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Aims Cardiac hypertrophy is a risk factor independent of blood pressure; however, the mechanisms that distinguish patho-
logical remodelling due to local cues from pressure overload are unresolved. This study was aimed at discovering a
novel gene expression mechanism in heart failure.

Methods
and results

In angiotensin II type 1 receptor (AT1R) transgenic mice (TG), we found a significant increase of mRNA and total
STAT3 (T-STAT3) protein, but not STAT3 phosphorylated at residues Y705 and S727. A net increase in nuclear
accumulation of this unphosphorylated form of STAT3 (U-STAT3) correlated with the development of cardiac hyper-
trophy and dysfunction, which are associated with abnormal expression of osteopontin and regulator of G protein
signalling 2 genes. Nuclear accumulation of U-STAT3 is induced by angiotensin II treatment in neonatal cardiac
myocytes, fibroblasts, and AT1R-expressing human embryonic kidney 293 (HEK-AT1R) cells. Chromatin immunopre-
cipitation demonstrated that U-STAT3 binds to the target gene promoter, and siRNA-mediated knockdown of
STAT3 expression significantly altered the expression of target genes in HEK-AT1R cells. T-STAT3 in TG mouse
hearts and the phosphorylation-deficient Y705F mutant STAT3 in HEK-AT1R cells physically interacted with
transcription co-activator p300.

Conclusion Chronic activation of AT1R induces unregulated expression of the Stat3 gene, leading to nuclear accumulation of U-
STAT3, which significantly correlated with progression of cardiac hypertrophy.
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1. Introduction
Despite significant therapeutic advances, morbidity and mortality in
heart failure (HF) remain unacceptably high. The single most
powerful predictor for the development of HF is the presence
of left ventricular hypertrophy (LVH).1 Signal transduction
induced by local neuronal and endocrine pathways in myocytes
can cause reactivation of genes whose expression is normally
restricted or strictly regulated, leading to cardiac hypertrophy
and HF.2 Thus targeting signal transduction pathways to reverse
or prevent cardiac hypertrophy is a goal of paramount importance
in reducing HF.

Angiotensin II (Ang II) and its type-1 receptor (AT1R) are key
components of the renin–angiotensin system (RAS) that regulate
blood pressure, modulate salt/water balance, and promote
growth and proliferation of cells. Abnormal regulation of RAS is
linked to hypertension, cardiac hypertrophy, and HF.3,4 Apart
from its systemic effects, local growth promoting activity of the
cardiac RAS is revealed, with the evidence that selective blockade
reduce LVH.3,4 Mechanical stretch can locally activate myocyte
AT1R signalling and can therefore, directly induce cardiac hyper-
trophy.5 Increase of AT1R has been reported in the heart after
myocardial infarction.6 A number of transgenic animal models
designed to overexpress AT1Rs in cardiac myocytes demonstrated
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the predicted influence of local RAS, but the signal transduction
mechanisms are not clearly established (see Supplementary
material online, Table S1).

In addition to the G protein, Gq, AT1R stimulates several tyro-
sine kinases including JAK, Src, and EGFR.7 Activation of the JAK/
STAT pathway by Ang II has been observed in cardiac myocytes
and fibroblasts.8 Ang II effects in myocardial infarction result at
least in part from AT1R-mediated JAK/STAT signalling,9 and
adverse cardiomyocyte remodelling due to STAT3-dependent acti-
vation of local RAS.8 Latent STATs reside in the cytoplasm until
activated via tyrosine phosphorylation (Y705 in STAT3), which
leads to their dimerization and nuclear translocation.10 Serine
phosphorylation (S727 in STAT3) is needed for maximal activation
of transcription, but not for DNA binding.11,12 All seven STAT
family homologues are expressed in the heart, but their functions
are not clearly defined. Therefore, intricacies of regulation of
STAT3 in cardiac hypertrophy and HF require further study.

