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ABSTRACT

Aims
Dysregulation of protein kinase mediated signaling is considered an early event in the 
most common clinical cardiac arrhythmia, atrial fibrillation (AF), as in a variety of other 
diseases. Kinomic profiling represents a promising technique to identify candidate 
kinases. Here, we employ such profiling to identify kinases involved in AF remodeling 
using atrial tissue from control and tachypaced dogs. To enhance detection of 
potentially druggable kinases, both groups were contrasted with tachypaced dogs 
protected from atrial remodeling by treatment with geranylgeranylacetone (GGA).

Methods and Results
Three groups of dogs were included: non-paced controls (C), atrial tachypaced (TP), 
conducted at 400 bpm for 7 days, and TP+GGA treated. Left atrial tissue was used 
for kinase arrays containing 1024 kinase pseudo-substrates. TP significantly changed 
activity of 50 kinases, which was prevented by GGA for 40 kinases (80%) involved in 
cell differentiation and proliferation, contraction, metabolism, immunity, development, 
cycle (CDK4) and survival (Akt). The role of Akt and CDK4 was verified in tachypaced 
HL-1 atrial cardiomyocytes, by pharmacological and/or genetic manipulations. 
Inhibitors of Akt (MK2206) and CDK4 (PD0332991) and overexpression of a dominant 
negative phosphorylation mutant of CDK4 protected against tachypacing-induced 
contractile dysfunction, confirming their role as key kinases in tachypacing-induced 
cardiomyocyte remodeling. 

Conclusion
Kinomic array analysis offers a versatile tool to identify kinases involved in atrial 
remodeling due to tachypacing, which include Akt and CDK4. Pharmacological inhibition 
of Akt and CDK4 protects against tachypacing-induced contractile dysfunction in HL-1 
cardiomyocytes, suggesting that the findings expand on the therapeutic possibilities 
to treat clinical AF.
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INTRODUCTION
Atrial fibrillation (AF) is the most prevalent and persistent clinical tachyarrhythmia.1,2 
Its maintenance and progression is driven by AF-induced structural, contractile 
and electrophysiological remodeling of cardiomyocytes, commonly denoted as 
electropathology.1,3-5 Atrial remodeling creates a substrate for AF, which limits the 
efficacy of current drug and cardioversion therapies.1,6 Therefore, identification of the 
molecular mechanisms underlying AF-induced atrial remodeling will provide insight 
into AF maintenance and progression, and may identify novel therapeutic targets. 
At the molecular level, dysregulation of kinase activity contributes to AF-induced 
remodeling. In experimental models for AF, as well as in patients, activity of several 
kinases is changed.7-9 Their altered activity is thought to contribute to AF-induced 
remodeling through (de)phosphorylation of diverse downstream effector proteins 
including diverse ion channels,7,10,11 calcium handling proteins,2,11 gap-junction proteins, 
contractile proteins,11 cytoskeletal proteins8 and transcription factors.12,13 Changes in 
phosphorylation status of these proteins during AF in turn affect electrical properties, 
calcium homeostasis, contractility and gene transcription.1,14-17 
Although several kinases have been implicated in AF-induced remodeling, an integrated 
overview of AF-induced kinases and their targets is lacking. Therefore, we determined 
the kinase activity profile in an in vivo dog model for AF18 by analyzing overall kinase 
activity using a kinomic array containing 1024 pseudo-substrates. To examine changes 
invoked by tachypacing, we contrasted the kinase profiles of left atrial tissue of atrial 
tachypaced versus non-paced control dogs. In addition, to identify the most promising 
kinase targets for therapy, we further contrasted these profiles to a third group of 
tachypaced dogs orally treated with geranylgeranylacetone (GGA), a potent Heat Shock 
Protein (HSP) inducer previously shown to fully protect against tachypacing-induced 
atrial remodeling.18-20 Subsequently, the possible therapeutic implication was examined 
in an in vitro model of AF using pharmacological and genetic manipulation of kinase 
activity. 

