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Abstract. The Src kinase is involved in signaling events leading 
to cardiac hypertrophy. The exact effects of tyrosine phosphor-
ylation and subnuclear distribution on cardiac hypertrophy and 
failure remain to be investigated. In this study, we examined 
the intranuclear expression and distribution of c-Src, Src phos-
phorylated at tyrosine 529 (Src[pY529]), Src phosphorylated at 
tyrosine 418 (Src[pY418]) and Src phosphorylated at tyrosine 215 
(Src[pY215]) in the myocardial nuclei of the left ventricle (LV) 
from 2-, 6-, 12- and 18-month-old spontaneously hypertensive 
heart failure (SHHF) rats and age-matched Wistar-Kyoto 
(WKY) rats as normotensive controls by western blot analysis, 
immunofluorescent labeling and immunoprecipitation. Cellular 
Src (c-Src) expression in the myocardial nuclei of the LV of the 
2-, 6-, 12- and 18-month-old SHHF rats was not significantly 
different from that in the myocardial nuclei of the LV of the 
age-matched WKY rats. Although there were no significant 
differences observed between the levels of Src[pY529] and 
Src[pY418] in the myocardial nuclei of the LV of the 2-month-
old SHHF and WKY rats, the expression of Src[pY529] 
significantly decreased, while that of Src[pY418] significantly 
increased in the myocardial nuclei of the LV of the 6-, 12- and 
18-month-old SHHF rats compared to the age-matched WKY 
controls. Furthermore, as demonstrated by double labeling 
with antibodies against fibrillarin and Src-associated in mitosis 
68 kDa (Sam68), c-Src was co-localized with both Sam68 and 
fibrillarin in the nuclei; Src[pY529] co-localized with fibril-
larin, but Src[pY418] co-localized with Sam68. The results 
from the present study suggest that the dephosphorylation of 
Src tyrosine kinase 529, the phosphorylation of tyrosine 418 
and their subnuclear redistribution are involved in endonuclear 
signal transduction in cardiac myocytes, which regulates the 

development and progression of LV eccentric hypertrophy 
induced by hypertension.

Introduction

Hypertension is a factor responsible for structural and func-
tional alterations in myocardial tissue leading to hypertrophy 
of the left ventricle (LV), which is defined as an increase in 
the LV mass in a compensatory response to elevated blood 
pressure to minimize wall stress (1). Eventually, congestive 
heart failure (CHF) develops after sustained load increase. LV 
hypertrophy is a strong independent predictor of cardiovascular 
events and all-cause mortality. Patients with LV hypertrophy 
are at an increased risk of stroke, coronary heart disease, CHF 
and sudden cardiac death, while the regression of LV hyper-
trophy is associated with the reduced risk of these clinical 
events (2,3). Therefore, identifying the molecular mechanisms 
behind the mechanical stress from elevated blood pressure in 
LV hypertrophy is key to understanding and treating hyper-
tensive heart disease. The Src kinase plays a critical role in the 
development of cardiac hypertrophy in response to mechanical 
stress (4).

The Src kinase, a non-receptor protein tyrosine kinase, 
participates in multiple signaling pathways involved in cardiac 
hypertrophy, such as integrin-mediated and G protein-coupled 
receptor signal transduction (5-10). Src kinase activity can be 
regulated by altering the phosphorylation of specific tyrosine 
residues. There are 3 main phosphorylation sites, tyrosines 
529, 418 and 215, that are involved in regulating Src activity. 
Phosphorylation at residues 418 and 215 increases Src kinase 
activity, while phosphorylation at tyrosine 529 downregulates 
Src kinase activity in growth factor signaling (11,12). Src 
autophosphorylates, and Src kinase activity also transiently 
increases when cultured rat cardiac myocytes are subjected 
to mechanical stress in vitro (5). The Src kinase is also acti-
vated during cardiac hypertrophy following acute pressure 
overload in vivo (9). Our previous study demonstrated that the 
Src kinase relocated from the cytoplasm to the cell membrane 
and aggregated in the intercalated discs during decompensated 
remodeling of cardiac myocytes in LV hypertrophy resulting 
from hypertension (13). However, whether the Src kinase is 
involved in signal transduction in the nuclei of cardiac myocytes 
in the LV during hypertrophy resulting from hypertension 
remains unknown.
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Materials and methods