Unlike phosphorylated STATs, the unphosphorylated STATs
(U-STAT) drive pathological gene expression in chronic dis-
eases.13,14 Whether U-STAT signalling is involved in cardiac hyper-
trophy is unknown. We show that expression of the Stat3 gene is
induced in AT1R transgenic mice (TG), which promotes persistent
nuclear accumulation of STAT3 not phosphorylated at residues
Y705 and S727 (referred to as U-STAT3), significantly correlated
with cardiac hypertrophy and associated pathogenic gene
expression. Our finding emphasizes a novel concept that
U-STAT3 acts as a ‘rogue’ transcription factor and drives AT1R-
mediated cardiac hypertrophy and may affect transition to HF.

2. Methods

2.1 Mouse model of cardiac restricted
expression of hAT1R
The aMHC-AT1R TG were kindly provided by Paradis et al.15 in
C57BL/6 genetic background. The relative level of AT1R in the
cardiac membrane was estimated to be �100-fold higher in TG rela-
tive to non-transgenic (NTG) mice.16 The animal use was according to
the Guide for the Care and Use of Laboratory Animals published by
the US National Institute of Health (NIH Publication No. 85-23,
revised 1996). All experimental protocols were reviewed and
approved by the Institutional Animal Care and Use Committee.

2.2 Sample harvest and histological analysis
Age- and sex-matched TG and NTG littermates were randomly
selected and an echocardiogram was performed in a blind fashion.
The hearts were harvested and histological analysis was performed
as described previously.17

2.3 Primary culture of neonatal cardiac
myocytes and fibroblasts
Mouse neonatal cardiac myocytes and fibroblasts were cultured from
1- to 2-day-old NTG mice as described previously.18 The cardiomyo-
cytes were seeded into poly-D-lysine coated chamber slides and immu-
nofluorescence staining was performed after optimal treatments. Third
passage cardiac fibroblasts were used for all experiments.

2.4 Microarray analysis of gene expression
Total RNA was extracted from mouse hearts with RNeasy fibrous
tissue kit (Qiagen) or from cultured cells using RNeasy Mini kit
(Qiagen). Approximately 15 mg of RNA was used to obtain cRNA
according to standard Affymetrix protocols. The cRNA was hybridized
with human (U133A) or mouse (U74Av2) arrays and data were ana-
lysed using Affymetrix gene chip software. The expression of genes
in TG mice was compared with NTG as the baseline. In
AT1R-overexpressing human embryonic kidney 293 cells
(HEK-AT1R), after stimulation with Ang II, gene expression was com-
pared with untreated cells as the baseline.

2.5 Western blot, immunoprecipitation,
and real-time RT–PCR
Preparations of protein and RNA extracts were performed per the
protocols provided by the manufacturer. Western blot, immunopreci-
pitation, and real-time RT–PCR were performed as described
previously.17

2.6 Plasmid vector construction, gene
transfection, and gene knockdown
HA-tagged human AT1R was cloned into pcDNA3 vector; Flag-tagged
mouse STAT3 (Flag-WT-STAT3) and Y705F mutant STAT3
(Flag-Y705F-STAT3) were cloned into pcDNA6. Pre-designed siRNA
targeting human STAT3 (validated, ID# 6793, Ambion) and control
siRNA were transfected into HEK-AT1R cells using Silencer siRNA
Transfection II Kit (Ambion).

2.7 Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assay was performed using the
EZ-ChipTM kit (Millipore). STAT3-associated chromatin fragments
were immunoprecipitated using anti-FLAG, anti-pY705-STAT3, and
anti-pS727-STAT3 antibodies. Eleven pairs of primers were designed
(see Supplementary material online, Table S4) based on the 8000 bp
upstream sequence of human OPN (AF052124) for amplification of
immunoprecipitated promoter fragments.

2.8 Statistical analysis
All data are expressed as mean+ SEM. Statistical analyses between
groups were performed with one-way ANOVA followed by unpaired
Student t-test. A P-value less than 0.05 was considered statistically
significant.

