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Abstract
PYK2 is a Ca2+-dependent, nonreceptor protein tyrosine kinase that is involved in the induction of
left ventricular hypertrophy (LVH) and its transition to heart failure. We and others have previously
investigated PYK2’s function in vitro using cultured neonatal and adult rat ventricular myocytes as
model systems. However, the function of PYK2 in the in vivo adult heart remains unclear. Here we
evaluate the effect of PYK2 inhibition following myocardial infarction (MI) using adenoviral (Adv)
overexpression of the C-terminal domain of PYK2, known as CRNK. First we demonstrate that
CRNK functions as a dominant-negative inhibitor of PYK2-dependent signaling, presumably by
displacing PYK2 from focal adhesions and costameres. Then, male Sprague-Dawley rats (~300g)
underwent permanent left anterior descending coronary artery ligation. One wk post-MI, either Adv-
GFP (n=34) or Adv-CRNK (n=28) was administered (1010 pfu, 0.1ml) via catheter-based, Optison®-
mediated gene transfer. LV structure and function were evaluated by echocardiography 1 and 3wk
after gene transfer, and LV tissue was analyzed by real-time RT-PCR and Western blotting. CRNK
overexpression was readily detected by Western blotting 1wk following gene transfer. Adv-CRNK
improved overall survival (P=0.03; Logrank Test) and LV fractional shortening (23±2% vs. 31±2%
for Adv-GFP vs. Adv-CRNK infected animals, respectively; P<0.05). Whereas MI hearts exhibited
increased β-, and decreased α-myosin heavy chain (MHC) mRNA expression characteristic of LVH,
Adv-CRNK reversed the MHC isoenzyme switch (3.3±1.4 fold increase in αMHC; 0.4±0.1 fold
decrease in βMHC; P<0.05 for both). In summary, CRNK gene transfer improves survival, increases
LV function, and alters MHC gene expression suggesting an attenuation of LV remodeling post-MI.
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INTRODUCTION
Segmental loss of viable myocardium following myocardial infarction (MI) activates
cardiomyocyte signal transduction pathways leading to pathological left ventricular
hypertrophy (LVH). Pathological LVH is often associated with hemodynamic overload and
decreased systolic and/or diastolic performance, which can ultimately lead to the clinical
syndrome of heart failure (HF). The progressive structural and functional alterations in both
the infarcted and noninfarcted LV myocardium that occur following irreversible ischemic
injury are referred to as post-MI ventricular remodeling (1). Interventions that block the
maladaptive cellular signaling leading to ventricular remodeling may also be useful in
preventing or attenuating loss of ventricular performance seen in HF.

The Ca2+-dependent, nonreceptor protein tyrosine kinase PYK2 has been previously
implicated in cardiomyocyte cell signaling pathways leading to LVH and HF (2–6). PYK2 is
a member of the focal adhesion kinase (FAK) family of nonreceptor PTKs. PYK2 coordinates
integrin-, Ca2+-, and PKC-dependent signal transduction in a number of tissues (for review,
see (7)). PYK2 expression and phosphorylation are regulated by intracellular Ca2+ and protein
kinase C (PKC) in cardiomyocytes and vascular smooth muscle cells (8–10). As examined in
various cell lines, PYK2 serves as an “activatable” scaffolding protein, and transduces signals
from G-protein coupled receptors to the mitogen-activated protein kinases (MAPK) and the
phosphoinositol-3-kinase (PI-(3)K)-PDK1-Akt signaling pathway depending upon which
adaptor proteins bind to the phosphorylated enzyme (6,11–13). PYK2 has also been shown to
link a variety of stressful stimuli, including Ca2+ overload, UV irradiation, and H2O2 and TNF-
α treatment to MAPK and Akt activation in many cell types.

Like FAK, the function of PYK2 is regulated by an endogenously expressed inhibitor, known
as PYK2-Related Non-Kinase (PRNK) (14), also known as Cell Adhesion Kinase-β-Related
Non-Kinase (CRNK) (15). CRNK consists of the C-terminal portion of PYK2, containing the
focal adhesion targeting sequence, but lacking the N-terminal autophosphorylation site and
kinase domain. CRNK is structurally analogous to FAK-Related Non-Kinase (FRNK), the
autonomously expressed C-terminal domain of FAK. CRNK transcripts are generated by either
alternative splicing of the PYK2 hnRNA, or, as is the case of FRNK, by utilization of an intronic
promoter (16). CRNK is expressed at relatively high levels in the brain and other organs (14).
When ectopically expressed, CRNK can inhibit PYK2 (but not FAK) tyrosine
autophosphorylation at Y402, presumably by displacing PYK2 from its cytoskeleton-binding
sites (15). Thus CRNK, like its structurally homologous polypeptide FRNK, has been used as
a tool to specifically inhibit PYK2-dependent signal transduction (17–20).