Animals. Two-, 6-, 12- and 18-month-old, lean, male spontane-
ously hypertensive heart failure (SHHF) rats and age-matched, 
male Wistar-Kyoto (WKY) rats, as the normotensive controls, 
were acquired from Da-Shuo Scientific Co. (Chengdu, China). 
Six rats from each age group were used for extracting nuclear 
protein (NP) homogenates of the LV tissues for western blot 
analysis and for cutting frozen sections of the LV tissues for 
immunofluorescent staining. Six rats from each age group were 
used for isolating cardiac myocytes for immunofluorescent 
staining. Six of the 6-month-old SHHF and WKY rats (6 rats 
from each) were used for immunoprecipitation. All procedures 
were performed in accordance with the Guide for the Care and 
Use of Laboratory Animals (US Department of Health and 
Human Services, NIH publication no. 85-23) and approved by 
the Sun Yat-sen University Animal Care and Use Committee.

Antibodies. Rabbit polyclonal antibodies against the 
N-terminus of Src(N-16) for western blot analyses, mouse 
monoclonal antibody against the N-terminus of Src(H-12) for 
immunofluorescent labeling and immunoprecipitation, and 
mouse monoclonal antibody against Src-associated in mitosis 
68 kDa (Sam68) were obtained from Santa Cruz Biotechnology, 
Inc. (Santa Cruz, CA, USA). Anti-Src phosphorylated at 
tyrosine 529 (Src[pY529]) and anti-Src phosphorylated at 
tyrosine 418 (Src[pY418]) phosphospecific antibodies for 
western blot analysis and immunolabeling were obtained from 
Abcam (Cambridge, UK) and BioSource International, Inc. 
(Camarillo, CA, USA), respectively. Anti-Src phosphorylated 
at tyrosine 215 (Src[pY215]) phosphospecific antibody was 
obtained from Upstate Biotechnology, Inc. (Lake Placid, NY, 
USA). Anti-fibrillarin monoclonal antibody was obtained 
from Cytoskeleton, Inc. (Denver, CO, USA). Alexa Fluor 488 
or 568 conjugated goat anti-rabbit IgG or goat anti-mouse IgG 
antibodies for immunolabeling were obtained from Molecular 
Probes (Eugene, OR, USA).

Myocyte isolation, frozen sections of intact myocardium, 
immunolabeling and confocal microscopy. Cardiac myocytes 
were enzymatically isolated as previously described (14). 
Briefly, the hearts were removed and trimmed. The aorta was 
cannulated for retrograde perfusion with oxygenated calcium-
free Joklik medium (Sigma, St. Louis, MO, USA) at 37˚C 
followed by incubation with the same medium containing 0.1% 
collagenase. After collagenase perfusion, the heart became 
softened and was removed from the perfusion apparatus. Tissue 
was minced in calcium-free Joklik medium and the isolated 
cells were filtered through a nylon mesh (250 µm) into 8% 
paraformaldehyde solution, fixed at a final concentration of 4% 
for 10 min and subsequently suspended in phosphate-buffered 
saline (PBS) for fluorescent labeling.

The LV tissue was placed in embedding medium and frozen. 
Sections (6-µm-thick) were cut using a cryostat and mounted 
onto poly-l-lysine-coated slides for immunofluorescent labeling. 
Frozen tissue sections were thawed to room temperature, fixed 
in cold acetone for 10 min and washed with PBS as previously 
described (15). For the isolated cardiac myocytes, cardiac 
myocyte suspensions were aliquoted onto positively charged 
slides, permeated with 0.5% Triton X-100 for 30 min at room 

temperature and washed in PBS (16). Immunofluorescent 
labeling was performed on both the frozen tissue sections and 
the isolated cardiac myocyte sedimentary slides according to 
the following procedure: After washing with PBS, the slides 
were blocked with 1% bovine serum albumin to reduce non-
specific binding and a primary antibody (anti-c-Src antibody or 
anti-Src[pY529], anti-Src[pY418] and anti-Src[pY215] phospho-
pecific antibodies, or anti-fibrillarin antibody or anti-Sam68 
antibody) was added for overnight incubation at 4˚C. The primary 
antibody was removed and the slides were washed 3 times with 
PBS. A secondary fluorochrome-conjugated antibody (Alexa 
Fluor 488 conjugated goat anti-rabbit IgG antibody, Alexa Fluor 
488 conjugated goat anti-mouse IgG antibody, Alexa Fluor 568 
conjugated goat anti-rabbit IgG antibody or Alexa Fluor 568 
conjugated goat anti-mouse IgG antibody, based on the primary 
antibody used in labeling) was added followed by incubation 
for 1 h at room temperature. Unbound secondary antibody was 
then washed away with PBS. The nuclei were counterstained 
with propidium iodide (PI). The same procedure was repeated 
with the second set of antibodies, except that the nuclei were 
not counterstained with PI for double labeling. The slides were 
mounted in 60% glycerol in PBS and sealed with nail polish 
for observation using an Olympus FluoView Confocal Laser 
Scanning Microscope System. The negative controls were incu-
bated with the omission or substitution of primary antibodies 
with rabbit serum under the same conditions. Cardiac myocytes 
labeled without primary antibody or with rabbit serum only 
showed weak diffuse background fluorescence.