3. Results

3.1 Anomalous STAT3 expression
associated with AT1R-induced cardiac
hypertrophy and dysfunction
We observed LV enlargement and a decrease of myocardial func-
tion in the TG mice (Figure 1A and see Supplementary material
online, Table S2) in agreement with previous finding.15 Average
size of the myocytes increased significantly (P ¼ 0.0004) in the
TG mice, suggesting cardiomyocyte hypertrophy (see Supplemen-
tary material online, Figures S1 and S2). Post-mortem pathology
demonstrated that both ventricles and atria were enlarged in the
TG hearts, and the ratio of heart weight to body weight (HW/
BW) was significantly increased in TG mice (see Supplementary
material online, Table S2). To further confirm this finding, age-
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dynamic change in cardiac growth and function was examined at 1,
2, 3, 6, and 12 months of age in both groups. A significantly higher
HW/BW was found in TG mice at 2 months and throughout the
monitoring period, but not in NTG mice (Figure 1B). Thus, devel-
opment of cardiac hypertrophy and dysfunction in TG mice is due
to hAT1R transgene expression and not an age-related effect. The
mRNA levels of representative foetal genes, including atrial
natriuretic peptide, brain natriuretic peptide, and alpha 1 skeletal
muscle actin (ACTA1), were significantly increased in TG mice
(Figure 1C–E), providing further evidence for AT1R-induced
hypertrophy.

To understand the AT1R signalling mechanisms mediating
cardiac hypertrophy, we examined predicted pathways, for
example, MAPK signalling cascades—ERK1/2, p38, and JNK signal-
ling. No differences were observed between TG and NTG mice
(data not shown). However, the tyrosine kinase-activated tran-
scription factor, STAT3, was markedly increased in TG mice, at
both the mRNA and protein levels (Figure 1F and G). Surprisingly,
the total STAT3 (T-STAT3) protein level was increased, but
STAT3 phosphorylated at tyrosine 705 and serine 727 did not,
suggesting a net increase of U-STAT3 in the TG mice. The
increased STAT3 mRNA in TG mice is correlated with the

Figure 1 Anomalous STAT3 expression associated with AT1R-induced cardiac hypertrophy and dysfunction. (A) Representative echocardio-
gram images of 3-month-old TG and NTG mice. (B) Dynamic changes of HW/BW ratio with age. *P , 0.01 TG vs. NTG (n ¼ 5 for each age in
each group). Foetal gene expression including atrial natriuretic peptide (ANP) (C), brain natriuretic peptide (BNP) (D), and ACTA1 (E) was
analysed by real-time RT–PCR, and data were expressed as ratio to GAPDH expression (n ¼ 4). (F) Real-time PCR, and (G) immunoblotting
assay of STAT3 expression in the heart tissue (3 months old). Actin was used as a loading control and bar graph shows ratio of T-STAT3 to
actin. pY705-phosphorylated tyrosine 705; pS727-phosphorylated serine 727; T-total.
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increased U-STAT3, suggesting that the increase of U-STAT3
results from transcription.

3.2 Nuclear accumulation of U-STAT3 in
TG mouse heart cells and correlation
with cardiac hypertrophy
Nuclear translocation initiated by Tyr705 phosphorylation
(pY705-STAT3) is central to the transcription factor function of
STAT3. By analysis of nuclear and cytosolic fractions, we found a
significant increase of nuclear T-STAT3 in TG mice (Figure 2A).
The level of pY705-STAT3 was not increased in the nuclear frac-
tion, suggesting a net increase of U-STAT3 in the nuclei of TG

mouse hearts. Immunofluorescence (Figure 2B) and immunohisto-
chemical (see Supplementary material online, Figure S2) analyses
demonstrate T-STAT3 accumulation in cardiomyocyte nuclei in
TG mice. Additionally, T-STAT3 stained nuclei in the TG hearts
was about four-fold higher than NTG. The negative correlation
determined between nuclear accumulation of T-STAT3 and frac-
tional shortening (P , 0.0001, r ¼ 20.985, data not shown) was
significant, suggesting that nuclear U-STAT3 may play an important
role in AT1R-induced cardiac dysfunction.

