological appearance, disease-related gene expression, or basal contractile function (M-
mode echocardiography) were detected in GRK5-Q41 or -L41mice up to 6 months of age (Fig.
1e and data not shown), demonstrating that the presence of transgenic GRK5 at these levels
does not cause dysfunction, and revealing no apparent effect of the L41 variant in normal hearts.

To determine the consequences of GRK5-Q41 and -L41 on βAR stimulation of cardiac
contractility, mice underwent cardiac catheterization to measure left ventricular peak positive
dP/dt at baseline and in response to increasing doses of intravenous isoproterenol. Both GRK5-
Q41 and -L41 produced rightward shifts of the dose-response curves in comparison with
nontransgenic mice (Figure 1f; EC50 for GRK5-Q41 transgenics =0.135±0.041 ng/g/min, and
GRK5-L41 transgenics =0.086±0.025 ng/g/min, compared to 0.046±0.011 ng/g/min for
nontransgenics, P=0.02), reproducing previous findings with transgenic GRK2 and GRK5
10,15,16. In contrast, desensitization of βAR-stimulated contraction, measured during
continuous high-dose isoproterenol infusion, was greater (e.g., peak positive dP/dt response
was lower) after 10 minutes in GRK5-L41 mice than either -Q41 mice or nontransgenic controls
(P<0.001, n=12/group) (Figure 1g). This trend continued at 20 min (P=0.081), but after 30
minutes of continuous isoproterenol infusion desensitization in all groups had achieved similar
levels (P=0.133). These data demonstrate that GRK5-L41 is more effective than -Q41 in
desensitizingcardiac βAR under conditions of acute catecholamine excess.

GRK5-L41 protects against experimental heart failure caused by catecholamine excess
In experimental mouse models, overexpression of βARs 21 or their Gαs G-protein signaling
transducer 22 causes cardiac dilation and failure. Conversely, genetic ablation of the βAR/
Gαs downstream effector, adenylyl cyclase, preserves myocardial function after physiological
stress 23. The finding that GRK5-L41 accelerates isoproterenol-promoted βAR desensitization
suggested that, like beta-blockers 22, it might protect hearts from the effects of persistent βAR
stimulation, i.e. cardiac dilation, ventricular hypertrophy, and heart failure (Fig. 2a-c)12. To
directly examine this possibility we chronically administered isoproterenol to GRK5-Q41 and
-L41 transgenic mice via implanted osmotic mini-pump. Whereas GRK5-Q41 did not protect
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against isoproterenol-mediated increases in left ventricular chamber size (LVEDD; Fig. 2d)
and mass (LVM; Figs 2e and f), GRK5-L41 expression at the same levels was protective.
Whereas β-blockade ameliorated the effects of catecholamine cardiomyopathy in NTG and
GRK-Q41 mice (note LVEDD and LVM effects), in –L41 hearts β-blockade had no additional
protective effect (Figs. 2d-f). Both GRK5-Q41 and -L41 blunted the isoproterenol-mediated
deterioration in cardiac contractility (cVcf), while propranolol administration had relatively
little effect on this parameter (Fig. 2g). These results demonstrate that enhanced βAR
desensitization by GRK5-L41 can modulate catecholamine cardiotoxicity, protecting against
left ventricular remodeling and cardiomyopathy development similar to pharmacological β-
blockade.

GRK5-L41 prolongs survival in β-blocker naive human heart failure
In our human case-control gene association studies and transgenic mouse experiments we
found noevidence that the GRK5-L41 polymorphism could cause heart disease. However, we
identified a pharmacogenomic interaction between GRK5-L41 and β-blockers in African
American heart failure and coronary ischemia, and enhanced β-adrenergic receptor
desensitization in GRK5-L41 transgenic mice likewise altered the response to β-blocker
treatment under conditions of catecholamine excess. To further define the magnitude of the
clinical benefit of the GRK5 polymorphism, we undertook a prospective analysis of 375
African American heart failure subjects, comparing time to death or cardiac transplantation as
a function of GRK5-Q41L genotype and β-blocker treatment status. Characteristics of the
prospective study group, classified by GRK5 genotype and β-blocker use, are in Table 2.
Kaplan-Meyer analysis and Cox proportional modeling were utilized to assess potential effects
on outcomes. In addition, race-specific genotyping at short-tandem repeats was undertaken to
address potential population stratification. Validation techniques were then employed to show
internal reproducibility and predictiveness of the model.

