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Abstract: Objective: To investigate the antifibrotic effect of Pyk2-related non-kinase (PRNK) and explore the pos-
sibility of using adenovirus carrying PRNK gene for targeted inhibition of Pyk2 to treat myocardial fibrosis. Method: 
Adenovirus carrying PRNK gene was constructed and the angiotention II (Ang II)-induced rat cardiac fibroblasts (CFs) 
were transfected with the adenovirus. The expressions of PRNK and phosphorylated Pyk2 proteins in CFs were 
detected. After the preparation of rat model of abdominal aortic stenosis, the rats were infected by the adenovirus 
expressing PRNK gene. Four groups were set up: sham operation group, PRNK group, drug intervention group and 
operation group. Myocardial collagen volume fraction (CVF) and perivascular collagen area (PVCA) were measured 
through Van Gieson (VG) staining, and the content of blue-stained collagen was analyzed by Masson’s trichrome 
staining. TUNEL method was used to detect myocardial cell apoptosis, and secretions of type I and IV collagen in 
myocardial tissues were detected by ELISA; expressions of PRNK and phosphorylated Pyk2 proteins were detected 
by Western Blot. Results: Adenoviral vector carrying PRNK gene was successfully constructed; rat CFs were effec-
tively transfected by the adenovirus that expressed PRNK gene stably. The adenoviruses were injected into rats with 
myocardial interstitial fibrosis via the tail vein. CVF, PVCA and grayscale of blue-stained collagen in the treatment 
groups were significantly lower than those in the control group, while the apoptosis rate of CFs in the former was 
significantly higher than that in the latter. In the transfection group, PRNK protein was upregulated in CFs, and the 
phosphorylated Pyk2 protein was downregulated. PPARγ agonist rosiglitazone (RSG) was injected as a comparison. 
The secretions of type I and IV collagen in myocardial tissues and serum did not show significant differences, and 
they were all much lower than those of the control. Conclusion: Adenoviral vector provides an effective means for 
the transfer of genes in researches on the mechanism and prevention and control of myocardial fibrosis. Targeted 
inhibition of Pyk2 using PRNK is a new pathway to achieve an antifibrotic action. Highly expressed in CFs, PRNK 
inhibits myocardial fibrosis by inhibiting the phosphorylation of Pyk2 through competitive binding. We preliminarily 
demonstrate the feasibility of using adenoviral vector carrying PRNK gene for targeted inhibition of Pyk2 to treat 
myocardial fibrosis. 
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Introduction

Myocardial fibrosis is one form of myocardial 
remodelling that is related to rheumatic heart 
disease, hypertension, cardiac insufficiency, 
arrhythmia and sudden cardiac death. Recent 
studies showed that the severity of myocardial 
interstitial fibrosis may be one important factor 
affecting the survival of patients with rheumat-
ic heart disease. Therefore, the prevention  
and control of myocardial fibrosis is a research 
hotspot in the field of heart-related diseases. 
Some progress has been achieved with gene 
therapy. 

Adenovirus is considered to be the most appro-
priate for gene transfer in the treatment of car-
diovascular system due to its high efficiency 
and stable expression of genes carried. At pres-
ent, adenovirus has been applied to treat stage 
III cardiovascular diseases [1]. 

Proline-rich tyrosine kinase2 (Pyk2) is a new 
member of focal adhesion kinase (FAK) family 
and has a high homology with FAK. Pyk2 plays 
a crucial role in intracellular signal transduc-
tion. PRNK, a homologous isomer of Pyk2, only 
encodes the C-terminal domain of Pyk2. Like 
Pyk2, PRNK also contains focal adhesion tar-
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Figure 1. cDNA sequencing of PRNK.
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geting sequence, but lacks N-terminal kinase-
activating domain as in Pyk2. With this struc-
tural feature, PRNK may selectively regulate 
the functions of Pyk2 in specific cells [2]. It is 
uncertain whether PRNK competes with Pyk2 
for focal adhesions, by which the phosphoryla-
tion of Pyk2 is inhibited. Besides, little is known 
concerning the role of PRNK in the prevention 
of myocardial interstitial fibrosis induced by 
high stress. We established the rat model of 
myocardial interstitial fibrosis induced by 
abdominal aortic stenosis. Transfection was 
performed using adenoviral vector carrying 
PRNK gene to study the preventive effect 
against myocardial fibrosis and to explore the 
feasibility of adenoviral vector in targeted inhi-
bition of Pyk2.