Age-dependent nuclear accumulation of U-STAT3 was signifi-
cantly increased in TG mice (Figure 2C). At 1 month, the
pY705-STAT3 and T-STAT3 levels were similar in TG and NTG
mice. Their levels did not change significantly in the NTG mice

Figure 2 Nuclear accumulation of U-STAT3 in TG mouse cardiac cells is associated with the development of cardiac hypertrophy. (A) Immu-
noblot analysis of STAT3 and pY705-STAT3 in the nuclear and cytoplasmic fractions from heart tissue. (B) Representative immunofluorescence
staining of a heart tissue section, red indicated staining of T-STAT3, nuclei were stained with DAPI. Bar graph shows the ratio of T-STAT3
positive nuclei to the total nuclei in the same area. Arrows indicate representative T-STAT3 positive nuclei. The inset shows merge of red
and blue yielding pink colour. (C) Age-dynamic change of nuclear STAT3 by immunoblotting assay. Histone H1 was re-blotted as a loading
control. Bar graph shows statistical analysis of ratio of nuclear T-STAT3 to histone H1 (n ¼ 3). (D) Correlation analysis between HW/BW
and nuclear T-STAT3 expression. pY705-phosphorylated tyrosine 705; T-total; HW: heart weight; BW: body weight; M: months.
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up to 6 months (data not shown). However, T-STAT3 but not
pY705-STAT3, significantly increased at 3 and 6 months compared
with 1 month, and at 6 months compared with 3 months in the
TG, indicating age-dynamic nuclear accumulation of U-STAT3 in
the TG mice. The positive correlation between the nuclear
accumulation of T-STAT3 and HW/BW (Figure 2D) determined
was significant, suggesting that the nuclear accumulation of
U-STAT3 plays a role in the progression of cardiac hypertrophy.

3.3 Nuclear accumulation of U-STAT3
upon chronic activation of AT1R in
cardiac cells and in HEK-AT1R cells
To evaluate the conditions that cause endogenous AT1R to initiate
nuclear accumulation of U-STAT3, different types of cells were
stimulated with Ang II for different times and nuclear accumulation
of U-STAT3 was compared. Both pY705-STAT3 and T-STAT3
were found in the nuclear fraction after Ang II stimulation of neo-
natal cardiomyocytes and fibroblasts (Figure 3A and B). The
pY705-STAT3 showed two peaks (10 and 60 min) then returned
to baseline at 32 h; however, the T-STAT3 continually increased
�seven-fold over baseline at 32 h. The AT1R antagonist, losartan,
blocked this Ang II effect (data not shown). We conclude that
chronic activation of AT1R causes persistent nuclear accumulation
of T-STAT3.

The non-cardiac human cell line, HEK-AT1R, reproduced the
same phenomenon, hence was used for the mechanistic studies
described below. We used the Flag-Y705F-STAT3 as the
U-STAT3-surrogate and constructed HEK lines stably expressing
Flag-Y705F-STAT3 and HA-AT1R. Ang II stimulated dynamic traf-
ficking of AT1R and nuclear accumulation of Flag-Y705F-STAT3,
providing direct evidence that without Y705-phosphorylation,
STAT3 accumulates in the nucleus (Figure 3C). The
Flag-Y705F-STAT3 mutant was not Ser727 phosphorylated in
HEK cells (data not shown). Nuclear accumulation of U-STAT3
surrogate disappeared with losartan treatment. The cells stably
expressing Flag-WT-STAT3 and HA-AT1R also showed similar
results (data not shown).

