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 Serine/ Threonine Kinases  

     3 classes:   GRK1 (Rhodopsin Kinase), GRK7 

       GRK2 (bARK1), GRK3 (bARK2) 

       GRK4, GRK5, GRK6 

Adapted from Pao CS and Benovic JL, Science's STKE 8 October 2002, pp. pe42  

G Protein-Coupled Receptor 

Kinases (GRKs) 
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NHLBI Fact Book 2007 

Heart Failure Therapeutics 

ACC/AHA 2005 Guideline Update for the Diagnosis and 

Management of Chronic Heart Failure in the Adult

Young JB, 

HFSA 2007 

Table 1: Alterations in β-AR Signaling Pathways 

in Chronic HF (12) 

Molecule Change 

β1-AR ↓, uncoupled 

β2-AR NC, uncoupled 

GRK2 ↑ levels, activity 

GRK3 NC 

GRK5 ↑ levels 

Arrestin2 NC 

Arrestin 3 NC 

Gi ↑  

Gs NC 
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GRK2 
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b-AR 

 b AC 

Epi/NE 

 

GRK2 cAMP ATP 

bARKct 

The bARKct as a 

GRK2 Inhibitor 
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GRK2 and bARKct Transgenic 

Mice 

Koch et al., Science, 1995 
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bARKct rescues several different 

 murine models of  HF 

Murine model      Result of bARKct cross           Reference 
  

MLP-/- Knockout       Complete functional rescue with restored  

        bAR responsiveness     1 

  

Transgenic Cardiac       Rescue of cardiac function with smaller  

CSQ Overexpression      cardiac dimension and also improved survival   2 

  

Transgenic Cardiac       Rescue of function, prevention of hypertrophy 

Expression of a Mutant      and dimensions and improved exercise 

Myosin Heavy Chain (HCM)      tolerance      3 

  

Transgenic Cardiac        Hypertrophy prevented 

Overexpression of MCP-1        4 

  

Transgenic Cardiac        Only bAR signaling improved with 

Overexpression of dominant-      no functional or mortality rescue 

Negative mutant of CREB        5 

(CREBA133) 1.  Rockman et al. 1998 PNAS 95:7000-7005. 

2.  Harding et al. 2001 PNAS 98:5809-5814. 

3.  Freeman et al. 2001 J Clin Invest  107:967-974. 

4.  Khouri et al. 2002  J Amer Coll Cardiol  39:I-164. 

5.  Eckhart et al. 2002  J Mol Cell Cardiol  34:669-677. 
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AAV6 

HF Rescue with bARKct  

Gene Therapy in Rats 

12 weeks 12 weeks 1 day 

Echo Echo 

Hemodynamic 

MI 

Gene delivery - 

4x1011 vp  

Saline  

rAAV6-βARKct 

 

rAAV6-GFP  

 

rAAV6-GFP Metoprolol  

 

rAAV6-βARKct Metoprolol  
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Potential Actions 

of the bARKct as a Gb Sequestrant 

Additional Gb – GRK2 Inhibitory Actions  

 Enhanced signaling through other GPCR’s  

 Non-GPCR actions of GRK2 (i.e. cytoskeleton proteins) 

 MAP Kinase signaling (Gb-dependent = GRK2-dependent) 

  

 Novel GRK2 + Gb Binding Partner 

 Gb - PI3-Kinase        Activity is inhibited in bARKct mice after TAC 

 

Other Gb-Mediated Signaling 

   Doubtful 

 Gb - AC           Cardiac AC’s (V and VI) not regulated by Gb 

 Gb - PLCb       Gq-PLC activity not altered in bARKct mice 

         Gi/Gs - PLC activity weak or absent in the heart 
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MI 

GRK2 KO 

(Tamoxifen) 

Rescue-study 

•Model: Mouse myocardial infarction 

•Genetic line: αMHC-MerCreMer x GRK2 fl/fl  

GRK2 

CSQ 
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Raake et al., Circ Res 2008 

Conditional GRK2 

Knockout Mouse 

ФX 

400 bp 

300 bp 

LV    Lu    Li    LV    Lu   Li 

GRK2(+/+) MHC-Cre/GRK2(f/f) 

DNA (whole hearts) 
Matkovitch et al., Circ Res 2006 

MerCreMer x GRK2 Flox 
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Rengo et al., Circulation, 2009 

Cardiac bAR Signaling  

Status 
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Rengo et al., Circulation, 2009 

