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FAK-related nonkinase attenuates hypertrophy induced by angiotensin-II
in cultured neonatal rat cardiac myocytes
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Abstract
Aim: To examine the inhibitory effect of FAK-related nonkinase (FRNK) in cardiac
hypertrophy in vitro and investigate the possible mechanisms.  Methods: A func-
tional fragment of FRNK cDNA was amplified by reverse transcription-polymerase
chain reaction and cloned into the vector pcDNA3.1.  Hypertrophy in neonatal rat
cardiac myocytes was established with angiotensin-II stimulation.  The pcDNA3.1-
FRNK or pcDNA3.1 was respectively transfected into cardiomyocytes by
Lipofectamine 2000.  The surface area and mRNA expression of atrial natriuretic
peptide (ANP) of myocytes were employed to detect cardiac hypertrophy.  NF-κB
p65 protein in nuclear extracts, phosphorylation levels of ERK1/2 (p-ERK1/2) and
AKT (p-AKT), as well as total ERK1/2, and AKT in variant treated cardiomyocytes
were determined by Western blot.  Results: Under the stimulation of angiotensin II,
the surface area of myocytes and levels of ANP mRNA were significantly increased.
But transient transfection with pcDNA3.1-FRNK in advance may reduce the sur-
face area and expression of ANP mRNA of hypertrophic myocytes.  The protein
levels of NF-κB p65 in nuclear extracts and p-ERK1/2, p-AKT in FRNK treated
cardiomyocytes were significantly decreased compared with that in angiotensin-
II induced cardiomyocytes, while different treatments had little effect on total
ERK1/2 and AKT.  Conclusion: FRNK may inhibit angiotensin-II-induced
cardiomyocyte hypertrophy via decreasing phosphorylation levels at ERK1/2 and
AKT, consequently downregulating nuclear translocation of NF-κB p65.
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Introduction
Cardiac hypertrophy is an adaptive response of the heart

to a variety of intrinsic and extrinsic stimuli, including
hypertension, myocardial infarction, endocrine disorders,
valvular diseases and so on.  Although hypertrophy is ini-
tially beneficial, prolonged hypertrophy can ultimately be-
come deleterious and result in cardiomyopathy, heart failure,
and sudden death[1].  Elucidation of the molecular mecha-
nisms that activate and maintain the hypertrophic program
represents a major challenge.  Previous studies have demon-
strated that activation of focal adhesion kinase (FAK) has
been implicated in the progress of cardiomyocyte hypertrophy.
FAK-related nonkinase (FRNK) is an alternate transcript of
the C-terminal region of the FAK gene and acts as an endog-
enous regulator of FAK activity[2].  However, how FRNK

inhibit angiotensin-II-induced cardiac hypertrophy is still
not well understood.  In the present study, we investigated
the effect of FRNK on cardiomyocyte hypertrophy induced
by angiotensin-II, and focused on the changes of relative
signal molecules to reveal the possible anti-hypertrophy
mechanisms of FRNK.

Materials and methods
Materials  Neonatal Sprague-Dawley rats were purchased

from the animal supply center of Tongji Medical College.
TRIzol reagent was purchased from Life Technologies, Inc
(Gaithersburg, MD, USA) and the RT-PCR kit was from
TaKaRa (Dalian, China).  Restriction enzymes and DNA
Marker were from MBI Fermentas (Hanover, MD, USA).
DMEM culture medium and fetal bovine serum were pur-
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chased from GIBCO (Grand Island, NY, USA).  Enhanced
chemiluminescence reagent was from Pierce Chemical
(Rockford, IL, USA), prestained molecular weight standards
were from Bio-Rad, Inc (Hercules, CA, USA), PVDF mem-
branes were from Schleicher and Schuell (Dassel, Germany)
and rabbit polyclonal (C-20) antibody against the C-termi-
nus of focal adhesion kinase, antibodies against ERK1/2,
p-ERK1/2, NF-κB RelA/p65 and β-actin were all purchased
from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA).
Antibodies against AKT and p-AKT were purchased from
Cell Signaling Technology, Inc (Beverly, MA, USA).