In this study we evaluated the effect of PYK2 inhibition using adenoviral (Adv)-mediated
overexpression of CRNK in cultured cardiomyocytes and in and in vivo model of post-MI
ventricular remodeling. Data are presented to indicate that CRNK prevents PYK2
autophosphorylation and downstream signaling in cultured heart cells. Furthermore, CRNK
gene transfer in vivo improves survival, increases LV function, and alters MHC gene expression
suggesting an attenuation of LV remodeling post-MI.
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METHODS
Reagents

PC-1 tissue culture medium was obtained from BioWhittaker (Walkersville, MD). Dulbecco's
Modified Eagle Medium (DMEM) and Medium 199 were obtained from Gibco BRL (Grand
Island, NY). Anti-FLAG M2 and anti-sarcomeric α-actinin monoclonal antibodies (mAb) were
obtained from Sigma (St. Louis, MO). Rhodamine-conjugated goat anti-mouse IgG and FITC-
congugated phalloidin were obtained from Molecular Probes (Eugene, OR). Phosphospecific
PYK2-Y402, phospho-specific Akt-S473, and Akt polyclonal Ab (pAb) were purchased from
Cell Signaling Technology (Danvers, MA). N-terminal PYK2 pAb was obtained from
BioLegend (San Diego, CA). C-terminal PYK2/CRNK mAb was obtained BD Transduction
Laboratories (San Jose, CA). Horseradish peroxidase conjugated goat anti-rabbit and goat
antimouse IgG were obtained from BioRad (Hercules, CA). Real-time RT-PCR reagents were
obtained from GE Healthcare Biosciences (Piscataway, NJ), and Invitrogen (Carlsbad, CA).
cDNA primers and probes were obtained from Integrated DNA Technologies, Inc. (Coralville,
IA). All other reagents were of the highest grade commercially available and were obtained
from Sigma, and Baxter S/P (McGaw Park, IL).

Cell culture
Animals used in these experiments were handled in accordance with the Guiding Principles in
the Care and Use of Animals, approved by the Council of the American Physiological Society.
Neonatal rat ventricular myocytes (NRVM) were isolated from the hearts of 2-day old Sprague-
Dawley rats by collagenase digestion, as previously described (21). Cells were pre-plated for
1h in serum-free PC-1 medium to reduce nonmyocyte contamination. The nonadherent NRVM
were then plated at a density of 1600 cells per mm2 onto collagen-coated chamberslides or
60mm dishes, and left undisturbed in a 5% CO2 incubator for 36h. Unattached cells were
removed by aspiration, washed twice in HBSS, and the attached cells were maintained in a
solution of DMEM/Medium 199 (4:1) containing antibiotic/antimycotic solution. NRVM were
infected (24h) with replication-defective adenoviruses (Adv) diluted in DMEM/Medium 199.
Medium was then replaced with virus-free DMEM/Medium 199, and the cells stimulated with
agonists, or cultured for an additional 24h. Adult rat ventricular myocytes (ARVM) were
isolated according to Westfall et al. (22). with modification as described previously (9).
Myocytes were then either fixed and permeabilized, or plated in PC-1 medium onto
laminincoated (15 µg/ml) chamberslides for 60 min in a 5% CO2 incubator. Unattached
myocytes were removed and attached myocytes were maintained in PC-1 medium, and infected
with Adv for 24h.

Adenoviral constructs
A replication-deficient Adv encoding FLAG-tagged, human CRNK (Adv-CRNK) was kindly
provided by Dr. Andrey Sorokin, Medical College of Wisconsin (18). An Adv expressing GFP
(Adv-GFP) was used to control for nonspecific effects of Adv infection (23). An Adv
expressing nuclear-encoded β-galactosidase (Adv-neβgal; kindly provided by Dr. MK Rundell,
Northwestern University) was used in some in vivo gene transfer experiments to demonstrate
the regions of ventricular myocardium transduced by adenoviral infection. The multiplicity of
viral infection (moi) was determined by dilution assay in HEK293 cells grown in 96 well
clusters.

Immunolocalization
NRVM and ARVM were fixed and permeabilized as previously described (9,24). Myocytes
were stained with anti-FLAG mAb followed by rhodamine-conjugated goat anti-mouse IgG,
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and counterstained with FITC-phalloidin. Fluorescently-labeled cells were then viewed using
a Zeiss LSM 510 laser scanning confocal microscope.

Western blotting—Cultured cells and tissue samples were homogenized in lysis buffer
(25), and equal amounts of extracted proteins (50–150µg) were separated by SDS-PAGE and
Western blotting on 10% polyacrylamide gels. Primary antibody binding was detected with
horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit secondary antibodies,
and visualized by enhanced chemiluminescence (Pierce Biotechnology, Rockford, IL).
Developed films were then scanned on a HP Deskjet 4890 Scanner, and band intensity was
quantified using UN-SCAN-IT Gel Software, Ver. 6.1 (Silk Scientific, Orem UT).

Cellular compositon—For the analysis of NRVM hypertrophy, cellular protein and DNA
were quantitatively scraped from dishes in 0.2N perchloric acid and collected by centrifugation
(10,000g, 10min). The precipitate was re-dissolved by incubation (60°C, 20min) in 0.3N KOH.
Aliquots were used for analysis of total protein by the Lowry method with crystalline human
serum albumin as standard, and for DNA using 33258 Hoechst dye and salmon sperm DNA
as standard (26).