Materials and methods

The gene-encoding cDNA of PRNK was synthe-
sized by whole gene synthesis and then insert-
ed into the adenoviral vector. PCR was per-
formed to confirm whether the adenoviral  
vector expressing PRNK was constructed 
successfully. 

Rat cardiac fibroblasts (CFs) induced by Ang  
II were transfected with the adenoviral vector 
carrying PRNK gene. The CFs were divided into 

different groups: blank group where 
no intervention was performed; Ang 
II group where Ang II (10-6 mol/L) 
was added at the same time point 
as in PRNK group and empty vector 
group to treat the cells for 48 h; 
empty vector group + Ang II group 
where Ang II (10-6 mol/L) was add- 
ed to treat the cells for 48 h after 
transfection of CFs with empty  
vector for 24 h; PRNK + Ang II group 
where Ang II (10-6 mol/L) was add- 

Table 1. Comparison of expressions of PRNK and phosphory-
lated Pyk2 protein between the groups (target protein/β-actin; _
x±s)
Group n PRNK/β-actin pPyk2/β-actin
Blank group 6 0.00361±0.00028 0.09337±0.00201
Ang II group 6 0.01956±0.00197 0.53628±0.06376a

Empty vector group 6 0.01862±0.00147 0.60673±0.06720a

PRNK group 6 0.12445±0.00203a,b,c 0.14824±0.01052b,c

aCompared with blank group; bCompared with Ang II group; cCompared with 
empty vector group (P<0.05).

ed to treat the cells for 48 h after transfection 
of CFs with adenoviral vector carrying PRNK 
gene for 24 h. Expressions of PRNK and  
phosphoryated Pyk2 in CFs were detected by 
Western Blot. 

Rat model of abdominal aortic stenosis was 
prepared and 4 groups were set up, with 10 
rats in each group: sham operation group; 
PRNK group where 1 ml of adenoviral vector 
carrying PRNK was injected via the tail vein one 
week after modeling; drug intervention group 
where 100 mg·kg-1·d-1 RSG was intraperitoneal-
ly injected one week after modeling; operation 
group where abdominal aortic stenosis was 
achieved through operation. Left ventricular 
hypertrophy index (LVHI) was measured 5 
weeks after operation; CVF and PVCA were 
detected through VG staining; the content of 
blue-stained collagen was detected by 
Masson’s trichrome staining. TUNEL method 
was used to detect myocardial cell apoptosis; 
secretions of type I and IV collagen in myocar-
dial tissues were detected by ELISA; expres-
sions of PRNK and phosphorylated Pyk2 pro-
teins after transfection with adenoviral vector 
carrying PRNK were detected by Western Blot. 

Results 

Construction of adenoviral vector carrying 
PRNK gene 

With PRNK gene sequence as primers, PCR 
was performed for cDNA in recombinant adeno-
virus that was reversely transcribed. The ampli-
fied products were subjected to bidirectional 
sequencing. Homology analysis showed that 
the amplified fragment was consistent with 
gene-encoding cDNA sequence of PRNK gene 
reported in literature [3]. Thus recombinant 

Table 2. Comparison of LVHI between the 
groups (

_
x±s)

Group n LVHI (mg/g)
Sham operation group 8 1.718±0.094
Operation group 6 2.945±0.198a

RSG group 8 2.252±0.137b

PRNK group 7 2.124±0.143b,c

aP<0.01 compared with sham operation group; bP<0.05 
compared with operation group; cNo statistically signifi-
cant difference compared with RSG group.
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virus carrying PRNK was successfully con-
structed (Figure 1). 

Detection of expressions of PRNK and phos-
phorylated Pyk2 proteins in each group of cells 
by western blot

Expression of PRNK protein in CFs in vitro: After 
Western Blot, the grayscale values of the target 
bands and the bands of the internal reference 
were calculated using Quantity One software 
along with the ratio between the two. One-way 
ANOVA was performed. It was found that Ang II 
group and empty vector group were not signifi-
cantly different in PRNK expression (P>0.05); 
the expression in PRNK group was much higher 
than that in other groups (P<0.01) (Table 2), 
indicating the high expression of PRNK after 
transfection. 

Expression of phosphorylated Pyk2 protein in 
CFs in vitro: As shown by grayscale analysis, the 
expressions of phosphorylated Pyk2 protein  
in Ang II group and empty vector group were  
considerably higher than that of the blank 
group (P<0.01); however, the expression of 
phosphorylated Pyk2 protein in PRNK group 
was much lower than that of Ang II group and 
empty vector group (P<0.01) (Table 1). It was 
obvious that high expression of PRNK inhibited 
the phosphorylation of Pyk2 induced by Ang II. 