NP extraction, gel electrophoresis and western blot 
analysis. The extraction of NP was performed as previously 
described (17). NPs were separated by one-dimensional 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
(Laemmli) based on their molecular weight. NP content was 
determined for each sample using the Bradford method. Fifty 
micrograms of protein from each LV sample were mixed with 
Laemmli SDS sample buffer (2X stock Laemmli SDS sample 
buffer, 5% 2-mercaptoethenol and 0.005% bromophenol blue), 
and the samples were then boiled and electrophoresed on 10% 
gels. The proteins were then transferred onto nitrocellulose 
membranes. The membranes were blocked with 3% BSA and 
5% dry milk in PBS for 1 h and probed with primary antibody. 
After thorough washing, the bound antibodies were visual-
ized with horseradish peroxidase-conjugated anti-rabbit IgG 
antibody using the enhanced chemiluminescence technique 
(Amersham Biosciences, Piscataway NJ, USA). The protein 
bands were scanned and the densities were quantified using 
NIH image software. The mean optical density of each band 
was regarded as the density unit for the relative protein content.

Immunoprecipitation. The LV was homogenized with a 
PT1200C Polytron homogenizer in ice-cold lysis buffer (50 mM 
Tris•HCl, 1% NP-40, 150 mM NaCl, 1 mM EDTA, 1 mM 
PMSF, 1 µg/ml aprotinin, 1 µg/ml leupeptin, 1 µg/ml pepstatin, 
1 mM Na3VO4 and 1 mM NaF, pH 7.4). The homogenates were 
centrifuged at 14,000 x g for 15 min at 4˚C. The supernatant 
was quantified using the Bradford method. A total of 1,000 µg 
protein was placed into a new centrifuge tube and adjusted to 
the same volume of 0.5 ml with ice-cold lysis buffer. Following 
incubation with 30 µl of 50% protein A agarose beads (Santa 
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Cruz Biotechnology, Inc.) for 1 h at 4˚C in a tube rotator, the 
beads were removed by centrifugation. Primary antibody was 
added to the supernatant and incubated overnight with rotation 
at 4˚C. The protein complex was pulled down by the addition 
of 30 µl of 50% protein A agarose beads. Non-specific binding 
was removed by washing 3 times with ice-cold lysis buffer. The 
washed protein complex was boiled with 30 µl of SDS sample 
buffer and separated by SDS-PAGE for western blot analysis. 
For the negative controls, irrelevant antibody or rabbit serum 
was used instead of specific antibodies.

Statistical analysis. Data are expressed as the means ± SE. 
Two-sample, independent-group t-tests were performed to 
compare physiological data and the optical densities from 
the western blot analyses between the SHHF and WKY rats. 
A value of P<0.05 was considered to indicate a statistically 
significant difference.

Results

Comparison of physiological parameters between SHHF 
and WKY rats. The heart weight (HW), the ratio of the 
heart weight to the body weight (HW/BW) and the LV 
weight (LVW) significantly increased in the 2-, 6-, 12- and 
18-month-old SHHF rats as compared with the age-matched 
WKY rats (Table I). These results confirm that heart hyper-
trophy, particularly LV hypertrophy, exists in 2-, 6-, 12- and 
18-month-old SHHF rats.

Nuclear expression of c-Src, Src[pY529], Src[pY418] and 
Src[pY215] in the LV of SHHF rats. We used rabbit antibodies 
against the N-terminus of cellular Src (c-Src) to detect its 
expression in the NP extracts from the LV of SHHF and 
WKY rats. Western blot analysis revealed the expected band 
at 60 kDa, which represents c-Src. There were no significant 
differences observed in c-Src expression in the NP between 
the 2-, 6-, 12- and 18-month-old SHHF rats and their age-
matched WKY controls (104.5±11.1 vs. 104.4±10.7, 105.2±9.5 
vs. 104.5±9.2, 113.9±10.9 vs. 104.1±12.7 and 126.9±10.3 vs. 
111.7±10.7, respectively; N=6, P>0.05) (Fig. 1A).