MATERIALS AND METHODS
Canine in vivo model for AF
The dog atrial tissue used for the kinase profiling was obtained from experiments 
performed at the Montreal Hearth Institute as described before.18 The dog experiments 
were according to the guidelines for animal handling of the National Institutes of 
Health and approved by the Animal Research Ethics Committee of the Montreal Heart 
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Institute. Three dog groups were included and consisted of five mongrel dogs (28 to 38 
kg) per group. Dogs were anesthetized with ketamine (5.3 mg/kg i.v.), diazepam (0.25 
mg/kg i.v.) and halothane (1.5%) before undergoing the insertion of unipolar pacing 
leads into the right ventricular apex and right atrial (RA) appendage. Subsequently, 
the pacing leads were connected to pacemakers (Vitatron), which were implanted in 
subcutaneous pockets in the neck. Radiofrequency catheter ablation was performed 
to create an atrioventricular block to prevent excessively rapid ventricular responses 
due to atrial tachypacing (TP). The groups were assigned different pacing schedules; 
the control group (C) was non-paced and for the TP group and the TP+GGA group, 
pacemaker frequency was set to 80 bpm (right ventricle). After a recovery period of 24 
hours, atrial tachypacing was set at 400 bpm for the duration of 7 days. GGA treatment 
of the TP+GGA group consisted of administering GGA orally (120 mg/kg per day), 
starting 3 days before and continuing throughout the duration of atrial tachypacing. 
After 7 days of atrial tachypacing, dogs were anesthetized with morphine (2 mg/kg 
s.c.) and α-chloralose (120 mg/kg i.v., followed by 29.25 mg/kg per hour) and ventilated 
mechanically. AF vulnerability and effective refractory period (ERP), as well as 
cardioprotective effects of GGA on tachypacing-induced myocyte cell death, ICaL, APD 
alterations and HSP protein expression, were determined and reported previously.18 For 
kinome analysis, left atrial tissue was snap-frozen and stored at -80°C. 

Kinome array 
Kinome arrays were performed according to the manufacturer’s instructions. The 
detailed protocol of the kinome array is described by Pepscan Presto (http://www.
pepscan.com/presto/products-services/kinase-profiling/). The peptide arrays 
(Pepscan, The Netherlands) contain 1024 different kinase pseudo-substrates, each 
spotted in triplicate to confirm reproducibility of the results. Arrays were incubated 
with 150 µg of pooled (per group) left atrial appendage lysates and 33P-γ-ATP for 90 
minutes in a humidified stove at 37°C. Subsequently, the array was washed twice in 
2M NaCl, twice in 1x PBS containing 1% SDS, once under tap water and a final wash in 
distilled water. Slides were air dried and exposed to a phosphor-imaging screen for 72 
hours and scanned on a cyclone plus storage phosphor system (PerkinElmer, USA). Per 
group, a technical replicate of 3 array slides was applied to enhance reliability of the 
results. To assess the technical quality of the profiles, Pearson correlation coefficients 
were determined, which, according to manufacturer’s guidelines, should be >80%. As 
phosphatase activity is inhibited in the assay (with phosphatase inhibitors), differences 
in substrate phosphorylation are caused by altered kinase activity. 
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Peptide array imaging and data analysis
After imaging, the scanned phosphor images were analyzed using Mathlab. In short, 
a grid tool was applied to the arrays and spot intensities of substrates as well as 
background and slide gradient levels were determined. Background was subtracted for 
all individual spots. Inconsistent data identified by a flagging procedure was excluded 
from further analysis. Flags assigned included: Kolmogorov-Smirnoff statistic at a cut-
off P<0.01 to exclude spots with a value distribution that cannot be distinguished from 
the background, flags indicating artefacts, over shine effects by neighboring bright 
spots, no contrast at the spot position, incorrect position in the grid, the spot shape 
larger than the defined cutoff of 1.6 or the presence of too many saturated pixels with 
a cutoff of 3 or more pixels. Furthermore, outliers were determined and excluded, as 
defined by values outside the average ± 2*SD range. After exclusion of flagged data 
and outliers, the remaining data was median normalized to the control. 
For further analysis, the relative difference between spot intensities of TP and TP+GGA 
groups were compared to the control group. For determination of effects of TP and 
TP+GGA treatment on kinase activity, substrates sharing the same upstream kinases 
were grouped per kinase. Subsequently, the average of overall intensity was determined 
per group. All the substrate phosphorylation intensities as well as overall kinase 
activities displayed in the figures and tables are shown as log2 transformed data. The 
software BRB array tools, developed by Dr. Richard Simon and the BRB-ArrayTools 
Development Team (available at http://linus.nci.nih.gov/BRB-ArrayTools.html), was 
applied to perform hierarchical clustering and to generate heat maps of the obtained 
data set. Substrate intensity change was considered significant at a P-value <0.05 as 
determined by Student’s t-test.