Measurement of LVHI

Compared with the sham operation group, the 
operation group showed a substantial increase 
of LVHI (P<0.01), indicating successful model-
ing. Compared with the operation group, LVHI 
of PRNK group and RSG group was decreased, 

Figure 2. Comparison of content of red-stained col-
lagen during VG staining (VG×400) in myocardial tis-
sues in operation group (A), PRNK group (B) and RSG 
group (C).
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but no significant difference was found bet- 
ween PRNK group and RSG group (Table 2). 
Abdominal aortic stenosis remarkably facilitat-
ed myocardial hypertrophy and fibrosis, which 
further led to the rise of LVHI; in contrast, PRNK 
and RSG inhibited myocardial hypertrophy and 
fibrosis. 

Comparison of CVF, PVCA and grayscale of 
blue-stained collagen

Under the inverted microscope, the myocardial 
interstitial space was filled with a small amount 
of collagen in the sham operation group; a 
small amount of collagen was deposited in  
the outer membrane of small artery within a 
restricted scope. The fibrous connective tis-
sues in the operation group were stained red-
dish orange by VG staining and presented a 
wave-like appearance; the content of collagen 
in myocardial interstitial space was increased; 
at some positions, the fibrous connective tis-
sues had branching fibers that penetrated  
into the myocardial tissues; fibrous septa were 
formed between the muscle bundles and  
tightly enveloped the myocardial cells, with the 
manifestation of reactive fibrosis (Figure 2). 
CVF and PVCA of the operation group were both 
significantly higher compared to the sham  
operation group (P<0.01). Collagen deposition 
in PRNK group and RSG group revealed by VG 
staining was less severe compared with the 
operation group (Figure 2); CVF and PVCA of 
these two groups were significantly lower than 
those of the operation group (P<0.05) (Table 
3). 

After Masson’s trichrome staining, the myocar-
dial tissues were stained red, the collagen 
fibers blue green, and the nuclei blue black. 
The content of collagen in the operation group 
was increased to a large extent (Figure 3), and 
the grayscale of the blue-stained collagen was 

of each group 

The contents of hydroxyproline, type I and IV 
collagen in myocardial tissues were detected. 
The content of type I and IV collagen in PRNK 
group was significantly lower than that of the 
operation group at the same time point (P< 
0.05). The contents of hydroxyproline, type I 
and IV collagen in the operation group had an 
obvious increase compared with the control 
(P<0.01). Thus abdominal aortic stenosis 
caused myocardial fibrosis and the increase of 
hydroxyproline, type I and IV collagen, and this 
trend was inhibited by intervention with PRNK. 
Similar antifibrotic effect was achieved as with 
RSG (Table 4). 

Immunohistochemical detection of phosphory-
lated Pyk2 protein 

Immunohistochemical detection revealed that 
there were only a few brown particles in the 
myocardial cytoplasm and interstitial space in 
the sham operation group, indicating weak 
expression of phosphorylated Pyk2 protein. In 
the operation group, the myocardial cytoplasm 
and interstitial space were filled with brown 
particles, indicating strong expression of phos-
phorylated Pyk2. The intensity of expression  
of phosphorylated Pyk2 in PRNK group lied 
between that of the two groups, and the inte-
gral optical density showed statistically signifi-
cant difference (P<0.05) (Table 5). 

Apoptosis of CFs detected by TUNEL method

Fields of view were randomly selected to count 
the apoptotic CFs stained with TUNEL in the 
operation group and PRNK group. As shown in 
Table 6, the apoptosis rate of CFs in PRNK 
group was considerably higher than that of the 
operation group and the sham operation group, 
indicating the induction of apoptosis of CFs by 
PRNK. 

Table 3. CVF, PVCA and content of blue-stained collagen in myo-
cardial tissues (

_
x±S)

Group n CVF (%) PVCA Blue-stained collagen
Sham operation 8 2.18±0.14 0.76±0.06 10.14±2.26
Operation group 6 11.36±0.41a 2.75±0.16a 29.08±7.75a

RSG group 8 8.43±0.84b 1.74±0.62b 17.61±1.92b

PRNK group 7 6.72±0.38b,c 1.21±0.51b,c 13.04±1.86b,c

aP<0.01 compared with sham operation group; bP<0.05 compared with opera-
tion group; cNo statistically significant difference compared with RSG group.

much higher than that of the 
sham operation group (P<0.01). 
The grayscale values of PRNK 
group and RSG group had a 
marked decrease compared 
with the operation group (P< 
0.05) (Table 3). 