Preparation of pcDNA3.1-FRNK
Construction of pcDNA3.1-FRNK  Total RNA was ex-

tracted from fresh intestine tissue isolated from 18-day chick
embryogenesis (where FRNK expresses at a high level[3]).
Upstream primer (5'-GTT GGA TCC GTC AGA ACT GTG
TAC AAT ACT GGA GGA GG-3') and downstream primer (5'-
CTC GAA TTC CAA CAG ACA GAT GAA ACC TTC CCT C-
3') were used to amplify chick FRNK gene and restriction
endonucleases of BamHI and EcoRI were boldfaced, respec-
tively.  According to the manufacturer’s instructions for the
RT-PCR kit, the first-strand cDNA synthesis was carried out
in a 20 µL reaction volume with 1 µg of total RNA and the
following components: 1 µL (2.5 pmol/mL) of Oligo (dT), 1
µL total RNA (1 µg/µL), 8.5 µL of RNA-free double distilled
H2O, 2 µL of 10×RNA PCR buffer [250 mmol/L Tris-HCl (pH
8.3), 375 mmol/L KCl, and 15 mmol/L MgCl2], 2 µL of a 10
mmol/L dNTP mix, 0.5 µL of RNase inhibitor (40 U/µL), and 1
µL of avian myeloblastosis virus (AMV) reverse transcriptase
(5 U/µL).  The mixture was incubated at 42 °C for 30 min, and
then at 99 °C for 5 min.  The PCR reaction was performed in a
final reaction volume of 25 µL using 5 µL of the reverse
transcription reaction product in a thermal cycle with a 1-min
denaturing phase at 95 °C, a 45-s annealing phase at 55 °C,
and a 3-min extension phase at 72 °C for 35 cycles.  The
amplified products were analyzed with 1% agarose gel elec-
trophoresis (Figure 1), and recovered with a Qiaquick gel
extraction kit.  The RT-PCR products were then digested by
BamHI and EcoRI and was ligated with pcDNA3.1 vector at
the site digested by the same restriction endonucleases in
the presence of T4 DNA ligase at 16 °C overnight, forming a
new plasmid pcDNA3.1-FRNK (Figure 2).  The ligation mix-
tures were transformed into Ecoli DH5α, and then spread on
an LB agarose plate containing ampicillin (100 µg/mL).  The
correct plasmid of recombinant FRNK eukaryotic expression
vector identified by the restriction analysis was further con-
firmed using an automated DNA sequencer (TaKaRa) and
was subsequently compared with the published gallinaceous
cDNA sequence.

Plasmid purification by cesium chloride density gra-
dient centrifugation  A colony of bacteria harboring the re-
combinant FRNK were put into an Ehrlenmeyer flask con-
taining 1 L of TB media supplemented with ampicillin at 100
µg/mL and incubated at 37 °C for 12–16 h with shaking at
750×g.  The cells were harvested by centrifugation at 24 000×g
for 20 min in 500 mL bottles and plasmid DNA was recovered
from bacterial cells by an alkaline lysis procedure.  The closed
circular plasmid DNA was then purificated by CsCl/EB as
described in a previous study[4].  The concentration of the
DNA was measured by the spectrophotometer and plasmid
was stored at -20 °C.

Cardiomyocyte culture and treatments  Neonatal
cardiomyocytes were isolated and cultured according to the
method described by Simpson and Savion[5], with some
modifications.  The ventricles of neonatal SD rats (1 to 3 d
old) were digested with 0.1% pancreatin at 37 °C.  Dissoci-
ated cells were preplated for 1 h in serum-free DMEM me-
dium to selectively remove nonmuscle cells.  Myocytes were

Figure 1. The RT-PCR product of FRNK. Lane 1, DNA molecular
weight marker (DL 2000); Lane 2, full length FRNK; Lane 3, DNA
molecular weight marker (l HindIII/EcoRI).