3.4 Ang II/AT1R-induced expression of
candidate U-STAT3 regulated genes
Previously, Yang et al.14 reported U-STAT3-driven genes in mouse
and human cells. We used their dataset to ‘filter out’ genes for
evaluating their potential regulation by U-STAT3 in our exper-
imental models.

Expression of 775 genes was altered .2-fold (data not shown)
in HEK-AT1R cells stimulated with Ang II for 24 h compared with
un-stimulated cells. Twenty-four genes in this dataset matched the
U-STAT3 driven genes identified in human mammary epithelial
cells (see Supplementary material online, Table S3), suggesting
that they may be regulated by U-STAT3 in human cells. A similar
comparison between differentially expressed genes in the TG
mouse hearts and Stat3-null mouse embryonic fibroblasts overex-
pressing Y705F-STAT3 yielded potential mouse U-STAT3-target
genes (see Supplementary material online, Table S3). Functional
annotation of both sets of genes in the NCBI genome browser
identified six genes potentially involved in HF pathogenesis. We

examined the expression of two of six genes in mouse heart.
Both mRNA and protein levels were significantly increased in
TG mice for osteopontin (OPN), which is a well-known marker
for severity of HF (Figure 4A).19 The mRNA and protein levels
decreased in TG mice for regulator of G protein signalling 2
(RGS2), which has been reported to play an important role in
negative regulation of G-protein-dependent cardiac hypertrophic
signalling (Figure 4B).20 These data confirmed the validity of our
prediction. We propose that differential expression of predicted
U-STAT3 target genes correlate with cardiac hypertrophy and dys-
function in the hAT1R TG mice.

3.5 Regulation of target gene expression
by U-STAT3
To demonstrate that U-STAT3 binds to the promoter to regulate
its target genes, such as OPN, we performed ChIP assay. The
primer set (forward) 50-GGGCAAACTGATTCTGGATGA
CTC-30 and (reverse) CCAGAGTAGGGGATTGAGGAGAAAC,
successfully amplified the region from 21883 to 21610 of the
human OPN gene promoter. The 274 bp PCR product was
obtained when immunoprecipitation was performed using anti-Flag
antibody. There were no PCR products detectable when the
anti-pY705-STAT3 or anti-pS727-STAT3 antibodies were used,
suggesting that the U-STAT3 binding site is located within the
21883 to 21610 region of the OPN promoter (Figure 5A).
There were no PCR products when the isotype control antibodies
were used for immunoprecipitation (data not shown).

To further demonstrate STAT3 regulation of OPN and RGS2
gene expression, endogenous STAT3 expression was knocked
down in the HEK-AT1R cells using an established siRNA.21 The
T-STAT3 was knocked down by �70% (maximum at 50 mM of
siRNA) compared with scrambled RNA-treated cells. Effect on
pY705-STAT3 was not as dramatic. Following STAT3 knockdown,
a marked decrease of OPN (Figure 5B) and RGS2 (see Supplemen-
tary material online, Figure S3A) was found. Taken together, these
experiments suggest that STAT3 binding to OPN promoter (RGS2
as well) is essential for expression.

STAT3 dependence of OPN and RGS2 regulation by Ang II was
assessed by real-time RT–PCR assay. Ang II induced a significant
increase in STAT3 mRNA in control and .70% knockdown was
achieved in STAT3 siRNA treated samples. STAT3 knockdown
diminished Ang II-induced OPN (Figure 5C) and RGS2 (see Sup-
plementary material online, Figure S3B) expression, indicating that
the regulation of OPN and RGS2 by AT1R is critically dependent
on the availability of higher levels of STAT3.