HL-1 atrial cardiomyocyte tachypacing, transfection, drugs and 
calcium transient measurements
HL-1 atrial cardiomyocytes, derived from adult mouse atria, were obtained from Dr. 
William Claycomb, and cultured as previously described.18,21 The cardiomyocytes 
were tachypaced (TP, 5Hz with 40V and 20ms pulses) with a C-Pace100 culture pacer 
(IonOptix Corp., USA) for 10 hours. Ca2+ transient (CaT) measurements were performed 
as previously described.18,21

Prior to tachypacing, HL-1 cardiomyocytes were treated for 14 hours with 100 nM Akt 
inhibitor MK2206 (Sigma, The Netherlands) or with 500 nM CDK4 inhibitor PD0332991 
(Sigma, The Netherlands). To study the effect of CDK4 on CaT, HL-1 cardiomyocytes 
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were transfected with the wtCDK4, CDK4-T172A (kind gift Prof. P. Roger)22 or pcDNA3+1 
(empty) plasmid, by the use of Lipofectamine 2000 (Invitrogen, The Netherlands).

Protein extraction and Western blot analysis
HL-1 cardiomyocytes or left atrial tissue from dogs was lysed in RIPA buffer and 
Western blot analysis was performed as described before.21 Briefly, equal amounts of 
protein homogenates were separated on SDS-PAGE gels, transferred onto nitrocellulose 
membranes and probed with anti-phospho-Akt (Ser473, #4060; Thr308, #9275), anti-
Akt (#4691, Cell Signaling Technology, The Netherlands) or anti-GAPDH (Fitzgerald,  
USA). Blots were subsequently incubated with horseradish peroxidase-conjugated anti-
mouse or anti-rabbit secondary antibodies (Dako, Denmark). Signals were detected by 
the Western Lightning Ultra detection method (PerkinElmer, USA) and quantified by 
densitometry (GeneTools, Syngene, UK).

Statistical analysis
Statistics performed on the kinomic peptide array are described above. Results are 
expressed as mean ± SEM. Biochemical analyses were performed at least in duplicate. 
Multiple-group comparisons were obtained by ANOVA with a Bonferroni correction. 
Individual group-mean differences were evaluated with Student’s t-test. All P-values 
were two-sided and considered significantly different at P≤0.05. SPSS version 22 was 
used for all statistical evaluations.  

RESULTS
Identification of key kinases involved in tachypacing-induced 
atrial remodeling
To identify kinases involved in tachypacing-induced atrial remodeling, we determined 
changes in kinase profiles of an in vivo canine model for AF. Kinase profiles of dog left 
atrial tissue were obtained from PepChipTM kinomic arrays (1024 peptide substrates) 
by quantifying 33P labeling of spots after incubation with tissue lysate, while inhibiting 
phosphatase activity. All arrays showed substantial radioactivity and representative 
phosphor images are shown in Figure 1A. Technical quality of the analysis was good, 
demonstrating a within-slide correlation of 91.1 ± 2.5, 91.8 ± 4.9 and 82.8 ± 3.8% and a 
between-slide correlation of groups of 82.4 ± 6.6, 81.3 ± 7.3 and 84.7 ± 3.6% for C, TP and 
TP+GGA, respectively (data not shown). Subsequently, data quality of each individual 
spot was improved by a flagging and outlier removal procedure (see methods) with 
exclusion of substrates that had missing values in one or more groups. Then, the 
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substrate profile of left atrial tissue of control non-paced (C) was contrasted to those 
of atrial tachypaced (TP) and atrial tachypaced with GGA treatment (TP+GGA). A heat-
map generated from the profiles showed TP to change the phosphorylation intensity 
patterns compared to C, which was partially attenuated by GGA treatment (Figure 1B). 
Hierarchical clustering using Euclidean distance and average linkage showed that 
the TP+GGA group clustered with the C group rather than the TP group (Figure 1C), 