mRNA analysis
Total cellular RNA was isolated from NRVM using the RNeasy Mini Kit (Qiagen, Inc.,
Valencia, CA) or from LV tissue by the method of Chomczynski and Sacchi (27). RNA was
quantified by absorbance at 260 nm and its integrity was determined by examining the 28S
and 18S rRNA bands in ethidium bromide-stained agarose gels. SERCA2, ANF, αMHC, and
βMHC mRNAs were then analyzed by real-time RT-PCR, as previously described (5,28). The
mixture consisted of 1µL of sample cDNA, 21µL DEPC water, 25µL Platinum Quantitative
PCR SuperMix-UDG, and 3µL of a primer/dual-labeled probe combination specific for each
gene of interest (Table 1). TaqMan® Rodent GAPDH or 18S rRNA Control Reagents were
obtained from Applied Biosystems, (Foster City, CA) and used to normalize mRNA expression
levels. Probes were labeled at the 5’ end with 6-FAM and at the 3’ end with BHQ-1. Specific
gene primers were 10µM, and probe was 1µM. Rodent GAPDH and 18S rRNA primers were
10µM, and probe was 5µM. PCR amplification was performed by cycling between 95°C (15
sec) and 60°C (60 sec) for 45 cycles, using the 6-FAM fluorophore for quantification. All
samples were run in triplicate, and the results were averaged. Data were analyzed as previously
described (28).

Coronary artery ligation
Adult male Sprague-Dawley rats weighing ~300g were anesthetized with ketamine (70mg/kg
IM) and xylazine (10mg/kg IM), intubated, and placed on a heated operating table. Ligation
of the left anterior descending coronary artery was then performed as described by Pfeffer et
al. (29). Sham-operated animals underwent surgery without placement of the coronary ligature.

M-mode and 2-D echocardiography
Transthoracic 2-D guided, M-mode echocardiography was performed on anesthetized rats
using an Acuson 15L8 Microson High Resolution Transducer and an Acuson Sequoia C256
Echocardiography System (Siemens Medical Solutions USA; Malvern, PA). Images were
analyzed in real-time, or saved onto 630mbyte magneto-optical discs for off-line analysis.

Adenoviral gene transfer
A modification of a catheter-based, Optison®-mediated gene transfer technique (30) was used
to administer Adv-neβgal, Adv-GFP or Adv-CRNK to the myocardium of normal rats, and
rats 1wk after coronary artery ligation. Briefly, animals were anesthetized with ketamine/
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xylazine, and ventilated with O2 administered via a conical facial mask. A right carotid artery
cutdown was used to insert a custom-designed, 2.5F double-lumen, 8 mm long × 4 mm diameter
balloon catheter (Tyshak Mini Pediatric Valvuloplasty Catheter; NuMED, Inc., Hopkinton,
NY) into the ascending aorta. With the tip of the catheter positioned under echocardiographic
guidance exactly 3mm above the aortic valve, the balloon was inflated, thus completely
occluding the proximal aorta. Acetylcholine (1.5µg in 100µl saline) was injected to transiently
arrest the heart and induce coronary vasodilation, followed immediately by a mixture of Adv
(~1010 pfu in 100µl) + Optison® echocontrast reagent (100µl) and then 1 ml of saline flush.
The balloon was deflated, and the 15L8 ultrasound transducer was positioned over the heart.
The mechanical index of the transducer was raised to 1.9, and the injected micobubbles were
disrupted over the next 5min. Finally, the catheter was removed, the carotid artery was tied off
and the incision closed, and the animal allowed to recover.

Tissue fixation and β-galactosidase staining
Following induction of general anesthesia, the heart was removed, rinsed in ice-cold Tyrode’s
solution and the ascending aorta was cannulated with PE-290 tubing. The coronary circulation
was pressure-perfusion flushed (5min, 25°C) with Tyrode’s at 80mm Hg and then fixed with
Tyrode’s solution containing 0.2% (v/v) gluteraldehyde (10min, 25°C). Hearts were embedded
into OCT Compound (Sakura Finetek, Torrence, CA), frozen to −20°C, and sectioned in the
short axis to obtain 14µm thick sections. Sections were stained for β-galactosidase with X-gal
(Takara Bio USA, Madison, WI) in a humidified chamber at 37°C for 2h in the dark, according
to manufacturer’s instructions. Specimens were washed 3 times with PBS, counterstained with
eosin solution (Sigma; St. Louis, MO) for 30 sec, and washed three times with PBS. Images
were obtained with an Olympus microscope fitted with a Nikon digital camera at 300x and
600x magnification.

Flow cytometry
Freshly isolated ARVM were fixed in 4% paraformaldehyde and permeabilized with 0.1%
saponin. Cells were then stained with anti-sarcomeric α-actinin monoclonal antibody, followed
by Alexa Fluor® goat anti-mouse IgG to distinguish the myocyte vs. nonmyocyte population.
Flow cytometry was performed using a BD FACSCanto Flow Cytometer running FACSDiva
software.

Data analysis
Results were expressed as means±SEM. Normality was assessed using the Kolmogorov-
Smirnov test. Data were compared using one-way ANOVA followed by Student-Newman-
Keuls test, one-way ANOVA on Ranks followed by Dunn’s test, or unpaired t-test, where
appropriate. Differences among means were considered significant at P<0.05. Data were
analyzed using SigmaPlot for Windows, Ver. 9.0 (Systat Software, San Jose, CA).