Comparison of content of hy-
droxyproline, and type I and IV 
collagen in myocardial tissues 
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Expression of PRNK and phosphorylated Pyk2 
protein detected by western blot

Expression of PRNK: Grayscale values were 
analyzed after Western Blot detection. The 
grayscale of PRNK group was considerably 

higher than that of the 
sham operation group 
and the operation group 
(P<0.05). It was indicated 
that PRNK gene was high-
ly expressed in CFs after 
transfection (Table 7).

Expression of phosphory-
lated Pyk2: As indicated 
by the grayscale, the 
expression of phosphory-

Figure 3. Comparison of content of blue-stained collagen during Masson’s trichrome staining (Masson×400) in 
myocardial tissues in sham operation group (A), operation group (B), PRNK group (C) and RSG group (D).

Table 4. Comparison of secretions of hydroxyproline, type I and IV col-
lagen in culture supernatant (

_
x±S)

Group n Hydroxyproline 
(μg/g.pr)

Type I collagen 
(pg/ml)

Type IV collagen 
(pg/ml)

Sham operation group 8 326.21±19.51 247.82±13.52 154.31±16.83
Operation group 6 589.82±21.83a 718.52±21.43a 638.63±21.37a

RSG group 8 471.09±15.42b 462.61±20.41b 469.83±20.93b

PRNK group 7 452.68±17.42b,c 483.71±18.65b,c 487.72±19.04b,c

aP<0.01 compared with sham operation group; bP<0.05 compared with operation group; 
cNo statistically significant difference compared with RSG group.

lated Pyk2 in PRNK group was much lower than 
that of the operation group (P<0.05), while the 
expression level of the operation group was sig-
nificantly higher than that of the sham opera-
tion group (P<0.01). It was indicated that the 
transfection with adenoviral vector carrying 
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PRNK gene inhibited overphosphorylation of 
Pyk2 induced by abdominal aortic stenosis 
(Table 7). 

Discussion

Evaluation of the constructed adenoviral vec-
tor

We used pAd Easy Adenoviral Vector to con-
struct the recombinant adenovirus carrying the 
coding region of PRNK gene from rats. According 
to unpublished results, this adenovirus can pro-
liferate stably in 293T cells and achieve a high 
titer through repeated transfection. Therefore 
pAd Easy Adenoviral Vector is suitable to be 
applied to analyze the mechanism of action of 
PRNK on Pyk2 and its antifibrotic effect. 

Expression of PRNK in CFs in vitro

CFs are easy to culture in vitro and can be 
transfused back into the body after gene trans-
fer, or the gene transfer can be directly done 
within the cardiac chamber using a catheter. 
When carrying the target gene, CFs may secrete 
the desired proteins into the cardiac chamber, 
which then enter blood circulation to perform 
systemic or local function. CFs which is the tar-
get cells in gene therapy offer new hope in tar-
geted therapy for cardiovascular diseases [4]. 
In our experiment, PRNK was highly expressed 
after transfection into CFs using the adenoviral 
vector. By detecting the phosphorylation level 
of Pyk2 at Tyr402, it was found that the high 

expression of PRNK significantly inhibited the 
phosphorylation of full-length Pyk2. The focal 
adhesion targeting domain in PRNK gene may 
facilitate the binding of PRNK to focal adhe-
sions, which reduced the binding by full-length 
Pyk2 that contains N-terminal kinase-activat-
ing domain. As a result, the phosphorylation 
level was decreased, which had an influence  
on downstream signaling. This was probably 
the mechanism of the action of PRNK on Pyk2. 
It was inferred that PRNK may be an endoge-
nous dominant negative mutant of Pyk2, which 
competed with Pyk2.  

Evaluation of rat model of myocardial fibrosis 

Myocardial fibrosis is a type of pathological 
changes found in the model of hypertension 
and heart failure. It is highly important to 
choose a rat model of myocardial fibrosis show-
ing effective and consistent PRNK expression. 
Using the method by Zhao et al. [5], abdominal 
aortic stenosis was simulated by operation to 
construct the rat model of myocardial fibrosis. 
According to Stilli D et al. [6], detections were 
performed 5 weeks after modeling. Results 
showed that left ventricle mass/body weight 
ratio was increased obviously compared with 
normal rats; CVF, PVCA, grayscale of blue-
stained collagen, and content of type I and IV 
collagen all had a significant increase com-
pared with the sham operation group. Moreover, 
the data of each parameter were consistent 
with those in the operation group. This proved 
that rat model of myocardial fibrosis was con-
structed successfully 5 weeks after modeling. 