Figure 1 GGA treatment partially protects against tachypacing-induced changes in substrate phosphorylation. 
A) A representative phosphor image of the kinase array per group, non-paced controls (C), tachypaced (TP) 
and tachypaced and GGA treated (TP+GGA). B) Heat-map of overall substrate phosphorylation changes in 
response to tachypacing (TP) and tachypacing and GGA treatment (TP+GGA) in comparison to non-paced 
control group (C). Tachypacing caused a significant change in spot intensity of 232 substrates, of which 95 
decreased and 137 increased, which is normalized by GGA treatment. C) Dendogram showing the hierarchical 
clustering to Euclidean distance with average linkage for all three groups.
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indicating that GGA treatment attenuates the TP-induced alterations in kinase activity 
To identify changes in kinase activity, substrates were grouped per upstream kinase 
and overall activity was determined per group. When contrasting the TP to the control 
group, a total of 50 kinases differed significantly in activity. Of these kinases, 21 kinases 
showed decreased activity and 29 kinases increased activity by TP (Table 1 and 2). 
Several kinases with decreased activity are related to proliferation, differentiation 
and cell survival pathways. Whereas kinases with increased activity are also related 
to proliferation, differentiation, survival pathways and, in addition, cell cycle, muscle 
contraction and metabolism. As GGA treatment protects against tachypacing-induced 
atrial remodeling,18-20 kinases normalized by GGA treatment likely reflect kinases 
with an important contribution in atrial remodeling. Of the 50 kinases changed by 
tachypacing, GGA treatment prevented 33 completely and 7 partially (Table 3, Figure 2). 
The 7 partially restored kinases were PKA, ERK5, MLCK, SRC, TXK, CCNB1 and EphB2. 
We next grouped the total of 40 kinases changed by GGA by category according to 
their function (Figure 2), showing that they are involved in the regulation of cell cycle, 

Table 1 Overview of kinases with reduced activity in TP compared to control
Kinase C TP GGA Function 
ASK1 5.93 4.81 6.14 Proliferation/differentiation/survival
TYK 7.22 6.23 6.77 Proliferation/differentiation/survival
SHP2 7.68 6.74 7.43 Proliferation/differentiation/survival
HGFR 6.77 5.85 6.48 Proliferation/differentiation/survival
KIT 6.60 5.69 6.49 Proliferation/differentiation/survival
BRK 6.41 5.60 6.48 Proliferation/differentiation/survival
IL4 6.78 6.02 6.55 Immunity
EphB3 8.41 7.67 7.78 Development
EphA4 7.84 7.11 6.97 Development
PDGFRA 6.77 6.06 6.56 Proliferation/differentiation/survival
ALK 7.94 7.27 7.11 Development
FLT3LG 7.27 6.70 6.52 Immunity
LKB1 6.76 6.20 6.70 Metabolism
Fyn 6.86 6.34 6.84 Proliferation/differentiation/survival
BTK 7.36 6.92 7.05 Immunity
MEK5 7.26 6.83 7.05 Proliferation/differentiation/survival
SYK 6.71 6.28 6.68 Immunity
MLCK 7.68 7.27 7.40 Muscle contraction 
CHK1 7.69 7.29 7.73 Cell cycle
INSR 7.58 7.22 7.40 Metabolism
SRC 7.32 7.01 7.12 Proliferation/differentiation/survival

All substrate intensities are log2 normalized data
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Table 2 Overview of kinases with increased activity in TP compared to control 
Kinase C TP GGA Function 
CDC2 7.23 7.50 7.32 Cell cycle
SDK1 8.35 8.66 8.15 Development
AKT 7.43 7.74 7.50 Proliferation/differentiation/survival
CCNB2 8.28 8.67 8.08 Cell cycle
TXK 7.34 7.73 7.62 Immunity
KCNQ1 6.90 7.30 7.31 Muscle contraction 
CCNB1 7.45 7.86 7.72 Cell cycle
MAPK4 7.82 8.25 7.91 Proliferation/differentiation/survival
CDK2 7.08 7.52 7.19 Cell cycle
PRKACA 8.16 8.61 8.09 Proliferation/differentiation/survival
GRK 9.02 9.48 9.12 GPCRs
TTN 9.11 9.59 8.73 Muscle contraction 
MEK1 7.61 8.10 7.52 Proliferation/differentiation/survival
EphB2 6.38 6.89 6.81 Development
MAP3K7 6.63 7.15 6.89 Environmental stress
PKA 7.55 8.10 7.79 Metabolism
DYRK1A 5.71 6.28 6.65 Development/proliferation
CCND1 7.58 8.23 7.82 Cell cycle
MAPK2 6.81 7.46 7.77 Proliferation/differentiation/survival
MST2 4.35 5.01 6.62 Immunity
CDK4 7.04 7.74 7.30 Cell cycle
FGF2 4.64 5.40 5.86 Proliferation/differentiation
SGK3 6.08 6.87 6.57 Proliferation/differentiation/survival
p90RSK 7.69 8.57 7.68 Environmental stress
HGF 5.31 6.30 6.43 Growth factor
PKCT 7.84 9.09 7.65 Immunity
ERK5 6.14 7.78 6.96 Proliferation/differentiation/survival
PHKA1 8.42 10.37 9.15 Metabolism
PRKAR2B 8.38 10.49 9.43 Metabolism

All substrate intensities are log2 normalized data

development, immunity, metabolism, muscle contraction or have a role in proliferation, 
differentiation and survival pathways.