RESULTS
CRNK overexpression and localization in NRVM and ARVM

Initial experiments were conducted in cultured cardiomyocytes to analyze FLAG-tagged,
CRNK expression, and to verify its function as an inhibitor of PYK2-dependent signal
transduction. NRVM and ARVM were infected (5 or 100moi, respectively; 24h) with Adv-
CRNK and the transgene was localized by immunocytochemistry with anti-FLAG monoclonal
antibody (1:10) and confocal microscopy. Of note, CRNK expression did not appear to affect
cell morphology, nor did it cause cell detachment over this time period. As seen in Figure 1A,
CRNK was found in a reticular pattern throughout the cytoplasm of NRVM, but was excluded
from the nucleus. In contrast, CRNK was predominantly localized to rib-like structures
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adjacent to the sarcoplasmic membrane of ARVM, consistent with the appearance of
costameres (Figure 1B). The difference in CRNK localization between NRVM and ARVM
was reminiscent of the difference in PYK2 localization between neonatal and adult
cardiomyocytes observed in our previous studies (5, 9).

CRNK overexpression inhibits PYK2-dependent signal transduction
We next examined whether CRNK inhibited cardiomyocyte PYK2 activation in response to
known activators of the kinase (2,6,9,31,32). As seen in Figure 2A, NRVM infected with a
control adenovirus (Adv-GFP) expressed little endogenous CRNK, but contained readily
detectable amounts of PYK2 that was phosphorylated at Y402 under basal conditions.
Endothelin-1 (ET; 100nM, 10min) and H202 (100µM, 10min) further increased PYK2
phosphorylation 2–3 fold in cells expressing GFP. In contrast, CRNK overexpression
significantly reduced basal PYK2 phosphorylation, and inhibited the increase in PYK2
phosphorylation induced by ET and H2O2. The quantitative analysis of 6–8 Western blotting
experiments is depicted in Figure 2B.

When phosphorylated at Y402, PYK2 serves as a scaffolding protein for the PYK2-and Src-
dependent tyrosine phosphorylation of PDK1 in vascular smooth muscle cells (VSMC) (13).
PYK2 co-localizes with PDK1 and paxillin in VSMC focal adhesions, and PDK1
phosphorylation is required for downstream activation of Akt in response to angiotensin II
(13). A similar PYK2-dependent signaling pathway is required for phenylephrine (PE)-induced
activation of Akt in NRVM, although this pathway appears to be tonically inhibited by novel
PKCs in cardiomyocytes (6). Therefore, we examined whether CRNK overexpression
inhibited ET- or H2O2-induced Akt activation in NRVM. As seen in Figure 3A, Akt was
phosphorylated at S473 under basal conditions in NRVM infected with Adv-GFP. H2O2 (but
not ET) significantly increased Akt phosphorylation 2–3 fold. In contrast, CRNK
overexpression reduced basal Akt phosphorylation, and also reduced Akt phosphorylation in
ET-and H2O2-treated NRVM. The quantitative analysis of 6 Western blotting experiments is
depicted in Figure 3B.

CRNK overexpression alters hypertrophic gene expression in NRVM
PYK2 has been implicated in signaling various aspects of pathological hypertrophy in cultured
cardiomyocytes and the intact heart, including alterations in gene expression, increases in cell
size and protein synthesis, the induction of apoptosis, and the production of reactive oxygen
species in response to PE and ET stimulation (2–6,9,31–33). Therefore, we tested whether
CRNK overexpression prevented NRVM hypertrophy (as measured by total protein/DNA
ratio) or altered the hypertrophic gene program in these cultured cells. As seen in Figure 4A,
CRNK overexpression (5moi, 48h) had no effect on total protein/DNA ratio as compared to
uninfected NRVM, or NRVM infected with Adv-GFP. CRNK also did not prevent the increase
in protein/DNA ratio elicited by treatment with phorbol myristate acetate (PMA; 200nM, 48h).
However, CRNK overexpression increased SERCA2 mRNA levels, in keeping with PYK2’s
role in regulating SERCA2 gene transcription in NRVM (Figure 4B) (5). Furthermore, CRNK
significantly reduced ANF mRNA levels, suggesting a role for PYK2 in mediating the PKC
and/or Ca2+ dependence of ANF gene transcription in NRVM (33,34). CRNK overexpression
also appeared to affect MHC gene expression, although the observed increase in αMHC mRNA
levels did not achieve statistical significance.