The activation of Src kinases is closely associated with 
the phosphorylation and dephosphorylation of certain amino 
sites. To determine whether Src phosphorylation levels were 
altered in the NP extracts from the LV of the SHHF rats, we 
investigated 3 tyrosine phosphorylation sites: Src[pY529], 
Src[pY418] and Src[pY215]. Western blot analysis revealed that 
the Src[pY529] levels in the NP extracts from the LV did not 
significantly differ between the 2-month-old SHHF rats and 
the age-matched WKY control rats (126.5±5.0 vs. 122.2±5.0; 
N=6, P>0.05) (Fig. 1B). However, Src[pY529] levels decreased 
in the NP extracts from the LV tissues from the 6-, 12- and 
18-month-old SHHF rats compared to the age-matched WKY 
rats (101.6±8.7 vs. 128.8±6.2, 104.6±7.1 vs. 128.5±5.0 and 
102.0±8.9 vs. 132.1±7.1, respectively; N=6, P<0.05) (Fig. 1B). 
Src phosphorylation levels at the tyrosine 529 site were 
downregulated in the nuclei of the cardiac myocytes of the 
hypertrophic LV of the 6- to 18-month-old SHHF rats.

Src[pY418] expression in the NP extracts from the LV 
myocytes of the 2-month-old SHHF rats did not differ signifi-
cantly from that of the 2-month-old WKY rats (47.0±5.6 vs. 

49.3±5.0; N=6, P>0.05) (Fig. 1C). However, Src[pY418] 
expression significantly increased in the NP extracts from 
the LV myocytes from the 6-, 12- and 18-month-old SHHF 
rats compared to the age-matched WKY rats (71.2±5.1 vs. 
54.8±5.6, 72.3±6.3 vs. 54.3±3.9 and 82.9±5.8 vs. 63.1±6.2, 
respectively; N=6, P<0.05) (Fig. 1C). Src phosphorylation 
levels at the tyrosine 418 site increased in the nuclei of cardiac 
myocytes from the hypertrophic LV of the 6- to 18-month-old 
SHHF rats.

Finally, Src[pY215] levels were not significantly altered 
in the NP extracts from the LV tissues from the 2-, 6-, 12- 
and 18-month-old SHHF rats and the age-matched WKY 
control rats (101.6±7.8 vs. 114.9±10.8, 110.3±5.4 vs. 114.4±6.0, 
105.6±4.9 vs. 100.1±8.0 and 108.6±8.9 vs. 114.0±7.4, respec-
tively; N=6, P>0.05) (Fig. 1D).

Subnuclear localization of c-Src in the nuclei of cardiac 
myocytes. The subcellular localization of the Src kinase is 
important for the regulation of specific cellular processes, such 
as mitogenesis, cytoskeletal organization and membrane traf-
ficking (18). To further investigate the subnuclear distribution 
and localization of c-Src in the nuclei of cardiac myocytes, 
we labeled the cardiac myocytes from the LV of the 2-, 6-, 
12- and 18-month-old SHHF rats and the age-matched WKY 
rats with anti-c-Src antibody, which we detected using immu-
nofluorescence. The result was that fluorescent brightness was 
uniformly distributed in the nuclei of the cardiac myocytes 
from all the rats (data not shown). When the slides were 
scanned using higher magnification and lower photomultiplier 
tube voltage and gain settings on the confocal microscope 
to decrease fluorescent background brightness, we clearly 
observed bright fluorescent dots of c-Src in the nuclei of the 
cardiac myocytes. Subsequent double labeling of the cardiac 
myocyte sections with anti-c-Src antibody and anti-Sam68 or 
anti-fibrillarin antibody revealed that c-Src was co-localized 
mainly with Sam68 (Fig. 2A-C). A smaller fraction of c-Src 
co-localized with fibrillarin (Fig. 2D-F) in the nuclei of the 
cardiac myocytes.

Table I. Comparison of the physiological data.