3.6 P300/CBP associated with U-STAT3
Association with CBP/p300 is an indicator of enhanced gene tran-
scriptional activity of STATs.22 We examined potential association
of p300 with U-STAT3 in our model. By immunoprecipitation of
Flag-Y705F-STAT3 (U-STAT3) and Flag-WT-STAT3 (Figure 6A),
or p300 (Figure 6B), we detected a complex formed between
U-STAT3 and p300 in the HEK cells double transfected with
AT1R and Y705F-STAT3. Similar experiments were performed in
mouse heart extracts, in which a stronger interaction was found
between T-STAT3 and p300 than between pY705-STAT3 and
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Figure 3 Kinetics of nuclear accumulation of U-STAT3 in cardiac cells and in HEK-AT1R cells. Cardiac neonatal myocytes (A), fibroblasts (B),
and Flag-Y705F-STAT3/HA-AT1R double transfected HEK293 cells (C) were stimulated with Ang II for different times as indicated. (A) Cardi-
omyocytes were stimulated with Ang II for 24 h and stained for T-STAT3. Green indicates positive staining. Quantification analysis of nuclear
fluorescence density was performed using NIH Image. (B) Nuclear fractions were immunoblotted for pY705-STAT3, T-STAT3, and histone H1.
Bands were analysed and fold changes of the density to non-treated control with time were shown in the line graph. *P , 0.05, †P , 0.01.
‡P , 0.001. (C) Immunocytofluorescence staining of Flag-Y705F-STAT3 (red) and HA-AT1R (green) double transfected HEK293 cells,
which were treated with Ang II with/without losartan for different times. Nuclei were stained with DAPI.
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p300, in TG than in NTG (Figure 6C). Taken together, the inter-
action with p300 in vivo suggests involvement of U-STAT3 in
gene transcriptional activity.

4. Discussion
Hypertrophic signalling by cardiomyocyte-AT1Rs, in response to
local RAS activation or myocyte-stretch, is a clinically relevant
mechanism of cardiac hypertrophy.23 Mouse models overexpres-
sing AT1R in cardiomyocytes display myocardial hypertrophy
independent of BP and progressive pathological remodeling.15

However, molecular mediators of pathogenesis remain
unknown. We discovered that nuclear accumulation of
U-STAT3 was correlated with AT1R-induced cardiac hypertrophy
and dysfunction (Figures 1–3) in the C57BL/6 mouse strain devel-
oped by Parades et al.15 The evidences obtained, U-STAT3 iso-
lated from the nuclei of both TG mouse hearts and HEK-AT1R
cells, was associated with transcription co-activator p300/CBP;
U-STAT3 directly binds to a specific site on human OPN promo-
ter and knockdown of U-STAT3 modulated expression of OPN,
demonstrated that nuclear U-STAT3 promoted transcription
(Figures 5 and 6). Potential target genes of U-STAT3 (see Sup-
plementary material online, Table S3) include ACTA1, OPN, con-
nective tissue growth factor (CTGF), and RGS2, which may
influence pathogenesis of HF (Figures 4 and 5). This novel tran-
scriptional mechanism involving p300/CBP-bound U-STAT3 has
not been previously implicated in AT1R-induced HF pathogenesis.

Variation in contraction and remodelling observed in different
AT1R transgenic models has lead to the speculation that the
phenotype could be caused by embryonic myocardial defects or

Figure 4 Expression of U-STAT3 target genes in AT1R trans-
genic mice. Real-time RT–PCR and western blot analyses were
performed to evaluate expression of the OPN (A) and RGS2
(B) in mouse hearts.