Adenoviral gene transfer of GFP and CRNK into normal hearts
Having determined that CRNK overexpression resulted in inhibition of PYK2-dependent
signal transduction in cultured cardiomyocytes, we used a modification of a catheter-based,
Optison®-mediated gene transfer technique (30) to introduce adenoviral vectors into normal
adult ventricular myocardium. First, we used Adv-neβgal to define the regions of myocardium
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transduced by the Optison-mediated gene transfer technique. As seen in Figure 5, injection of
~1010 pfu of Adv-neβgal into the aortic root of anesthetized Sprague-Dawley rats produced
scattered regions of nuclear β-galactosidase expression 3–4 days after gene transfer. Transgene
expression occurred throughout the anterior as well as posterior walls of the normal LV. High
power images indicated that both cardiomyocytes and vascular endothelial cells expressed the
transgene. Then, ~1010 pfu of Adv-GFP (n=16) or Adv-CRNK (n=12) was injected using the
identical catheter-based technique. Five days after gene transfer of Adv-GFP, peak
fluorescence in the myocyte (α-actinin positive) and non-myocyte (α-actinin negative) cell
populations was assessed by flow cytometry, and compared to the background fluorescence of
cells isolated from an uninfected heart. Myocytes showed a large shift in peak fluorescence in
the cells isolated from the Adv-GFP infected LV myocardium (Figure 6A). Interestingly, we
also observed a significant shift in the peak fluorescence in the α-actinin negative, non-myocyte
population following Adv-GFP gene transfer (Figure 6B), again indicating that both myocytes
and nonmyocytes were infected and expressing the transgene. Phase-contrast and
epifluorescent microscopy of freshly isolated cells 5d after gene transfer revealed that ~5–10%
of the adult myocytes were expressing GFP (Figure 6C). LV tissue homogenates from 3 Adv-
GFP and 3 Adv-CRNK infected hearts were then analyzed for CRNK expression by Western
blotting. As seen in Figure 6D, only trace amounts of CRNK were found in LV tissue samples
derived from animals receiving Adv-GFP 1wk after gene transfer. However, LV CRNK protein
levels were substantially increased in animals receiving Adv-CRNK. Transgene expression
was readily detectable by Western blotting in the septum, and LV and RV free walls at both
the apex and base of the heart. Furthermore, CRNK overexpression was still detectable up to
2wk after gene transfer, but was undetectable at 3wk (data not shown). Of note, CRNK
overexpression did not appear to affect animal survival. In fact, Adv-CRNK modestly increased
LV weight/body weight ratio, and also modestly increased fractional shortening as determined
by echocardiography 1wk after gene transfer (Figures 6E and 6F).

Alterations in LV structure, function and gene expression during post-infarction LV
remodeling

Adult male rats were then subjected to either sham surgery (n=39) or left anterior descending
coronary artery ligation (n=49). Approximately 25% of the rats died within the first 24h after
sham or infarct surgery. However, after the immediate post-operative period, all of the sham-
operated animals survived, whereas 43 of 49 infarct animals survived the entire 5wk
observation period. M-mode and 2-D echocardiography was performed at 5d and at 5wk (i.e.,
immediately prior to euthanasia of the surviving animals). As seen in Figure 7A, representative
M-mode and 2-D echocardiographic images demonstrated anterior wall thinning and increased
systolic and diastolic LV chamber dimensions as early as 5d after coronary artery ligation.
Thereafter, LV end-diastolic dimension progressively increased over time, consistent with
post-MI LV remodeling (Figure 7B). Fractional shortening was also significantly reduced at
5d, and remained depressed for the 5wk observation period (Figure 7B). Gene expression
analysis conducted using a portion of the non-infarcted LV tissue from a subset of infarct
animals (Figure 7C) demonstrated the typical pattern of hypertrophic gene expression
associated with pathological LVH. The significant alterations in SERCA2, ANF, αMHC and
βMHC mRNA levels (relative to sham-operated controls) were consistent with the progressive
increase in echo-derived LV/body weight ratio following coronary artery ligation (Figure 7B).

Distribution of transgene following gene transfer into rats with coronary artery ligation
As seen in Figure 8, Optison-mediated gene transfer of Adv-neβgal into rats 3–4 days after
coronary artery ligation revealed scattered transgene expression throughout the noninfarted
septum and posterior wall, and at the border zone of the anterolateral wall infarct. No transgene
was detected within the infarcted tissue; however, rare, nuclear β-galactosidase activity was
detected in the rim of viable, epicardial muscle immediately adjacent to the infarct.
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Adenoviral gene transfer of Adv-GFP and Adv-CRNK after myocardial infarction
As depicted in the gene transfer protocol schematically outlined in Figure 9A, another group
of rats was then subjected to coronary artery ligation, and 1wk later, received either Adv-GFP
(n=34) or Adv-CRNK (n=28). Surviving animals were then subjected to general anesthesia,
echocardiography, and euthanasia at either 2 or 4wk following infarct surgery (i.e., 1 or 3wk
after gene transfer). Survival curves for Adv-GFP and Adv-CRNK animals were generated by
the method of Kaplan and Meier, and compared using the Logrank test. As seen in Figure 9B,
animals receiving Adv-CRNK demonstrated a significant survival advantage over animals
receiving Adv-GFP, especially within the first 7d after gene transfer. The improved survival
of Adv-CRNK animals was associated with significantly improved LV fractional shortening
at both 2 and 4wk after infarct surgery (i.e., 1 and 3wk after gene transfer) (Figure 9C).
Differences in function and survival were not due to differences in initial infarct size between
the two groups, as LV fractional shortening at the time of gene transfer were similar (28.7
±1.9% vs. 28.7±1.5% for Adv-GFP vs. Adv-CRNK; P=0.98). Indeed, fractional shortening in
the surviving Adv-GFP infected rats decreased during the first week after gene transfer (i.e.,
between 1wk and 2wk post-MI), whereas animals receiving Adv-CRNK slightly improved
(−6.2±2.9% vs. +2.7±2.6% change in fractional shortening between 1wk and 2wk
echocardiograms; P=0.034; Figure 9D). Gene expression analysis revealed that the functional
improvement in rats receiving Adv-CRNK was associated with a significant decrease in MHC
mRNA levels 1wk after gene transfer (Figure 10A). The reduction in βMHC mRNA persisted,
and was also associated with a significant increase in αMHC mRNA levels 3wk after gene
transfer as compared to animals receiving Adv-GFP (Figure 10B).