Group HW, g HW/BW, g LVW, g

  2 M, SHHF 0.85±0.03a 0.40±0.01a 0.51±0.02a

  2 M, WKY 0.62±0.01 0.33±0.01 0.31±0.01
  6 M, SHHF 1.18±0.05a 0.40±0.01a 0.70±0.03a

  6 M, WKY 0.99±0.02 0.30±0.00 0.52±0.01
12 M, SHHF 1.35±0.02a 0.43±0.00a 0.78±0.02a

12 M, WKY 1.20±0.03 0.26±0.00 0.64±0.01
18 M, SHHF 1.59±0.03a 0.42±0.01a 1.01±0.03a

18 M, WKY 1.40±0.04 0.25±0.00 0.79±0.02

Values are the means ± SEM, age in months (M); HW, heart weight; 
HW/BW, ratio of heart weight to body weight; LVW, left ventricular 
weight; SHHF, spontaneously hypertensive heart failure; WKY, 
Wistar-Kyoto rats; aP<0.05 compared with age-matched WKY control 
rats.
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Immunoprecipitation also showed that c-Src co-localized 
with Sam68 and fibrillarin in the nuclei of the cardiac myocytes 
and that the amount of c-Src associated with Sam68 and fibril-
larin increased in the cardiac myocytes of the hypertrophic LV 
in the 6-month-old SHHF rats compared to the age-matched 
WKY controls (Fig. 2G).

Subnuclear localization of Src[pY529] in the nuclei of cardiac 
myocytes. To investigate the distribution and localization of 
Src[pY529] in the nuclei of cardiac myocytes of the hypertro-
phic LV of the SHHF rats, we performed immunofluorescent 
labeling of Src[pY529] on the cardiac myocytes that were 
isolated from the LV of the 2-, 6-, 12- and 18-month-old 
SHHF rats and the age-matched WKY controls. The results 
revealed that a similar pattern of Src[pY529] fluorescence was 
distributed in the nuclei of the cardiac myocytes from the 6, 
12 and 18-month-old SHHF rats; Src[pY529] staining revealed 

1-4 bright fluorescent dots on a diffusely weak fluorescent 
background in the nuclei of the cardiac myocytes (Fig. 3A-F). 
It was further demonstrated, by means of the double staining 
of Src[pY529] with antibodies against fibrillarin and Sam68, 
that the bright green dot-like fluorescence of Src[pY529] 
overlaid with the red dot-like fluorescence of fibrillarin; thus, 
Src[pY529] co-localized with fibrillarin in the nucleoli, but not 
with Sam68 (Fig. 3G-L). In addition, it was also shown, in the 
immunoprecipitation with anti-Src[pY529] antibody followed 
by western blot analysis with anti-fibrillarin antibody, that 
Src[pY529] co-localized with fibrillarin; this was more evident 
in the cardiac myocytes of the hypertrophic LV from the 
6-month-old SHHF rats compared to the age-matched WKY 
controls (Fig. 3M).

Subnuclear localization of Src[pY418] in the nuclei of cardiac 
myocytes. To investigate the distribution and localization 

Figure 1. (A) c-Src, (B) Src[pY529], (C) Src[pY418] and (D) Src[pY215] expression in the nuclear protein (NP) fraction of the left ventricle of 2- (2 M), 6- (6 M), 
12- (12 M), 18- (18 M) month-old spontaneously hypertensive heart failure (SHHF) (S) and [Wistar-Kyoto (WKY)] (W) rats (N=6). (A) Western blot (top 
panel) showing a similar expression pattern of c-Src between the SHHF and WKY rats; histogram (bottom panel) also demonstrates that there is no significant 
difference in c-Src content between the SHHF and WKY rats by densitometry analysis (N=6, P>0.05). (B) Western blot (top panel) and histrogram (bottom) 
showing a similar level of Src[pY529] between the 2-month-old SHHF and WKY rats by densitometry analysis; the level of Src[pY529] in the 6-, 12- and 
18-month-old SHHF rats is significantly lower than that in the age-matched WKY rats (N=6, P<0.05). (C) Western blot (top panel) and histogram (bottom 
panel) also demonstrate a similar level of Src[pY418] between the 2-month-old SHHF and WKY rats by densitometry analysis; the level of Src[pY418] in the 6-, 
12- and 18-month-old SHHF is significantly higher than that of the age-matched WKY rats (N=6, P<0.05). (D) Western blot (top panel) and histogram (bottom 
panel) show a similar level of Src[pY215] between the 2-, 6-, 12- and 18-month-old SHHF and age-matched WKY rats by densitometry analysis (N=6, P>0.05). 
*P<0.05 compared with the age-matched WKY control rats. N, number of animals.
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of Src[pY418] in the nuclei of the cardiac myocytes of the 
hypertrophic LV from the SHHF rats, we labeled intact frozen 
sections of LV tissues from the 2-, 6-, 12- and 18-month-old 
SHHF rats and the age-matched WKY controls with anti-
Src[pY418] antibody. Confocal microscopy revealed a similar 
pattern of macular-like fluorescent distribution of Src[pY418] 
in the nuclei of the cardiac myocytes from the 6- to 18-month-
old SHHF rats (Fig. 4A-F). Double labeling demonstrated that 
Src[pY418] fluorescence was co-localized mainly with Sam68 
but not with fibrillarin in the nuclei of the cardiac myocytes 
(Fig. 4G-L). Immunoprecipitation with anti-Sam68 antibody 
followed by western blot analysis with anti-Src[pY418] anti-
body confirmed that Src[pY418] co-localized with Sam68. The 
same technique also revealed that the expression of Sam68-
bound Src[pY418] increased in the cardiac myocytes of the 
hypertrophic LV from the 6-month-old SHHF rats compared 
to the age-matched WKY controls (Fig. 4M).