Consistent with therapeutic benefits of β-blocker treatment in heart failure 4,24–26, individuals
homozygous for “wild-type” GRK5-Q41 who received β-blockers had longer transplant-free
survival times than those of the same genotype who were β-blocker naïve (controls) (HR=0.22,
95% CI=0.12 – 0.40, P<0.001; Figure 3a). In contrast, there was no difference in outcome
among L41 heart failure subjects regardless of β-blocker treatment (HR=0.78, 95% CI= 0.35
– 1.7, P=0.53; Figure 3b). To formally evaluate the interaction effect of β-blockers and GRK5-
L41 on time to death/transplant, we compared Cox Proportional Hazards models that included
age, sex, β-blocker usage, and genotype status, with and without an interaction term between
β-blocker usage and Q41L status. The model with the interaction term was significantly better
than the reduced model (likelihood ratio test P=0.005). The β-blocker-L41 carrier status
interaction term was significant at P=0.004, demonstrating an interaction between GRK5
genotype and β-blocker usage for the endpoint of death/transplant. β-blocker naïve L41
subjects had transplant-free survival times significantly greater than β-blocker naïve Q41
subjects (Figure 3c), but β-blocker treatment fully mimicked the survival advantage of L41
(Figure 3d). Similar results were obtained when all-cause mortality alone was considered
(Figures 3e, f). When the homozygous Q41 β-blocker naïve group was set as the reference to
derive age- and sex-adjusted hazard ratios for genotype and β-blocker treatment, β-blocker
naïve L41 carriers were protected against death/transplantation (Table 3) and death alone. In
β-blocker naïve subjects with two L41 alleles, the hazard ratio was 0.081 (95% CI 0.035 to
0.19), suggesting a gene-dose response.

Although not a prospective study, a cohort analysis within the case-control study of acute
coronary ischemia also showed an interaction between GRK5 genotype and β-blocker use. The
specific effect of genotype was most evident in those receiving β-blockers, where GRK5-L41
carriers exhibited improvement in survival (HR = 0.45, 95% CI = 0.238 – 0.853, P = 0.01).
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Given the reported associations between the β1AR Arg389 polymorphism and the response to
β-blocker treatment in heart failure 27, and between β1AR Arg-389 and α2c del 322-325
polymorphisms and the risk of having heart failure 28, we examined whether an interaction
between these functionally-related polymorphisms and GRK5-L41 might provide for a more
predictive model. We observed no significant interaction affecting time to death or cardiac
transplant between GRK5-L41 and β1AR Arg389 (P=0.46), between GRK5-L41 and α2c
del322-325 (P=0.21), or between all three polymorphisms (P=0.87).

Population stratification and significant differences in admixture within the African American
cohort have the potential to result in spurious associations. Therefore, we estimated % African
ancestry based on genotyping of 13 race-informative short tandem repeats 29,30. No difference
in racial admixture was found between the β-blocker treated (African ancestry = 73.4%) and
β-blocker naïve groups (African ancestry = 76.8 %; P=0.22). We then utilized the estimated
African ancestry as an additional term to adjust the Cox Proportional Hazards model, which
did not significantly change the hazard ratios and P-values (Table 3).

Internal reproducibility of the β-blocker-GRK5 interaction was assessed using a sequential
analysis procedure 31. We rejected the null hypothesis of no interaction at P<0.05 using 50
randomly chosen subjects (Stage I) and found that the remaining sample had a P=0.01 (Stage
II). When randomization and re-analysis were repeated 100 times, in 86% of the instances it
was rejected at least twice, considered a very high degree of internal reproducibility 32. To
assess the interaction’s predictive utility, we performed a leave-one-out cross-validation,
demonstrating that relative risks calculated from the β-blocker-GRK5 allele interaction Cox
Proportional Hazards model were significant predictors of transplant-free survival (P<0.001)
with an R2 of 0.039 (Supplemental Table S1). The predictive ability of the GRK5-L41 allele
compares favorably to clinical predictors of heart failure outcome (age, sex, hypertension),
which had an R2 of 0.023. The R2 increased to 0.05 when these clinical predictors were included
in the β-blocker-GRK5 allele interaction model.