Figure 2. Schematic diagram of pcDNA3.1-FRNK vector. FRNK
was cloned downstream of the CMV promoter. Bovine growth hor-
mone (BGH) poly A tail is present to enhance mRNA stability.
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then plated in 6-well dishes (1×106 cells/well) in a 5% CO2

incubator for 18 h.  Unattached cells were removed by
aspiration, and the attached cells were maintained in DMEM
solution containing 20% fetal bovine serum for an additional
48 h.  The medium was then changed to serum-free cultured
DMEM solution.  The next day, myocytes were divided into
four groups.  Two groups of cells were respectively trans-
fected with pcDNA3.1-FRNK (FRNK group) or pcDNA3.1
(pcDNA3.1 group) by Lipofectamine 2000 according to the
manufacturer’s instructions.  At 24 h after transfection, the
two groups were treated with angiotensin-II (1×10-6 mol/L)
for a further 48 h.  The Ang II group was treated only with
angiotensin-II (1×10-6 mol/L) at the same time.  The blank
group that had received no treatment served as control.

Measurement of surface area of cardiac myocytes  The
surface area of cardiac myocytes was measured according
to the protocol of Simpson[6].  Surface area was quantified
by imaging to the complete boundary of 30 individual cells/
group using image analysis software (SCION IMAGING;
National Institutes of Health, USA).  From this, a mean±SEM
value was calculated for the surface area in each group.

RT-PCR analysis of ANP mRNA  Total RNA was extracted
from myocytes with TRIzol reagent.  Analysis of the expres-
sion of ANP mRNA was done using RT-PCR technique.  Ex-
pression of mRNA for glyceraldehydes-3-phosphate dehy-
drogenase (GAPDH) was used as an internal standard.  To-
tal RNA (0.5 µg) was reverse transcribed in a final volume of
20 µL with AMV reverse transcriptase (5 U/µL) and 1 µL
oligo (dT) primer (2.5 pmol/mL) according to the RT-PCR
manufacturer’s protocol.  Single-strand cDNA template (5 L)
was used for polymerase chain reaction (PCR) to amplify a
410-bp fragment for ANP with the complementary antisense
primer (5'-GGC TCC TTC TCC ATC ACC AA-3') and the sense
primer (5'-CCA ATC CTG TCA ATC CTA CC-3').  For a 274-bp
fragment for the housekeeping gene GAPDH, the antisense
primer was 5'-GCT CAT GAC CAC AGT CCA-3', the sense
primer 5'-CTG CTT CAC CAC CTT CTT-3'.  The conditions
for PCR were one cycle of denaturation at 95 °C for 5 min
followed by 30 cycles of 95 °C for 60 s, 56 °C for 45 s, and 72 °C
for 60 s, with a final extension at 72 °C for 7 min.  The electro-
phoresed PCR products were scanned by densitometry and
the ratio of ANP to GAPDH was calculated in each sample.

Total protein, nuclear extracts and Western blot
Protein isolation   Myocytes were incubated with the

Tris buffer on ice for 30 min, and then removed from the 6-
well plates by cell scraping.  Subsequently, the lysate was
centrifuged at 4 °C for 10 min and the supernatants (total
protein) were collected.  Nuclear extracts were isolated using
a method described in a previous study[7].  The concentra-

tions of total and nuclear proteins were quantified by the
Bradford method.

Western blot   Total or nuclear protein samples (20 µg
per lane) were separated by 10% SDS/PAGE, electrophoreti-
cally transferred onto PVDF membranes, and the membranes
were incubated for 2 h at room temperature with 5% nonfat
dried milk in 10 mmol/L Tris-HCl (pH 7.5), 100 mmol/L NaCl,
and 0.1 % Tween-20 (TBS-T).  For nuclear extracts, the mem-
brane was incubated with a rabbit anti-NF-κB RelA/p65 an-
tibody and, for total proteins, the membrane was incubated
with appropriate dilutions of primary antibody against the
C-terminus of FAK, ERK1/2, p-ERK1/2, AKT and p-AKT,
followed by incubation with an appropriate dilution of the
secondary antibody for 2 h at room temperature.  After each
incubation, the blot was washed 4 times in TBS-T at room
temperature and then developed with enhanced chemilumine-
scence.