DISCUSSION
In this report, adenoviral gene transfer was used to overexpress CRNK, the C-terminal domain
of PYK2, in cultured cardiomyocytes and in the intact heart. CRNK overexpression reduced
basal PYK2 phosphorylation, and interfered with PYK2-dependent activation of Akt in
response to the pro-apoptotic agonist H2O2. Furthermore, CRNK overexpression improved
LV function and reversed some of the gene expression changes associated with post-MI LV
remodeling. Thus, the results of these experiments help to define the role of PYK2-dependent
signal transduction in mediating some of the adverse effects of PYK2 activation and
overexpression that accompanies LVH and HF (2,4).

Like its homolog FAK, PYK2 contains a C-terminal focal adhesion targeting sequence that
directs PYK2 to cardiomyocyte focal adhesions and costameres. Once localized, PYK2
undergoes autophosphorylation at Y402, providing a docking site for Src-family protein
tyrosine kinases to bind to, and phosphorylate PYK2 at other sites. Thus, PYK2 functions as
a scaffold for the assembly of other signaling kinases and adaptor proteins within
cardiomyocyte focal adhesions and costameres. In contrast to FAK, PYK2 appears to direct
downstream signals to either pro-or anti-apoptotic signaling cascades depending on which
molecules bind to the phosphorylated kinase. For instance, Melendez et al. (3) previously
demonstrated that overexpression of wildtype PYK2 promoted cardiomyocyte apoptosis,
perhaps via the preferential activation of JNKs (3,5,6,32) and direct activation of the
mitochondrial apoptotic machinery (35). PYK2-dependent apoptosis could be suppressed by
prior overexpression of paxillin, which binds to the C-terminal domain of PYK2 (14,36) and
prevented JNK activation (3). Similarly, Guo et al. (6) recently demonstrated that PYK2 forms
a signaling complex with PDK1 and paxillin, which when formed in the presence of a JNK
inhibitor, promoted cell survival via preferential activation of Akt. Our results indicating that
CRNK overexpression suppressed H2O2-induced Akt phosphorylation are consistent with their
results, as CRNK likely displaced endogenous PYK2 from the complex, and interfered with
downstream signaling to Akt. However, CRNK overexpression alone did not appear to induce
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apoptosis or prevent cardiomyocyte hypertrophy, but rather reversed some of the PYK2-
dependent alterations in gene expression observed in pathological LVH and HF (5,33).

Our results confirm earlier studies (15,17–20) and indicate that CRNK indeed functions as a
dominant-negative inhibitor of PYK2 in cardiomyocytes. CRNK prevented PYK2
autophosphorylation at Y402 in response to both ET and H2O2 treatment of NRVM. CRNK,
like its homolog FRNK, appears to mediate its inhibitory effect by preventing PYK2
localization and autophosphorylation in response to a variety of extracellular signals. However,
CRNK overexpression does not prevent FAK activation, presumably due to C-terminal
sequence differences between FAK and PYK2 (15). Conversely, FRNK overexpression can
prevent both FAK and PYK2 activation in a variety of cell types, including cardiomyocytes
(23). Thus it is conceivable that some of the reported effects of FRNK overexpression are
mediated by inhibition of PYK2, rather than FAK.

A novel aspect of this report was the modification of a previously described, catheter-based
gene transfer method (30) to administer a potentially “therapeutic” adenovirus via selective
injection into the coronary circulation. We showed that this catheter-based technique caused
adenovirally mediated transgene expression in both the cardiomyocyte and nonmuscle cell
populations of the rat heart, and induced the robust expression of a potent, polypeptide inhibitor
of an important signaling kinase. CRNK overexpression clearly preserved LV function, and
provided a significant survival advantage over animals receiving Adv-GFP, especially within
the first 7 days after gene transfer. In fact, we believe that the beneficial effects of CRNK
overexpression may have been underestimated, as a substantial number of animals receiving
Adv-GFP did not survive and were therefore excluded from subsequent analysis of cardiac
structure and function.