We also immunolabeled Src[pY215] on frozen sections of 
the LV from the 2-, 6-, 12- and 18-month-old SHHF rats and 
the age-matched WKY controls. No difference was observed 
between the Src[pY215] signals in the myocardial nuclei of the 
LV of the WKY and SHHF rats (data not shown).

Discussion

Hypertension-induced increases in sustained pressure load 
cause increased left ventricular wall stress and thereby 
stimulate myocardial hypertrophy (3). Wall stress stimulates 
sarcomeres to grow in a parallel pattern by increasing protein 
synthesis, which increases myocyte width in response to 
increased afterload (19). Cardiac hypertrophy, therefore, is 
a compensatory response to increased wall stress. However, 
with the progression of cardiac hypertrophy, the LV can no 
longer compensate for the sustained increased afterload and 
eccentric hypertrophy of the LV occurs, which eventually 
results in CHF (2,20).

In the SHHF rats, myocardial sarcomeres begin increasing 
in width at as early as 2 months and reach a maximum 
cross-sectional area at approximately 4-6 months (21). The 
pathological changes during this period include concentric left 
ventricular hypertrophy and the relative thickening of the LV 
wall. At 6 months, sarcomeres begin to increase in length, which 
results in progressive lengthening and maladaptive remodeling, 
leading to CHF at 18-24 months (21,22). The molecular mecha-
nisms controlling ‘a change-over switch’ in the hypertrophic 

Figure 2. (A-F) Double labeling of c-Src (green, A and D) with Sam68 (red, B) or fibrillarin (red, E) in cardiac myocytes isolated from the left ventricle of 
6-month-old spontaneously hypertensive heart failure (SHHF) rats. (C and F) The merged images are shown in the right column. (A-C) The bright green 
fluorescent dots of c-Src are co-localized with the red fluorescence of Sam68, and (D-F) a small portion of the c-Src fluorescent dots overlap with the red 
fluorescent fibrillarin dot in the nuclei of the cardiac myocytes. Scale bar, 10 µm. (G) Immunoprecipitation (IP) with anti-c-Src antibody revealed similar 
amounts of c-Src in the cardiac myocytes of the hypertrophic left ventricle from the 6-month-old SHHF rats and the age-matched Wistar-Kyoto (WKY) 
controls. Western blot (WB) with anti-Sam68 or anti-fibrillarin antibody, showing that c-Src bound to Sam68 or fibrillarin increased significantly in the cardiac 
myocytes of the hypertrophic left ventricle from the 6-month-old SHHF rats compared to the age-matched WKY controls (N=6, P<0.05).
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pattern from cross-sectional growth to myocyte lengthening 
are not entirely clear. In the present study, we found that the 
late decompensatory eccentric hypertrophy of the LV occurred 
at 6-18 months. At the same time, the expression of Src[pY529] 
decreased and that of Src[pY418] increased in the nuclei of the 
myocytes in the hypertrophic LV from the SHHF rats. These 
results suggest that the dephosphorylation of Src tyrosine 529 
and the phosphorylation of tyrosine 418 are involved in the 
regulation of cardiac remodeling in the development and 
progression of the decompensated hypertensive ventricular 
hypertrophy by the intranuclear signaling transduction pathway 
in cardiac myocytes.