Feedback to Quiet 

Neurohormonal System 





P 

CA 

Adrenal chromaffin cell Cardiac myocyte 

γ 
β 

α 

extracellular 

intracellular 

α2-AR 
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γ β 

GRK2 

CA containing vesicles 

(desensitized) 
inhibition 
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(blood circulation) 

Contractility  
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ATP cAMP 

PKA 
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Chronic heart failure Chronic heart failure 
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GRK2 
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Lymperopoulos and Koch, Nature Medicine, 2007 
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GRK2 Inhibition and KO 

in Chronic HF Models 

Chronic bARKct expression or lowering of 
expression improves LV function and morphology 

in rats and mice with HF 

Cardiac GRK2 inhibition in HF causes 
neurohormonal feedback to decrease SNS activity 
and lowering of aldosterone - indirect effect due to 
improved contractile function and responsiveness 

Data indicates that bARKct action in HF is primarily 
via GRK2 inhibition since KO phenotype is similar – 

still a role for Gb vs GRK2 

Inhibition of GRK2 represents a potential new drug 
class, targeting bAR and other GPCR systems from 

“the inside out” 
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Clinical trials 

Large animal 

models 

Small animal 

models 

Transgenics 

Ex vivo testing 

Therapeutic 

Design 

Clinical 

observation 

Final Translation 

Sheep and pig models of intracoronary gene 

delivery and HF rescue ongoing in Germany and 

Philadelphia. – Pre-Clinical efficacy finished in pigs 

(Raake et al – Monday Oral Presentation) and TOX 

studies being started. 

left ventricle right ventricle 

apex 
lateral 

wall 

anterior 

wall 

posterior 

wall 
septum 

free 

wall 
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tract 
left 

atrium 
right 
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0                               0.5 

Reperfusion 

LAD 

occlusion 

Ischemia 

                  Hour 

3                                                      24 

Experimental outcomes: 

1)    Western Blotting 

2)    Apoptosis (TUNEL, Caspases) 

3) Cardiac function (Echo/Hemo) 

4) Infarct size (TTC) 

 

Role of GRK2 in Acute Ischemic 

Injury 

Brinks et al, Circ Res, 2010 
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GRK2 and bARKct Mice 

after I/R Injury 
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TUNEL TUNEL / DAPI 

sham 

GRK2 

NLC 

bARKct 

Apoptosis after I/R Injury in GRK2 

and bARKct Mice 
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Catecholamines (β-AR) 

Histamine/Bradykinin  

Prostanoids 

Adenosine (A2a/A2b) 

Opioids 
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GPCR 

AKT 

pBAD 

PIP3 

p70S6K 

Caspase 9 

eNOS 

Caspase 3 

PIP2 

Gαs 

β γ 

Apoptosis 

Anti-apoptotic Signaling in I/R 

Injury 
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Liu et al., Nat Med 2005 

GRK2 and Akt  
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Anti-apoptotic Signaling 

Promoted by βARKct In Vitro  
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b1-AR 

b2-AR 

Differential bAR Sub-type 

Signaling in Transgenic Mice 

Low Overexpression High Overexpression 

Signaling through b1-ARs appears to trigger cardiomyocyte  

apoptosis while b2-AR signaling does not promote,  

or may even protect against b1-AR-mediated myocyte death 
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b2AR Antagonism Negates bARKct- 

Mediated Cardioprotection 
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GRK2 and Acute 

I/R injury 

Brinks et al, Circ Res, 2010 
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*p < 0.05 vs. M-IR and G-IR. 

Cardiac GRK2 KO Mice 

and I/R  

Injury 

Gao and Koch, Unpublished – Wed Afternoon - Oral 
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GRK2 activity promotes myocyte cell death in 
response to ischemic and oxidative stress.  Appears to 

be pro-apoptotic through inhibition of Akt. 

GRK2 up-regulation acutely after myocardial injury 
must not be adaptive as it promotes injury and acute 

myocardial dysfunction. 

GRK2 inhibition with bARKct (as well as GRK2 KO) 
protects ischemic myocardium with enhanced survival 
signaling through Akt-NOS-NO. This appears to occur 

at least partially through enhanced b2AR signaling. 

GRK2 inhibition offers benefits both acutely and 
chronically after ischemic injury promoting improved 
cardiac survival and function – thus, targeting GRK2 

appears to be novel therapy for HF progression. 
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