Statistical analysis  The data are expressed as mean±SEM
and analyzed by means of either Student’s t-test or ANOVA,
with the use of SPSS 12.0 software.  Differences were con-
sidered statistically significant at P< 0.05.

Results
Identification of pcDNA3.1-FRNK  To demonstrate

whether the full-length chick FRNK-cDNA was inserted into
the multi-clone sites of pcDNA3.1 correctly, pcDNA3.1-FRNK
was digested by BamHI and EcoRI and evaluated with elec-
trophoresis (Figure 3).

Figure 3. Electrophoresis of recombinant plasmid pcDNA3.1-FRNK.
Lane 1, DNA molecular weight marker (λHindIII/EcoRI); Lane 2,
pcDNA3.1-FRNK digested with BamHI and EcoRI, pcDNA3.1 in the
upper, full length FRNK in the lower.

Effect of FRNK on surface area in angiotensin-II-induced
hypertrophic myocytes  To assess cellular hypertrophy, the
surface area of variant treated cardiac myocytes was quanti-
fied (Figure 4).  The average surface area of cardiac myocytes
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in the Ang II group increased by ~38.0% compared to the
blank group (889±32 µm2 vs 644±60 µm2).  However, cell sur-
face area in the FRNK group was significantly reduced com-
pared with the Ang II or pcDNA3.1 groups (684±47 µm2 vs
889±32 µm2, 684±47 µm2 vs 877±23 µm2; P< 0.01).  These data
indicate that FRNK could decrease the surface areas of hy-
pertrophic myocytes induced by angiotensin-II.

Effect of FRNK on expression of ANP mRNA  Pathologi-
cal cardiac hypertrophy is usually associated with the re-
expression of the fetal gene program[8].  So we examined the
expression of ANP mRNA (Figure 5).  Cardiac myocytes in
the AngII and pcDNA3.1 groups resulted in significant in-
creases in the levels of ANP mRNA (ODANP/GAPDH =1.13±0.06,
1.09±0.05, respectively).  But the expression of ANP mRNA
in the FRNK group was dramatically lower than that in the
Ang-II group.  We detected no significant changes in the

expression of the ANP gene between myocytes with the Blank
group (ODANP/GAPDH = 0.29±0.04) and FRNK group (ODANP/

GAPDH=0.35±0.02).  The results indicated that FRNK sup-
pressed the re-expression of ANP mRNA in hypertrophic
myocytes.

Effects of FRNK overexpression on Ang II-induced sig-
nal transduction  At first, we used the C-terminal anti-FAK
antibody to examine the FRNK expression in different groups.
Obviously, the protein level of FRNK in the FRNK group
was higher than that in other groups.  We then examined the
expression of intracellular signal molecules because many
aspects of cardiac myocyte growth and function are depen-
dent on signal pathways.  We found no evident effect of
expressions of total ERK1/2 and AKT in each group.
However, strikingly higher expressions of ERK1/2 and AKT
phosphorylation in the Ang II group were seen in contrast
to the Blank group.  In the FRNK group, markedly attenu-
ated ERK1/2 and AKT phosphorylation was observed, but
in the pcDNA3.1 group there were the same levels of the
expression compared to Ang II group.  Subsequently, we
also examined the NF-κB p65 protein level in the nucleus.
Immunoblotting of nuclear extracts with an anti-NF-κB p65
antibody showed low expressions of NF-κB p65 protein in
the FRNK and Blank groups, while stronger expression was
observed in the Ang II and pcDNA3.1 groups (Figure 6).
This suggested that FRNK overexpression regulated hyper-
trophic signaling through decreasing ERK1/2 and AKT
phosphorylation, and subsequently downregulation of
NF-κB p65 in the nucleus.

Figure 5 . Representative RT-PCR analysis of ANP mRNA. The
coamplified GAPDH gene served as an internal control. Product sizes
are 410 bp for ANP and 274 bp for GAPDH.

Figure 6 . Representative Western-blot analysis of expression of
total ERK1/2, AKT, ERK1/2 and AKT phosphorylation, as well as
NF-κB p65 in nucleus. Results are representative of three indepen-
dent experiments.