Identification of a key role for Akt and CDK4 in tachypaced HL-1 
cardiomyocytes
To focus our attention on potential readily druggable targets, we selected kinases 
from Table 3 for which antibodies displayed cross-reactivity in dog and/or for which 
inhibitors of the kinase were available. Only two kinases passed this selection screen, 
i.e. Akt and CDK4. 



Kinomic array analysis identifies Akt and CDK4 as druggable kinases limiting Atrial Fibrillation remodeling

85

Chapter 4

-3                 -2                -1                 0                  1                  2                 3              

Cell cycle 

CHK1	  
CDC2	  
CCNB2	  
CCNB1	  
CDK2	  
CCND1	  
CDK4	  
EphB3	  
SDK1	  
EphB2	  
MAP3K7	  
GRK	  
	  

IL4	  
BTK	  
SYK	  
TXK	  
PKCT	  
	  

LKB1	  
INSR	  
PKA	  
PHKA1	  
PRKAR2B	  
	  

MLCK	  
TTN	  
ASK1	  
TYK	  
SHP2	  
HGFR	  
KIT	  
BRK	  
PDGFRA	  
	  

Fyn	  
MEK5	  
SRC	  
MAPK4	  
PRKACA	  
MEK1	  
SGK3	  
ERK5	  
Akt	  

Development 

Immunity 

Metabolism 

 Contraction 

Proliferation 
Differentiation 
Survival 

Figure 2 GGA treatment partially protects against tachypacing-induced changes in overall kinase activity. 
Kinases with changed activity were identified by determining changes in substrate phosphorylation. 
Differences between the indicated groups of log2 normalized overall kinase activity are displayed. Kinases are 
grouped according to their main function. Only kinases are displayed whose activity is (partially) attenuated 
by GGA treatment. C: non-paced controls, TP: tachypacing, GGA: tachypacing and GGA treatment.
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Kinase C TP GGA Function
CHK1 7.70 7.29 7.73 Cell cycle
CDC2 7.23 7.50 7.32 Cell cycle
CCNB2 8.28 8.67 8.08 Cell cycle
CCNB1 7.45 7.86 7.72 Cell cycle
CDK2 7.08 7.52 7.19 Cell cycle
CCND1 7.58 8.23 7.82 Cell cycle
CDK4 7.04 7.74 7.30 Cell cycle
EphB3 8.41 7.67 7.78 Development
SDK1 8.35 8.66 8.15 Development
EphB2 6.38 6.89 6.81 Development
MAP3K7 6.63 7.15 6.89 Environmental stress
GRK 9.02 9.48 9.12 GPCRs
IL4 6.78 6.02 6.55 Immunity
BTK 7.36 6.92 7.05 Immunity
SYK 6.71 6.28 6.68 Immunity
TXK 7.34 7.73 7.62 Immunity
PKCT 7.84 9.09 7.65 Immunity
LKB1 6.76 6.20 6.70 Metabolism
INSR 7.58 7.22 7.40 Metabolism
PKA 7.55 8.10 7.79 Metabolism
PHKA1 8.42 10.37 9.15 Metabolism
PRKAR2B 8.38 10.49 9.43 Metabolism
MLCK 7.68 7.27 7.40 Muscle contraction 
TTN 9.11 9.59 8.73 Muscle contraction 
ASK1 5.93 4.81 6.14 Proliferation/differentiation/survival
TYK 7.22 6.23 6.77 Proliferation/differentiation/survival
SHP2 7.68 6.74 7.43 Proliferation/differentiation/survival
HGFR 6.77 5.85 6.48 Proliferation/differentiation/survival
KIT 6.60 5.69 6.49 Proliferation/differentiation/survival
BRK 6.41 5.60 6.48 Proliferation/differentiation/survival
PDGFRA 6.77 6.06 6.56 Proliferation/differentiation/survival
Fyn 6.86 6.34 6.84 Proliferation/differentiation/survival
MEK5 7.26 6.83 7.05 Proliferation/differentiation/survival
SRC 7.32 7.01 7.12 Proliferation/differentiation/survival
MAPK4 7.82 8.25 7.91 Proliferation/differentiation/survival
PRKACA 8.16 8.61 8.09 Proliferation/differentiation/survival
MEK1 7.61 8.10 7.52 Proliferation/differentiation/survival
SGK3 6.08 6.87 6.57 Proliferation/differentiation/survival
ERK5 6.14 7.78 6.96 Proliferation/differentiation/survival