DISCUSSION
Multiple polymorphisms within the βAR signaling pathway have been proposed as modifiers
of heart failure risk 7,8,27,33. Given the morbidity, mortality and health-care costs of heart
failure 34,35, efforts are underway to identify additional genetic markers that will indicate
prognosis and guide patient management. Here, we examined the genes encoding GRK5 and
GRK2 because they constitute a critical regulatory node for the pathophysiologically important
cardiac βAR signaling pathway that has not previously been explored for genotype-phenotype
interactions in human heart disease. Thesecandidate genes were particularly attractive since
their role in signaling is to modify receptor coupling to G-proteins and downstream adenylyl
cyclase, i.e., the important parameters of βAR function that are perturbed in heart failure.
Furthermore, GRK5 and GRK2 have the potential to modify signaling through both β1- and
β2AR receptor subtypes, as well as other critical receptors in heart failure 16,36. Compared to
the highly polymorphic receptors they regulate, we found these two human GRKs to be highly
conserved, with only one common non-synonymous polymorphism in GRK5 identified by
screening the complete coding sequences of both genes in 192 chromosomes. Interestingly,
there is also striking cross-species similarity in amino acid sequence for GRKs among
mammals, with 96% identity between human and mouse GRK5, and absolute conservation of
Q at position 41 or its analog from humans to zebrafish (Supplemental Figure 1). The rarity of
polymorphic variations in human GRK2 and GRK5 and the high degree of sequence
conservation between species for GRK5 suggest that minor changes can have significant
functional and physiological consequences, as we found for GRK5-L41.
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A major function of GRKs is uncoupling of ligand-occupied receptors from signaling effectors,
resulting in decreased cellular responsiveness (desensitization) and a time-dependent loss of
agonist promoted function at the organ level 9. In human heart failure, increases in myocardial
GRK2 activity 17,18 and marked desensitization of cardiac β1- and β2-AR 37 represent
endogenous processes that may be acting to protect the heart from high circulating
catecholamine levels 38,39. Here, we found a gain-of-function genetic polymorphism of GRK5
that augments βAR desensitization. As expected for a kinase that specifically modulates the
agonist-occupied form of G-protein coupled receptors, the GRK5-Q41 and –L41 variants could
not be distinguished in the absence of agonist. Indeed, within the African American population
where it is fairly common (~40% carry at least one allele), the GRK5-L41 polymorphism also
did not alter the risk for developing heart failure. However, GRK5-L41 was markedly more
effective than –Q41 in promoting isoproterenol-mediated β-receptor desensitization in
transfected cells and transgenic mice, and was associated with prolonged survival in clinical
heart failure. The transgenic mouse studies with GRK5-Q41 and -L41, which also showed a
β-blocker-like protective effect in the context of chronic catecholamine excess, indicate a major
role for direct cardioprotection by this polymorphism since expression was targeted specifically
to cardiac myocytes. Taken together, these data suggest that GRK5-L41 acts to attenuate
β1AR signaling in a manner similar to partial β1AR antagonism with β-blockers, favoring
protection against remodeling and improving survival.

An important feature of the current work is the mechanistic experiments in transfected cells
and transgenic mice. These experiments revealed a phenotype that aided in the design of our
human studies. Indeed, had analysis been restricted to conventional assessments of risk or
survival, the important pharmacogenomic phenotype might have been overlooked. Such
mechanistic studies are also crucial in making the case that the polymorphism is the basis of
the human phenotype, rather than another locus that is in linkage disequilibrium with GRK5-
L41 8. Our findings with this polymorphism in heart failure and acute ischemia, and the
observation that its actions are consistent with genetic β-blockade, provide additional insight
into inter-individual variation in outcome in these diseases, and suggest alternate monitoring
and treatment strategies in individuals with GRK5-L41. For example, in African-Americans
with heart failure who carry the GRK5-L41 allele it may be more prudent to maximize treatment
focused on other pathways rather than continue to treat aggressively with drugs that may
provide less additional benefit in these individuals. Since ~40% of African-Americans carry
GRK5-L41, personalization of medical care could impact a large number of individuals
suffering from cardiac disease.