Figure 4.  Effect of FRNK on angiotensin-II-induced increase in
surface area of cardiac myocytes. Cell surface area was calculated by
30 individual cells/group. Mean±SEM. cP< 0.01 between Blank group
and Ang II  group and FRNK group and Ang II  group.  NS, no
siganificant.
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Discussion
Activation of FAK has been implicated in the progress

of cardiomyocyte hypertrophy[9].  Focal adhesion formation
triggers FAK autophosphorylation of Tyr397 and activation,
leading to the recruitment of SH2 and SH3 domain-contain-
ing kinases such as Src and Fyn and subsequent phospho-
rylation of other cytoplasmic plaque proteins such as paxillin,
tensin, and p130CAS.  Direct Grb2 or Shc binding to FAK and
the indirect association of the SOS GDP-GTP exchange fac-
tor for Ras with Grb2 can link FAK to the activation of the
Ras-ERK2/MAP kinase pathway[10].  FAK also influences
other signaling molecules such as PI-3K/AKT, PLC, PKCα,
PKCδ and PKCε[11].  Thus, FAK may function as a “scaffold”
for the assembly of signaling complexes through the coordi-
nated recruitment of other signaling and adaptor proteins[12].
FRNK is the autonomously expressed, noncatalytic C-termi-
nal portion of FAK.  Because FRNK does not possess cata-
lytic activity but comprises the focal adhesion target domain,
FRNK can compete with FAK for focal adhesion binding
sites and acts as an endogenous regulator of FAK activity[2,13].

Ang II has been implicated in cardiac hypertrophy[14].  In
the present study, cardiac myocytes incubated with angio-
tensin-II (1×10-6 mol/L) for 48 h, resulting in a significant
increase of surface area of myocytes, while the surface area
of myocytes transfected with pcDNA3.1-FRNK in advance
was reduced.  Because it has long been recognized that the
upregulation of the so-called fetal gene ANP was associated
with the development of pathological cardiac hypertrophy[8],
the mRNA levels of ANP in differently treated groups were
also examined.  Our data indicated that transfection of
pcDNA3.1-FRNK indeed decreased the mRNA expression
of ANP in hypertrophic myocytes.

The detailed mechanisms by which FRNK regulates hy-
pertrophic growth of cardiomyocytes are not known.  Many
lines of evidence have suggested that ERK1/2 and AKT are
key molecules in intracellular signal transduction and play
essential roles in cellular proliferation and differentiation in
many cell types, including cardiomyocytes[15,16].  In the
present study, we tested the expression of ERK1/2 and AKT,
as well as phosphorylation levels of ERK1/2 and AKT in
different groups.  Furthermore, we examined the level of NF-
κB p65 in the nucleus.  NF-κB is known to be involved in
inflammation, the immune response, viral infection, and the
regulation of programmed cell death[17].  Recent studies by
several investigators have also implicated NF-κB activation
as a causal event in cardiac hypertrophic response[18,19].  As
we know, the NF-κB family has 5 mammalian members: p50,
p52, c-Rel, p65, and RelB.  In most resting cells, NF-κB is a
p50/p65 dimer that is retained in the cytoplasm.  On

stimulation, the NF-κB p65 subunit is translocated into the
nucleus and regulates gene transcription[20].  In this report,
we showed that the overexpression of FRNK in myocytes
led to decreasing levels of ERK1/2 and AKT phosphorylation,
and NF-κB p65 protein in nuclear extracts, but did not influ-
ence total expressions of ERK1/2 and AKT.  These results,
together with previously published data[10–11,15,16], indicate that
FRNK inhibits angiotensin-II-induced cardiomyocyte hyper-
trophy by affecting Raf-1 kinase/ERK and PI-3K/AKT sig-
nal pathways, and then down-regulation of nuclear translo-
cation of NF-κB p65.

In summary, our study demonstrates that overexpression
of FRNK has beneficial effects on the hypertrophic myocytes
stimulated by angiotensin-II.  FRNK may be a therapeutic
target for the treatment of cardiac hypertrophy.
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