Figure 5 U-STAT3 regulates OPN expression. (A) Y705F-STAT3: Flag-Y705F-STAT3 and AT1R double transfected HEK293 cells, and
WT-STAT3: Flag-wild-type-STAT3 and AT1R double transfected HEK293 cells were used for the ChIP assay employing specific antibodies
as indicated. (B) HEK-AT1R cells were transfected with siRNA targeting human STAT3 or scrambled siRNA, and expression of STAT3 and
OPN were analysed by immunoblotting assay. GAPDH was blotted as a loading control. Cells transfected with STAT3 siRNA or scrambled
siRNA were treated with (þ) or without (2) Ang II for 24 h, and STAT3 (C, left) and OPN (C, right) mRNA expression was assessed by real-
time RT–PCR assay (n ¼ 4).
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transgene overexpression and may not reflect remodelling in
human HF.24 Therefore, we examined the ability of Ang II to
mobilize U-STAT3 in normal cardiac myocytes and fibroblasts as
well as the HEK-AT1R cells. Primary cardiac cells with endogenous
levels and the HEK-AT1R with overexpression of AT1R, exhibited
U-STAT3 accumulation upon chronic Ang II activation, similar in
magnitude to that observed in the AT1R TG mice. Specificity
was shown by treatment with the AT1R-selective antagonist, losar-
tan. Expression of Y705F mutant STAT3 in the HEK-AT1R cells
established that Tyr-705 phosphorylation deficient STAT3 is
capable of translocation to the nucleus. Transfected wild-type
and the mutant STAT3 were compared and the probable
dominant-negative effect of the mutant was ruled out. These con-
trols validate that the nuclear functions of U-STAT3 are not due to
developmental artefacts, hAT1R over expression, or changes
during progression of cardiac hypertrophy, and not an artefact
induced by the transgene insertion.

There is considerable disagreement with regards to the role of
STAT3 in the heart. Cardiac overexpression of STAT3 was
reported to induce hypertrophy,25 which resembles low-dose
Ang II-induced concentric hypertrophy26 and differs from our
TG results. A constitutive increase of phosphorylated-STAT3
levels reported in the STAT3-model is consistent with a protective
role of phosphorylated-STAT3 in adult hearts.27 In contrast, JAK/
STAT signalling was associated with cardiac dysfunction during
ischaemia and reperfusion.28 The STAT3 pathway plays a role in
the hypertrophy of atria and fibrogenesis.8 In our study, the

cardiomyocyte pathology was found in both ventricles and atria,
where pathological remodelling occurred as reported earlier.15

Currently, mechanisms leading to U-STAT3 hyperactivation by
Ang II/AT1R are incompletely understood. Chronic activation of
AT1R coupled to JAK2-dependent or -independent pathways
could phosphorylate STAT3, causing continual Stat3 gene tran-
scription and resulting in a high intracellular concentration of
U-STAT3.29,30 Nuclear translocation of STAT3, independent of
tyrosine phosphorylation, requires interaction with importin-a,31

which is regulated by Ran GTPase.32 In hypertrophic myocardium,
RGS2 may affect nuclear shuttling of U-STAT3 through its
GTPase-activating function.33 We also suspect that the normal
mechanisms responsible for clearance of U-STAT3 saturate and
fail in HF, allowing U-STAT3 to accumulate in the nucleus.

Expression of certain genes in STAT3-deficient cells is driven by
reconstitution with Y705F mutant after interleukin 1 and 6 stimu-
lation.34 U-STATs can either bind to genomic DNA at a consensus
GAS element (TTCNNNG/TAA) as a dimer or monomer, or at a
half palindrome element (TTCNNNTAT) as a monomer.13 More-
over, U-STATs have been shown to partner with NF-kB p65 and
IRF1 in binding to different hybrid DNA elements.13,34,35 Hence,
U-STAT3 may partner with different factors depending on the
cell type and sequence context, thereby regulating constitutive
gene expression both positively and negatively. This may explain
the differential effect of STAT3 on RGS2 expression in mouse
hearts and HEK293 cells. U-STAT3 may activate genes that are
normally not STAT3 regulated35 and may transform stringently
regulated genes to express constitutively. As a result, more
genes may be expressed and the expression of genes dysregulated
as seen in HF. The function of U-STAT3 is clearly distinct from the
absolute requirement for Tyr705 phosphorylation that enables
dimerization and binding to GAS sequences to induce gene
expression. The duration of phosphorylated STAT3 activity and
the amount of U-STAT3 in cytosol ready to be activated in
normal cells are critical determinants for normal functions of
STAT3.