Nevertheless, the mechanism(s) responsible for this survival advantage remain unclear. Unlike
other agents, CRNK overexpression did not appear to prevent the progressive LV dilatation
associated with post-MI ventricular remodeling, as LV end-diastolic dimension was not
significantly different between animals receiving Adv-GFP or Adv-CRNK at any time point
in the gene transfer protocol (data not shown). Although βMHC mRNA levels were
significantly reduced within 1 wk of CRNK gene transfer, it is unclear whether this was the
effect of, rather than the cause of the improved LV function. Furthermore, the significant
increase in αMHC mRNA was observed at time when transgene expression was undetectable
(i.e., 3 wks after gene transfer). As CRNK was overexpressed long after the onset of myocardial
necrosis, it seems unlikely that the transgene prevented further ischemic injury by augmenting
signaling to cardiomyocyte cell survival pathways (6). As indicated above, CRNK
overexpression altered the hypertrophic gene program in the hemodynamically overloaded,
noninfarcted LV myocardium. This hemodynamic overload likely stimulated integrin-
dependent signal transduction at costameric sites within the cardiomyocyte population of the
heart (37). However, it is also conceivable that the inhibitor blocked some of the adverse effects
of the gene transfer technique that occurred in the coronary endothelium. Van Buul et al.
(20) have shown that CRNK overexpression prevented the PYK2-dependent, tyrosine
phosphorylation of vascular endothelial (VE)-cadherin in response to the addition of a VE-
cadherin-blocking blocking antibody (cl75) added to the medium of cultured human vascular
endothelial cells. CRNK also markedly attenuated the increase in endothelial permeability
induced by cl75. As increased vascular permeability is required for efficient adenoviral gene
transfer (38), CRNK overexpression in coronary microvascular endothelial cells may have
promoted the restoration of barrier function, and improved coronary perfusion during the post-
gene transfer period. It is also conceivable that the gene transfer technique itself induced
cardiomyocyte apoptosis, and CRNK (but not GFP) reduced the loss of muscle cells, thus
accounting for its beneficial effects on fractional shortening and survival. However, neither
Beeri et al. (30) nor Bekeredjian et al. (39) reported any significant structural or functional
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effects of the microbubble-ultrasound technique in delivering plasmids or adenoviruses via
coronary artery injection, other than an increase in myocardial stiffness. Additional studies will
be necessary, however, to determine the primary site of action of CRNK, and to ascertain the
mechanisms responsible for PYK2-dependent eterioration of LV performance post MI.
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Figure 1. Immunolocalization of CRNK in neonatal and adult cardiomyocytes
In Panel A, NRVM grown on Permanox® chamberslides were infected with Adv-CRNK
(5moi, 24h). Cells were then fixed, permeabilized, stained with anti-FLAG monoclonal
antibody (1:10) followed by rhodamine-conjugated goat anti-mouse secondary antibody, and
counterstained with FITC-conjugated phalloidin to detect actin filaments. Control
chamberslides were handled in an identical fashion, except that the anti-FLAG antibody was
omitted (No Primary Ab). Cells were then viewed with a confocal microscope. In Panel B,
ARVM were infected (100moi, 24h) with Adv-CRNK. Cells were then fixed, permeabilized
and stained with anti-FLAG antibody followed by rhodamine-conjugated goat-antimouse
secondary antibody. Cells were then optically sectioned (1µm) using the confocal microscope.
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Figure 2. CRNK overexpression inhibits basal, and endothelin-and H2O2-induced PYK2
phosphorylation
In Panel A, NRVM were infected (5moi, 24h) with either Adv-GFP or Adv-CRNK. Cells were
then left untreated, or stimulated (10min) with endothelin-1 (ET, 100nM) or H2O2 (100µM).
Equal amounts of extracted cellular protein (50–150µg) were then separated by SDS-PAGE
and Western blotting (WB). The position of molecular weight standards is indicated to the left
of each blot. In Panel B, the quantitative analysis of 6–8 experiments is depicted. *P<0.05 vs.
untreated, Adv-GFP infected cells; +P<0.05 for Adv-GFP vs. Adv-CRNK for each treatment
group.
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Figure 3. CRNK overexpression inhibits basal and H2O2-induced Akt phosphorylation
In Panel A, NRVM were infected (5moi, 24h) with either Adv-GFP or Adv-CRNK. Cells were
then left untreated, or stimulated (10min) with endothelin-1 (ET, 100nM) or H2O2 (100µM).
Equal amounts of extracted cellular protein (50µg) were then separated by SDS-PAGE and
Western blotting (WB). The position of molecular weight standards is indicated to the left of
each blot. In Panel B, the quantitative analysis of 6 experiments is depicted. *P<0.05 vs.
untreated, Adv-GFP infected cells; +P<0.05 for Adv-GFP vs. Adv-CRNK for each treatment
group.
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Figure 4. CRNK overexpression alters hypertrophic gene expression in NRVM
In Panel A, NRVM were maintained in control medium (UI), or infected (5moi, 24h) with
either Adv-GFP or Adv-CRNK. Cells were then left untreated, or treated with phorbol
myristate acetate (PMA, 200nM) for an additional 24h. Total protein and DNA were analyzed
in cell extracts following perchloric acid precipitation. Data are the mean±SEM for 7
experiments. *P<0.05 vs. untreated cells in each group. In Panel B, NRVM were in infected
(5moi, 24h) with either Adv-GFP or Adv-CRNK. Cell extracts were then analyzed for
SERCA2, ANF, αMHC, and βMHC mRNA levels (relative to GAPDH mRNA) by real-time
RT-PCR. *P<0.05 vs. Adv-GFP infected cells for each gene of interest.
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Figure 5. Adenoviral gene transfer of nuclear-encoded β-galactosidase into normal hearts