METHODS
Study Subjects

Human study protocols were approved by the Institutional Review Boards of the University
of Cincinnati and Washington University. Subjects provided written informed consent.
Enrollment criteria for the heart failure observational study were: age of 18 to 80 years, left
ventricular ejection fraction of less than 40%, and New York Heart Association heart failure
class II–IV. Enrollment criteria for the acute coronary ischemia observational study were: age
of 18 to 80 years and hospital admission with the confirmed diagnosis of acute myocardial
infarction or unstable coronary syndrome. Non-affected controls were recruited from the
greater Cincinnati area. Racial classification as Caucasian or African American was self-
reported.

In the prospective GRK5-β-blocker interaction study, 402 African American heart failure
subjects were consented between May 1, 2000 and June 1, 2006, 242 of whom were also in
the observational study. Of these, 383 subjects completed input studies and had blood draw
for DNA. GRK5 genotypes were not obtained on five subjects (success rate of 98.7%), and
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three subjects (0.8%) were lost to follow-up. Genotypes of these three subjects were Q/Q. The
primary study endpoint was death or transplantation, with secondary endpoints of death or
cardiac transplantation only, with an average follow-up period of 30 months. β-blocker use
was defined as continuous therapy for at least 6 months. Decisions regarding β-blocker
treatment (73%-carvedilol, 22%-metoprolol, and 5%-others) were made by the subjects’
physicians.

Sequencing and Genotyping
Based on sequences of the human genes (accession numbers NC_000011 and NC_000010) the
exons for GRK2 and GRK5 were amplified from genomic DNA using PCR. (primers for GRK5
coding exons are in Supplemental Table S2). Polymorphism discovery and GRK5 genotyping
used bi-directional automated sequencing and outputs were aligned with reference sequence
using SeqScape v2.5, and variants individually verified by an investigator (RRP). African
American heart failure subjects were further genotyped at 13 race-informative short tandem
repeat loci 29.

In vitro βAR desensitization studies
Chinese Hamster Ovary (CHO) cells were transfected with cDNAs encoding the human β1AR,
and either empty vector, GRK5-Q41 or GRK5-L41. Cell monolayers were treated with
isoproterenol for the indicated times at 37°, and cAMP quantitated as previously described
40.

Experimental Heart Failure
Transgenic mice (FVB/N background) were generated using the α–myosin heavy chain (MHC)
promoter to express human GRK5-Q41 and L41 using methods similar to those previously
described 41. Multiple founders were identified by genomic Southern analysis of tail clip DNA.
F1 or F2 mice were sacrificed and myocardial GRK5 content analyzed by immunoblotting
with GRK5-specific antisera (Santa Cruz). Mouse lines with equivalent cardiac GRK5-Q41
and GRK5-L41 protein expression were propagated for study. Animals were treated in
accordance with approved University of Cincinnati Animal Care and Use Committee protocols.

To assess βAR responsiveness and desensitization, mice underwent left ventricular
catheterization 41 during graded infusions of the nonselective β-agonist isoproterenol, 0.01 to
0.32 ng/g/min., and sustained 30 minute infusion of 20 ng/g/min to evoke desensitization 42.
Heart failure was induced by chronic isoproterenol infusion by osmotic mini-pump 12. Cardiac
remodeling was assessed by transthoracic echocardiography.

Statistical Analysis
Student’s t-tests and chi-square tests were used to assess significant differences in variables
between ethnic groups and between genotype classes within ethnic groups. Hardy-Weinberg
Equilibrium (HWE) was assessed in each ethnic group separately. The primary clinical
endpoint was combined all-cause mortality or cardiac transplant; secondary endpoints were
all-cause mortality and cardiac transplantation. Differences in time from diagnosis to endpoint
were assessed using Kaplan-Meier curves and Log Rank tests 43. Hazards ratios were obtained
by Cox Proportional Hazards modeling 44 using an additive genetic model 45 after adjustment
for age at diagnosis, β-blocker usage, hypertension status, and sex. To assess internal
reproducibility of the association between GRK5 allele and survival we used an analytical
strategy that reduces the probability of type I errors through sequential hypothesis testing 31.
The smallest possible sample sizes were used to reject the null hypothesis of no GRK5-β-
blocker interaction, and the remaining samples were used to confirm those findings 46. The
type I error (α), type II error (β), and effect size D were preset to α=0.05, β =0.8, and D=0.5
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to create stopping rules for the procedure where the sample size N is considered a random
variable. Starting with n=50, the null hypothesis of no GRK5-β-blocker interaction was tested
using the Wald test and then sequentially another individual was added and retested.