AKT 7.43 7.74 7.50 Proliferation/differentiation/survival/
Metabolism/cell cycle

All substrate intensities are log2 normalized data

Table 3 Kinases with altered activity by TP and significant protected by GGA treatment
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Akt is an interesting candidate because of its role in key cellular processes, including 
survival pathways, metabolism and cell cycle. Consistent with the array analysis, TP 
dogs showed a significant increase in the Thr308 phosphorylation of Akt and a trend 
towards increase in phosphorylation of S473, while phosphorylation was normalized in 
TP+GGA to control levels (Figure 3A and B). To verify whether Akt represents a potential 
druggable target to protect against tachypacing-induced contractile dysfunction, HL-1 
cardiomyocytes were pretreated with 100 nM MK2206 prior to and during pacing. 
MK2206 both reduced Akt-S473 phosphorylation and attenuated tachypacing-induced 
loss of contractile function by preserving calcium transients (CaT; Figure 3C and D and 
S1). 
The other interesting target is CDK4, as it represents the larger group of cell cycle 
related kinases, which are involved in cardiac hypertrophy,23,24 as also found in 
AF.25 While commercially available antibodies for CDK4 are lacking, palbociclib 
(PD0332991) is an FDA-approved selective CDK4 inhibitor used for the treatment of 
breast cancer.26 To test whether CDK4 represents a druggable target in AF, tachypaced 
HL-1 cardiomyocytes were pretreated with PD0332991. Indeed, PD0332991 (500 
nM) attenuated tachypacing-induced loss of CaT (Figure 4A and B). In addition, we 
transfected HL-1 cardiomyocytes with CDK4 (wild type) and a non-phosphorylatable 

Figure 3 Inhibition of Akt phosphorylation protects against tachypacing-induced contractile dysfunction in 
HL-1 cardiomyocytes. A) Top panel represents Western blots of phospho-Akt 473S and Akt, lower panel 
reveals quantified data of the ratio phosphorylated protein normalized for basal protein levels. B) Top panel 
represent Western blots of phospho-Akt 308Thr and Akt, lower panel reveal quantified data of the ratio 
phosphorylated protein normalized for basal protein levels. **P≤0.01 versus C and #P≤0.05 versus TP. C) 
Representative CaT of HL-1 cardiomyocytes after normal pacing (NP) or tachypacing (TP), pretreated with 
the Akt inhibitor MK2206. D) Quantified CaT amplitude of NP and TP HL-1 cardiomyocytes, each from groups 
as indicated. *P≤0.05, ***P≤0.001 versus C NP, ###P≤0.001 versus C TP.
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mutant, CDK4-T172A. Control and wild type transfected HL-1 cardiomyocytes 
showed a reduction in CaT after tachypacing. In contrast, transfection with the non-
phosphorylated CDK4 mutant attenuated tachypacing-induced loss of CaT (Figure 
4C and D and S2). Together, these findings indicate that key kinases Akt and CDK4 
strongly contribute to tachypacing-induced CaT loss in HL-1 atrial cardiomyocytes and 
suggest that Akt and CDK4 inhibitors may constitute alternative treatment options to 
counteract AF induced remodeling.