From the N- to C-terminus, c-Src contains an SH4 domain, 
a unique domain, an SH3 domain that directs specific asso-
ciation with proline-rich motifs, an SH2 domain that provides 

interaction with phosphotyrosine motifs, an SH2-kinase 
linker, an SH1 domain that is responsible for the enzymatic 
activity and contains tyrosine 418 and a C-terminal regulatory 
segment that contains tyrosine 529 (23). Under basal conditions 
in vivo, the majority of Src is phosphorylated at tyrosine 529; 
phosphorylated tyrosine 529 binds intra-molecularly with the 
c-Src SH2 domain while the SH3 domain binds to proline-
rich sequences located within the SH2-kinase linker. These 
2 intramolecular associations stabilize a restrained form of 
the enzyme (23). Dephosphorylation of the negative regula-
tory site, tyrosine 529, is a mechanism by which Src may 
be activated in response to extracellular stimuli. Candidate 
phosphotyrosine 529 phosphatases include cytoplasmic 
protein-tyrosine phosphatase 1B (PTP1B) and transmembrane 
enzymes, such as CD45, PTPα, PTPε and PTPλ (12). An 

Figure 3. (A-F) Confocal microscopy images of (A) the evenly distributed green fluorescence of Src[pY529] and the myocardial nuclei [(B) red, counterstained 
with propidium iodide] of (A-C) 6-month-old Wistar-Kyoto (WKY) rats and (D) of 2 distinct bright green fluorescent dots against a relatively weakened fluores-
cence background of Src[pY529] and the myocardial nuclei [(E) red, counterstained with propidium iodide] of (D-F) 6-month-old spontaneously hypertensive 
heart failure (SHHF) rats. (C and F) Merged images are shown in the right column. (G-L) Double labeling of Src[pY529] (G and J, green) with fibrillarin (H, red) 
or Sam68 (K, red) shows that the Src[pY529] green fluorescence co-localized with the red fluorescence of fibrillarin, resulting in bright yellow fluorescent dots 
in the merged image (I). There is no overlap with the red fluorescence of Sam68 in the merged image (L) in the nuclei of the cardiac myocytes of the LV from 
the 6-month-old SHHF rats. Scale bar, 10 µm. (M) Immunoprecipitation (IP) with anti-Src[pY529] antibody followed by western blot analysis (WB) with anti-
fibrillarin antibody. Levels of fibrillarin-bound Src[pY529] increased in the cardiac myocytes of the left ventricle of the 6-month-old SHHF rats compared to the 
age-matched WKY rats, whereas a similar level of Src[pY529] was observed by WB on the same membrane after stripping (N=6, P<0.05).
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alternative mechanism of activating Src is the displacement 
of the negative regulatory element from the SH2 domain and/
or disruption of interaction by presenting higher-affinity SH2 
or SH3 domain-binding ligands (24). In addition, Src with 
phosphorylated tyrosine 529 cannot undergo autophosphoryla-
tion at other sites, such as tyrosine 418; thus, the tyrosine 529 
residue must first be dephosphorylated to allow Src autophos-
phorylation at other sites and activation (11). In the present 
study, we found that the expression of Src phosphorylated 

at tyrosine 529 decreased and that of Src phosphorylated at 
tyrosine 418 increased; Src[pY529] aggregated inhe nucleoli 
where it co-localized with a nucleolar protein, fibrillarin, in 
the nuclei of the cardiac myocytes of the hypertrophic LV 
from the SHHF rats. Src[pY529] aggregating in the nucleoli 
and binding fibrillarin may lead to the dissociation of pY529 
from SH2, thereby disrupting the pY529-mediated auto-inhi-
bition, as fibrillarin competitively occupies the SH2 domain. 
Enzymes such as PTPα may be involved in dephosphorylating 