STAT3 has a large NH2-terminal coiled coil domain that allows
the binding of other proteins in order to simultaneously integrate
the diverse functions of transcription cofactors. We found an
up-regulation of p300 expression in the AT1R TG in parallel
with the U-STAT3. The increased formation of p300/U-STAT3
complex in the TG suggests that their association may be a
hypertrophy-sensitive event. The report that p300 interacts with
unphosphorylated-STAT6 to regulate cyclooxygenase-2 provided
further support for our observation.36 STAT3-dependent recruit-
ment of p300/CBP to junB promoter requires phosphorylation
at Ser-727 in addition to the Tyr-705.12,37 However, we were
able to exclude the involvement of phosphorylated Ser-727 of
STAT3 in our experiments. We also excluded the possible influ-
ence of other STATs that can heterodimerize with STAT3 to
modify function (data not shown).

Myocardial expression of OPN, a secreted soluble protein, was
linked to LVH and HF.19 Its induction is inhibited by angiotensin-
converting enzyme inhibitor, suggesting the involvement of Ang II
in OPN gene regulation.38 Although not investigated here, CTGF
is also a known hypertrophic factor in cardiac myocytes.39 Both
CTGF and OPN are secreted soluble proteins that are potent

Figure 6 Association of p300 and U-STAT3. Lysates from
HEK-AT1R, Flag-Y705F-STAT3, and Flag-WT-STAT3 cells (A–
C ) or heart tissue (C) were used for co-immunoprecipitation
assay as indicated. (C ) Cell lysates from WT-STAT3 stimulated
with (þ) or without (2) Ang II were used as positive control;
mIgG: mouse normal IgG, was used as a negative control.
Y705F-STAT3: Flag-Y705F-STAT3 and HA-AT1R double trans-
fected HEK293 cells; WT-STAT3: Flag-WT-STAT3 and
HA-AT1R double transfected HEK293 cells.
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cell type specific growth factors that could independently activate
U-STAT3, forming a positive feedback loop in cardimyocytes.40

The expression of AT1R is known to mediate cardiac fibrosis
associated with cardiomyocyte hypertrophy. The cues for the infil-
tration of fibroblasts and the deposition of extracellular matrix may
be provided by the compromised myocytes in the form of secreted
growth factors, like OPN, CTGF, and TGFb, all of which may be
U-STAT3 regulated in the chronic phase. Since the expression of
predicted target genes was modulated by U-STAT3 in HEK cells,
mechanistically this novel U-STAT3 transcription program could
account for remodelling associated with HF.

RGS2 is a member of a large family of proteins that accelerate
the termination of G protein-mediated signals and block signal gen-
eration in some instances.33 Cardiomyocyte growth and function
are regulated by heterotrimeric G protein signals, fine tuning of
which might be impaired by a reduction of RGS2 in the TG
mice, a known risk in HF.20 Further studies are needed to clarify
the mechanism of differential regulation of RGS2 by U-STAT3 in
different species and/or cell types.

In summary, the present study suggests that U-STAT3 is an
important transcription factor in the pathogenesis of HF induced
by chronic AT1R activation. U-STAT3 is able to activate gene
expression in response to Ang II and is able to regulate pathologi-
cal processes such as AT1R-mediated cardiac hypertrophy and HF.
We cannot exclude the possibility that overexpressed U-STAT3
inhibited the ‘classical’ function of phosphorylated STAT3, as
reported by others,34 but the evidence presented indicates a
novel gene regulatory mechanism mediated by U-STATs. The pro-
posed U-STAT3 mechanism must interact with multiple signalling
pathways conventionally implicated in cardiac remodelling. The
animal and cellular models described in this study could thus
help in the evaluation of U-STAT3-directed drug therapy strategies
for reversal of hypertrophy. Our study indicates that consideration
must be expanded to encompass U-STATs in describing molecular
mechanisms of cardiac hypertrophy and to comprise accumulation
of U-STAT3 as a prognostic marker for the disease.

Supplementary material
Supplementary material is available at Cardiovascular Research
online.
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