DISCUSSION
In the current study, we employed a kinomic array analysis to identify potential kinases 
involved in tachypacing-induced atrial remodeling in a dog model of AF. To identify 
readily druggable targets, we employed a strategy in which we compared kinase 
activity changes in untreated tachypaced dogs with those of GGA-treated tachypaced 
dogs, which are fully protected from atrial remodeling. Our kinomic analysis and 
diagnostics confirmed excellent within and between slide reproducibility utilizing atrial 
lysates from dog, confirming the applicability of this kinase array method for this in vivo 
canine model. Tachypacing induced alterations in the activity of 50 kinases, of which 

Figure 4 Inhibition of CDK4 phosphorylation protects against tachypacing-induced contractile dysfunction 
in HL-1 cardiomyocytes.  A) Representative CaT of HL-1 cardiomyocytes after normal pacing (NP) or 
tachypacing (TP), pretreated with the CDK4 inhibitor PD0332991. B) Quantified CaT amplitude of NP and 
TP HL-1 cardiomyocytes, each from groups as indicated. ***P≤0.001 versus C NP, ###P≤0.001 versus C TP, 
&P≤0.05 versus NP PD0332991. C) Representative CaT of HL-1 cardiomyocytes transfected with wtCDK4 or 
CDK4-T172A, followed by NP (Figure S2) or TP. D) Quantified CaT amplitude of NP and TP HL-1 cardiomyocytes 
transiently transfected with wtCDK4 or CDK4-T172A. *P≤0.05, **P≤0.01 versus C NP, ###P≤0.001 versus C TP, 
&&P≤0.01 versus wtCDK4 TP.
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29 kinases were increased in activity. GGA treatment precluded activity changes in 
40 kinases (80%), suggesting that GGA substantially maintains kinome homeostasis 
in tachypaced dog. Two of these kinases showed enhanced activity in tachypacing, 
Akt and CDK4, and met criteria for further analysis in sampled dog tissue and HL-1 
model systems. Similar to kinomic array analysis, Western blot analysis of Akt in dog 
atrial tissue demonstrated the tachypacing-induced Akt phosphorylation at Thr308 to 
be normalized to control in GGA treated dogs. In addition, pharmacological inhibition of 
both Akt and CDK4 protected against tachypacing-induced contractile dysfunction in 
HL-1 cardiomyocytes. The current study identifies kinomic array analysis as a versatile 
method to identify changes in kinase activity in atrial tachypaced dog heart, which may 
identify novel therapeutic approaches to treat clinical AF.

Identification of kinases involved in tachypacing-induced atrial 
remodeling 
In this study, we identified various kinases of which activity was altered by atrial 
tachypacing but conserved by tachypacing in combination with a cardioprotective 
GGA treatment. Previous studies revealed that the protective effect of GGA was via 
the upregulation of HSPs,18-20 both by protecting contractile function and electrical and 
structural properties of cardiomyocytes.18-20 Consistent with these findings, the current 
study shows that GGA also largely conserved kinome homeostasis in tachypaced dog. 
Consequently, the ability of HSPs to interact with kinases and alter their activity is 
likely to play a major role in GGA-mediated protection of the kinome, as suggested 
previously.27,28 Specifically, HSPs may bind to substrates, thereby shielding their 
phosphorylation sites from kinases. However, the identified kinases cover a broad 
spectrum of functions and substrates, including pathways of differentiation and 
proliferation, contraction, metabolism, immunity, development, cell cycle and survival. 
Consequently, as an alternative to substrate shielding, broad induction of HSPs may 
prevent stress-induced derailment of cellular protein homeostasis (i.e. proteostasis) 
by maintaining protein folding, trafficking, function and clearance,29,30 thus attenuating 
kinase activation. Such conservation of the proteostasis network by HSPs may well 
represent a very upstream event in tachypacing, thereby explaining why GGA treatment 
precludes activation of the vast majority of kinases in tachypaced dog. 
This kinome array analysis identified Akt as one of the druggable kinases activated 
in tachypaced atrium. However, Akt signaling is predominantly viewed as a pro-
survival and proliferative pathway in dividing cells, while our results imply Akt to 
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possess a detrimental action in tachypaced tissue and cultured cardiomyocytes. This 
role of Akt may relate to phosphorylation and destabilization of tumor suppressor 
tuberous sclerosis complex 2 (TSC2), a Rho-GTPase regulator and/or Girdin, a novel 
actin-binding protein. Both Akt substrates cause F-actin stress bundle formation.31 
Furthermore, Akt phosphorylates palladin and promotes its actin-bundling function.32 
Consequently, activation of Akt by tachypacing may induce activation of RhoA and 
the formation of F-actin stress fibers, and thereby destabilize the actin network, as 
we found previously.8 Moreover, hyperactive Akt specifically activates TSC1-dependent 
SMAD signaling, causing activation of the TGF-β pathway leading to growth arrest33 and 
fibrosis formation, the latter constituting an important factor in creating a substrate for 
AF initiation and maintenance.34 Furthermore, a detrimental role for Akt activation is 
supported by a study demonstrating that knockout of Akt1(-/-) in mice hearts improves 
long-term cardiac function following myocardial infarction and reduces left ventricular 
fibrosis compared to Akt1(+/+) mice.35 A second druggable kinase we identified, CDK4, 
is known to stimulate proliferation in mitotic cells. However, activation of CDK4 in 
post-mitotic cells, such as cardiomyocytes, results in cell enlargement and, eventually, 
hypertrophy.23,24 Notably, RhoA activation is involved in driving cardiac hypertrophy by 
increasing CDK4 expression through upregulation of cyclin D1, a regulatory subunit of 
CDK4.36 Unfortunately, lack of proper CDK4 antibodies precluded us to check this. 
Nevertheless, both Akt and CDK4 activation are firmly linked to RhoA activation, the 
latter being observed in experimental models for tachypacing and clinical AF.37,38 
Previously, we demonstrated activation of RhoA to inhibit expression of HSPs by 
precluding HSF1 binding to promotor regions.39 Consequently, in addition to substrate 
shielding or preserving proteostasis, the third reason why HSP induction by GGA is 
so effective in maintaining the kinome integrity may consist simply of overcoming 
RhoA-mediated inhibition of the heat shock response (HSR), thus enabling tachypaced 
cardiomyocytes to mount a proper cell protective response. Thus, the versatility of the 
GGA-invoked HSR precludes activation of many pathways and may offer an alternative 
explanation why this treatment normalized the activity of the majority of kinases 
activated by tachypacing. 