To assess the predictive value of Cox proportional hazards models, we utilized leave-one-out
cross-validation. Each individual was sequentially left out and a Cox proportional hazards
model for time to death or transplant were fitted. Using the coefficients estimated with the
n-1 individuals, an overall relative risk was calculated for the individual left out. These relative
risks were then used as the predictor in a new Cox proportional hazards model. Because each
individual is omitted from the model used to calculate his relative risk, the performance of a
model using these relative risks as predictors approximates the predictive ability of the
association in an independent sample drawn from the same population. The performance of
each model was assessed using overall model significance and Cox Snell R2, a measure of the
model’s predictive ability 47. All analyses were carried out using the R Statistical Language
32. Two-tailed tests and an alpha level of 0.05 was used to assess significance. Percent African
ancestry was estimated with the program Structure 30.
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Figure 1. Characteristics of mouse hearts expressing GRK5-Q41 and GRK5-L41
a. Time dependent accumulation of cAMP in GRK5-transfected cells stimulated with
isoproterenol, 10 μM. b. (top) Immunoblot analysis of cardiac GRK5 from multiple lines of
GRK5-Q41 and GRK5-L41 transgenic mice. (bottom) Comparative subcellular localization
of GRK5-Q41 and –L41. c. Rhodopsin phosphorylation (bottom panel) by buffer (b) and
cardiac membranes from nontransgenic (ntg), Q41, and L41 hearts. Top panel shows
immunoreactive GRK5 from same fractions. d. Comparative immunoblot analysis of GRK5
and GRK2 in mouse hearts. e. Representative M-mode echocardiograms. ef In vivo contractile
dose-response (+dP/dt) to isoproterenol in GRK5-Q41 (black squares) and L41 (black
triangles) mice. Nontransgenic (NTG, open circles) are shown for comparison. *P<0.05 vs ntg
for Q41 and L41; #P<0.05 for L41. g. Mean data for time-dependent desensitization of dP/dt
response to infused isoproterenol in closed chest in vivo catheterization studies. n=12/group.
*P<0.05 vs ntg and Q41; # P=0.081 vs ntg and Q41.
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Figure 2. Cardiac expression of GRK5-L41, but not -Q41, confers resistance to catecholamine-
induced cardiomyopathy
a–c. Time course for development of catecholamine cardiomyopathy in normal mice (closed
triangles) and effect of β-blockade with propanolol (open triangles). LVEDD, left ventricular
end diastolic dimension; cVcf, velocity of circumferential shortening corrected for heart rate.
(n=6/group, *P<0.05 vs no propanolol). d–g. % change in cardiac parameters before and after
8 days of chronic isoproterenol treatment in vehicle (black, n=12/group) and propanolol (grey,
n=6/group) treated mice.. P values compare GRK5-Q41 and –L41 responses. *P<0.05 for
propanolol vs vehicle at day eight. ntg is shown for comparison.
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Figure 3.  Prospective analysis of GRK5 polymorphism interaction with β-blockade as a
determinant of heart failure outcome in African Americans
Kaplan-Meier curves for time from diagnosis of heart failure to death or cardiac transplantation
(a–d) or death alone (e,f). a. GRK5-Q41 by β-blocker usage. b. GRK5-L41 by β-blocker usage.
c. GRK5-Q41 no β-blocker use vs. GRK5-L41 no β-blocker use. d. GRK5-Q41 β-blocker users
vs. GRK5-L41 β-blocker users. e. GRK5-Q41 by β-blocker usage. f. GRK5-L41 by β-blocker
usage.
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Table 2
Descriptive Statistics of AA Heart Failure Subjects in the Prospective Study

Only Q Alleles ≥ 1 L Allele
Variable No BB Use (N=34) BB Use (N=182) No BB Use (N=27) BB Use (N=132)

Fractional Shortening (%) 26±12 22±11 24±10 23±12
LV Ejection Fraction (%) 34±25 34±14 31±14 34±14

Non-ischemic Cardiomyopathy (%) 76 66 69 71
Ischemic Cardiomyopathy (%) 21 31 27 29
LV Mass Indexed to BSA (g) 160±51 178±58 180±72 186±69

Percent Predicted LV Mass (%) 175±55 178±56 179±55 198±69
Hypertension (%) 85 80 67 81

Female (%) 56 43 48 46
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