Figure 4. (A-F) Immunofluorescent labeling of Src[pY418] (A and D, green) and the myocardial nuclei [(B and E) red, counterstained with propidium iodide] 
in frozen sections of the LV tissues from (A-C) 6-month-old Wistar-Kyoto (WKY) rats and (D-F) spontaneously hypertensive heart failure (SHHF) rats. 
(A and C) Only a weak green Src[pY418] fluorescence is present in the myocardial nuclei of WKY rats, (D and F) but stronger green Src[pY418] fluorescence 
accumulated in the myocardial nuclei of the SHHF rats. (G-L) Double labeling of Src[pY418] (G and J, green) with Sam68 (H, red) or fibrillarin (K, red) shows 
that green fluorescent Src[pY418] co-localized with the red fluorescence of Sam68, which produced bright yellow fluorescence in the merged image (I). There 
was no overlap with the red fluorescent fibrillarin in the merged image (L) of the nuclei of the cardiac myocytes in frozen sections of the LV tissues from 
the 6-month-old SHHF rats. Scale bar, 10 µm. (M) Immunoprecipitation (IP) with anti-Sam68 antibody followed by western blot analysis (WB) with anti-
Src[pY418] antibody. Levels of Src[pY418] bound to Sam68 increased in the cardiac myocytes of the left ventricle from the 6-month-old SHHF rats compared to 
the age-matched WKY controls, whereas a similar levels of Sam68 was observed down, as shown by WB on the same membrane after stripping (N=6, P<0.05).
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pY529 from SH2. When pY529 dissociates from SH2, tyro-
sine 418, which is located in the SH1 domain, will be exposed, 
allowing it to undergo autophosphorylation, resulting in the 
increased expression of Src[pY418] and the activation of the 
tyrosine 418-phosphorylated Src kinase.

The nucleolus is the most active and dynamic nuclear 
domain that plays a prominent role in the organization of 
various components of the nucleus; it is not only essential for 
ribosomal production, but also for the control of cell survival 
and proliferation (25,26). Fibrillarin is an evolutionarily 
conserved, obligatory protein component of eukaryotic cell 
nucleoli involved in the early processing and modification of 
pre-rRNA and ribosomal and nucleolar assembly; it is also 
essential for early embryonic development (25,27). Moreover, 
fibrillarin depletion results in the reduction of cellular growth 
and abnormal nuclear morphology, suggesting that fibrillarin 
plays a critical role in cellular growth and the maintenance 
of nuclear shape (25). It is well known that cardiac myocytes 
are terminally differentiated cells with limited or no potential 
to re-enter the cell cycle (no-dividing cells), and therefore, 
the post-natal growth of cardiac myocytes occurs through 
hypertrophy of existing cells. The aggregation of Src[pY529] 
to the nucleoli and its co-localization with fibrillarin during 
hypertensive cardiac hypertrophy suggests that the Src kinase 
is involved in the hypertrophic growth of myocardial cells 
and plays a role in the endonucleolar signal transduction in 
myocardial hypertrophy that is induced by hypertension.

Sam68 is the prototypical member of the signal transducer 
and activator of RNA (STAR) family of RNA-binding proteins 
that link signaling pathways to RNA processing (28). Sam68 
was first identified as the major phosphorylation substrate of 
the Src kinase during mitosis. It can not only interact with the 
SH2/SH3 domain-containing adaptor proteins and signaling 
enzymes, such as the Src family kinases, phosphatidylinositol 
3-kinase (PI3K) and growth factor receptor-bound protein 2 
(Grb2), but is also involved in several steps of mRNA 
processing, including transcription, alternative splicing and 
nuclear export (29,30). Therefore, Sam68 functions as a 
multifunctional adaptor by linking signaling pathways to the 
transcriptional and post-transcriptional regulation of gene 
expression (28,31). The co-localization of Src and Src[pY418] 
with Sam68, as observed in this study, suggests that the Src 
kinase regulates signal transduction in myocardial hyper-
trophy by directly controlling hypertrophic gene transcription 
in the nucleus. An earlier study demonstrated that SrcF527, 
a constitutively active oncogenic mutant of c-Src, stimulated 
hypertrophic expression in genes, such as atrial natriuretic 
factor (ANF), skeletal muscle (SkM)-α-actin and β-myosin 
heavy chain (β-MHC) (32). Thus, the Src kinase is a poten-
tial candidate for hypertrophic gene transcription and RNA 
processing in the nucleus during cardiac hypertrophy in 
chronic hypertension.

In conclusion, the data from the present study suggest 
that the Src kinase is involved in regulating cardiac myocyte 
remodeling in eccentric hypertrophy of the LV by participating 
in an intranuclear signaling transduction pathway, constituted 
by the dephosphorylation of Src tyrosine kinase 529, the phos-
phorylation of tyrosine 418, and intranuclear redistribution in 
the nuclei of myocardial cells undergoing hypertensive cardiac 
hypertrophy.
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