PRNK carried by adenoviral vector was stably 
expressed in CFs after injection into rats via 
the tail vein 

There are many ways to deliver the adenoviral 
vectors. Though intramyocardial injection of 
adenoviral vectors has the highest infection 
rate [7], the mortality caused by injection is 
high and it is difficult to perform repeated  
intramyocardial injections. In the present stu- 
dy, myocardial fibrosis was modeled through 
abdominal aortic stenosis and adenoviral vec-
tor was injected via the tail vein. By this meth-
od, a lower stress was caused by second injec-
tion. One week after operation, 1 ml of adenovi-
ral vector was injected via the tail vein. Western 
Blot was performed 4 weeks later, which found 
that PRNK expression in CFs showed a marked 

Table 5. Immunohistochemical detection of 
phosphorylated Pyk2 protein
Group n A value of pPyk2
Sham operation group 8 0.106±0.013
Operation group 6 0.325±0.032a

PRNK group 7 0.207±0.027b

aP<0.01 compared with sham operation group; bP<0.05 
compared with operation group.

Table 6. Influence of PRNK on apoptosis of 
rat CFs (

_
x±s)

Group n Apoptosis index (%)
Sham operation group 8 13.31±2.07
Operation group 6 15.62±1.91
PRNK group 7 27.16±2.33a,b

aCompared with sham operation group; bP<0.01 com-
pared with operation group.
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increase compared with other groups. This indi-
cated PRNK gene introduced using the adeno-
viral vector was stably expressed for at least 4 
weeks in CFs, conforming to the need of clinical 
treatment for myocardial fibrosis as a chronic 
disease. Moreover, the phosphorylation level of 
Pyk2 in CFs was increased significantly in the 
rat model of myocardial fibrosis. After the intro-
duction of PRNK gene, the phosphorylation 
level of Pyk2 decreased. This result confirmed 
the role of Pyk2 in myocardial fibrosis and even 
in myocardial remodeling. The overexpression 
of PRNK effectively inhibited overphosphoryla-
tion of Pyk2 in CFs caused by abdominal aortic 
stenosis in rats. So this mechanism may come 
into effect in the inhibition of myocardial fibro-
sis or even cardiac hypertrophy. 

Treatment effect of PRNK on myocardial fibro-
sis in rats 

After intervention with PRNK, CVF, PVCA and 
grayscale of blue-stained collagen were all 
decreased compared with the operation group. 
The remodeling of collagen network of the 
heart can increase myocardial stiffness and 
directly affect diastolic function. The increase 
of apoptosis rate of CFs and decrease of LVHI 
compared with the operation group also dem-
onstrated the inhibition of myocardial fibrosis 
and even cardiac hypertrophy after introduc-
tion of PRNK gene.

We found through preliminary experiments that 
PPARγ antagonist RSG had an inhibitory effect 
on myocardial fibrosis [8]. PPARγ prevents the 
transcription of TGF-β and CTGF and inhibits 
the high expression of MMP-9 induced by inter-
leukin-1 (IL-1) by inhibiting activator protein-1 or 
tumor necrosis factors and the activation of 
NF-κB induced by IL-1. Such mechanism is also 
inhibitory on PI3k/Akt signaling pathway [9, 
10]. We injected RSG for a comparison, and as 
shown by the changes of hydroxyproline, type I 

and IV collagen in myocardial  
tissues, the introduction of PRNK 
gene achieved similar effect. 
Hence the delivery of PRNK gene 
using adenoviral vectors has a 
great application prospect in the 
treatment of myocardial fibrosis. 

We proved through animal exper-
iment that PRNK inhibited the 
phosphorylation of Pyk2 via 

Table 7. Comparison of expression of PRNK and phosphorylated 
Pyk2 protein between the groups (target protein/β-actin; 

_
x±s)

Group n PRNK/β-actin Phosphorylated Pyk2 
PRNK/ β-actin

Sham operation group 6 0.00872±0.00201 0.01518±0.00340
Operation group 6 0.02177±0.00334 0.19854±0.03317a

PRNK group 6 0.09280±0.00950a,b 0.08470±0.00813b

aCompared with sham operation group; bP<0.01 compared with operation 
group.

competitive binding. Besides, high expression 
of PRNK could effectively inhibit myocardial 
fibrosis. But the parameters of different groups 
did not differ by a large margin. The reason may 
be that high stress, which was the root cause of 
myocardial fibrosis, was not precluded during 
the experiment and myocardial fibrosis was the 
result of multiple factors.
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