Adv-neβgal (~1010 pfu) was injected by an Optison-mediated gene transfer technique into the
aortic root of anesthetized rats in order to define the regions of myocardium transduced by the
procedure. Following gluteraldehyde perfusion of whole hearts 3−4 days after gene transfer,
tissue sections (14µm thick) were processed to detect β-galactosidase activity by X-gal
staining. As is evident from this section of the LV posterior wall, scattered regions of nuclear
β-galactosidase expression was detected throughout the full thickness of the myocardium. A
high power image (box and insert) indicated that both cardiomyocytes and vascular endothelial
cells expressed the transgene. Bar = 25µm.
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Figure 6. Adenoviral gene transfer of GFP and CRNK in normal hearts
Peak fluorescence of GFP in the myocyte and non-myocyte cell populations was assessed by
flow cytometry. in ventricular cells isolated from an uninfected heart, and a GFP-expressing
heart 5 days following adenoviral gene transfer. Myocytes (α-actinin postitive cells) showed
a large shift in peak GFP fluorescence in the cells isolated from the Adv-GFP infected heart
as compared to the cells from the uninfected heart (Panel B). Interestingly, in the non-myocyte
population (α-actinin negative), there was also a significant increase in the peak fluorescence
in cells isolated from the GFP heart (Panel A). In Panel C, freshly isolated cells were examined
by phase contrast microscopy (left) and by epifluorescent microscopy (right). In Panel D,
ventricular tissue homogenates derived from the LV apex of 3 rats infected with Adv-GFP and
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3 rats infected with Adv-CRNK were compared by SDS-PAGE and Western blotting 1 wk
after gene transfer. In Panels E and F, pre-operative and 7-d post-operative echo-derived LV/
body weight ratios and LV fractional shortening were compared in animals infected with Adv-
GFP (n=16) and animals infected with Adv-CRNK (n=12). *P<0.05 for pre-vs. post-operative
measurements for each treatment group.
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Figure 7. Alterations in LV structure, function and gene expression during post-myocardial
infarction LV remodeling
In Panel A, representative M-mode echocardiograms from Sham-operated and Infarct animals
5 days after surgery are depicted. In Panel B, echo-derived LV/body weight ratios, LV systolic
dimensions, LV diastolic dimensions, and LV fractional shortening measurements from Sham-
operated (n=39) and Infarct (n=49) animals at 5d and 5wk after surgery are depicted. In Panel
C, LV tissue extracts from Sham-operated (n=11) and Infarct (n=8) animals 5wks after surgery
were analyzed for SERCA2, ANF, αMHC, and βMHC mRNA levels (relative to 18S rRNA)
by real-time RT-PCR. *P<0.05 vs. Sham-operated for each gene of interest.
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Figure 8. Distribution of nuclear-encoded β-galactosidase following gene transfer into rats
following coronary artery ligation
Optison-mediated gene transfer of Adv-neβgal (~1010 pfu) was performed 7d after ligation of
the left anterior descending coronary artery. After removing the heart 3d later, perfusion-
fixation, tissue sectioning (14µm thick sections), and X-gal staining was performed to identify
regions of myocardium transduced by the procedure. As is evident from the figure, X-gal
staining revealed scattered nuclear β-galactosidase activity throughout the noninfarted septum
and posterior wall, and at the border zone of this large, anterolateral wall infarct. No transgene
was detected within the infarcted tissue; however, rare, nuclear β-galactosidase activity was
detected in the rim of viable, epicardial muscle immediately adjacent to the infarct. Bar = 25µm.
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Figure 9. Adenoviral gene transfer of Adv-GFP and Adv-CRNK after myocardial infarction
In Panel A, the gene transfer protocol is schematically outlined. Rats were subjected to coronary
artery ligation and gene transfer with ~1010 pfu of either Adv-GFP (n=34) or Adv-CRNK
(n=28). Surviving animals were then subjected to general anesthesia, echocardiography, and
euthanasia at either 2 or 4 wks following infarct surgery (i.e., 1 or 3 wks after gene transfer).
In Panel B, survival curves for Adv-GFP and Adv-CRNK animals were generated by the
method of Kaplan and Meier, and compared using the log-rank test (P=0.032 for Adv-GFP vs.
Adv-CRNK). In Panel C, LV fractional shortening measurements were compared in Adv-GFP
vs. Adv-CRNK infected rats each time point in the gene transfer protocol. In Panel D, the
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change in fractional shortening between the 1wk and 2wk echocardiograms of Adv-GFP and
Adv-CRNK infected rats are depicted. *P<0.05 vs. Adv-GFP at each time point examined.
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Figure 10. CRNK overexpression alters hypertrophic gene expression during post-MI ventricular
remodeling
LV tissue extracts were analyzed for SERCA2, ANF, αMHC, and βMHC mRNA levels
(relative to 18S rRNA) by real-time RT-PCR 1wk (Panel A) and 3wk (Panel B) after gene
transfer with Adv-GFP or Adv-CRNK. *P<0.05 vs. Adv-GFP infected tissue for each gene of
interest.
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Table 1
Primers and Probes Used for Real-Time RT-PCR

cDNA Sense Primer Antisense Primer Probe

SERCA2 5' TCT GTC ATT CGG GAG TGG
GG 3'

5' GCC CAC ACA GCC AAC GAA AG 3' 5' TGG CCA CTC ATG ACA
ACC CG 3'

ANF 5' CTT GCG GTG TGT CAC ACA GC
3'

5' GGG AGA GGT AAG GCC TCA CT 3' 5' CCT CCT GGA GCT GCA
GCT TC 3'

αMHC 5' ACA GAG TGC TTC GTG CCT
GAT 3'

5' CGA ATT TCG GAG GGT TCT GC 3' 5' ACA GTC ACC GTC TTG
CCG TTT TCA GT 3'

βMHC 5' GCT ACC CAA CCC TAA GGA
TGC 3'

5' TCT GCC TAA GGT GCT GTT TCA 3' 5' TGT GAA GCC CTG AGA
CCT GGA GCC 3'

Probes were labeled at the 5’ end with 6-FAM and at the 3’ end with BHQ-1.
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