Novel inhibitors of kinases to treat clinical AF
Interestingly, the two druggable kinases identified in the current study offer therapeutic 
options which are readily within clinical reach. Various Akt inhibitors are currently 
tested in clinical phase II trials for beneficial effects against myelofibrosis and breast 
cancer.40 CDKs have been considered promising drug targets for a number of years, but 
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most CDK inhibitors have failed rigorous clinical testing. Recent studies demonstrating 
clear anticancer efficacy and reduced toxicity of CDK4/6 inhibitors such as palbociclib 
and multi-CDK inhibitors, such as dinaciclib, have rejuvenated the field. Favorable 
results with palbociclib and its recent U.S. Food and Drug Administration approval 
demonstrate that CDK inhibitors with narrow selectivity profiles can have clinical utility 
for therapy based on individual tumor genetics.41

So far, our findings identified kinases with a potential role in the pathophysiology of AF. 
Inhibitors against at least two key kinases, Akt and CDK4, reveal beneficial effects in 
tachypaced cardiomyocytes. Future research should elucidate whether this protective 
effect holds in in vivo animal models for AF and whether the list of protective kinase 
inhibitors can be extended.  

Current limitations of the kinase array technique
The applied kinase array technique, utilizing short pseudo-substrates based on human 
sequences, has been used successfully in diverse other studies as well as other 
species.42-45 A limitation of the current study is the restricted verification of our kinase 
array by additional methods due to poor cross-reactivity of antibodies, which prevented 
us from verifying the phosphorylation status of the majority of proteins in the dog 
tissue. However, two targets could be verified by using genetic and pharmacological 
interventions in HL-1 cardiomyocytes. While a substantial amount of kinases were 
identified by using the current approach, some may have gone unidentified because 
of technical limitations. First, cellular compartmentalization is destroyed by cell lysis, 
which may result in dilution of necessary co-activators or co-factors. Furthermore, the 
consensus peptides may not represent the preferred substrate of a kinase because 
of interspecies differences. Both technical limitations restrict the predictive value of 
a single kinase activity, as not all of its potential substrates are phosphorylated to 
the same extend on the array, as has been previously reported in other studies.46-50 
Nevertheless, we have been able to overcome part of these limitations by founding a 
strategy to identify changed kinase activity in tachypaced dogs on the cardioprotective 
action of GGA, thus successfully identifying  two kinases and verifying their action in 
tachypaced HL-1 cardiomyocytes. 
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SUPPLEMENTAL FIGURES

Figure S1 MK2206 concentration range. Representative Western blot showing a concentration-dependent 
inhibition of Akt phosphorylation at S473, while not affecting basal Akt or housekeeping GAPDH protein 
levels.

Figure S2 CDK4 plasmids do not interfere with basal CaT amplitude. Quantified CaT amplitude of control 
normal paced (NP) HL-1 cardiomyocytes transiently transfected with wtCDK4 or CDK4-T172A.


