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Abstract—Altered regulation of signaling pathways can lead to pathologies including cardiac hypertrophy and heart failure.
We report that neonatal and adult cardiomyocytes express chromogranin B (CGB), a Ca2� binding protein that
modulates Ca2� release by the inositol 1,4,5-trisphosphate receptor (InsP3R). Using fluorescent Ca2� indicator dyes, we
found that CGB regulates InsP3-dependent Ca2� release in response to angiotensin II, an octapeptide hormone that
promotes cardiac hypertrophy. ELISA experiments and luciferase reporter assays identified angiotensin II as a potent
inducer of brain natriuretic peptide (BNP), a hormone that recently emerged as an important biomarker in cardiovascular
disease. CGB was found to regulate angiotensin II–stimulated and basal secretion, expression and promoter activity of
BNP that depend on the InsP3R. Moreover, we provide evidence that CGB acts via the transcription activity of nuclear
factor �B in an InsP3/Ca2�-dependent manner but independent of nuclear factor of activated T cells. In vivo experiments
further showed that cardiac hypertrophy induced by angiotensin II, a condition characterized by increased ventricular
BNP production, is associated with upregulation of ventricular CGB expression. Overexpression of CGB in
cardiomyocytes, in turn, induced the BNP promoter. The evidence presented in this study identifies CGB as a novel
regulator of cardiomyocyte InsP3/Ca2�-dependent signaling, nuclear factor �B activity, and BNP production. 
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Despite advances in treatment, cardiovascular disease is
still the leading cause of morbidity and mortality in the

Western world.1 A prolonged cardiac hypertrophic state leads
to heart failure (HF) and is commonly accompanied by
complex changes in gene expression.1,2 This includes the
reexpression of fetal cardiac genes,2 the reciprocal regulation
of intracellular Ca2� release channels3 and an increase in
ventricular production of brain natriuretic peptide (BNP), a
hallmark of cardiac hypertrophy.4 Importantly, BNP plasma
level elevation in patients with HF correlates with disease
severity, as assessed by New York Heart Association func-
tional class, and BNP has recently emerged as important
cardiac biomarker.4

Myocardial signal-transduction pathways that mediate hy-
pertrophic growth and, eventually, the onset of HF are
abundant and complex.1 One pathway involves Ca2�/calmod-
ulin-activated calcineurin/NFAT (nuclear factor of activated
T cells) signaling.1,5 In this pathway, cytoplasmic NFAT is
dephosphorylated by the serine/threonine protein phosphatase
calcineurin and subsequently NFAT is translocated to the

nucleus to initiate transcription.1,5 Recently, the importance
of nuclear factor (NF)-�B in cardiac hypertrophy was shown,
and NF-�B was linked to a variety of cardiovascular pathol-
ogies.1,6 In the resting cell, NF-�B dimers reside in the
cytoplasm bound to inhibitor proteins, inhibitor kappa B
(I�B).6 Typically, NF-�B signaling is initiated by stimulus-
induced phosphorylation of I�B by I�B kinases (IKKs) that
leads to I�B phosphorylation, polyubiquitination, and degra-
dation.6 This unmasks a nuclear translocation sequence,
resulting in translocation of NF-�B into the nucleus to initiate
transcription.6 Even though this NF-�B activation pathway is
well described in the immune system,7 and its existence in the
heart is broadly accepted,6 little is known about NF-�B
activation in cardiac cells.

CGB, a Ca2� binding protein that belongs to the granin
family of acidic proteins,8 resides in the endo-/sarcoplasmic
reticulum (ER/SR) and functionally interacts with all 3
inositol 1,4,5-trisphosphate receptor (InsP3R) isoforms9 to
shape Ca2� release.10–12 Local InsP3-dependent Ca2� signaling
was only recently linked to cardiac excitation–transcription
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coupling (ETC) in adult ventricular myocytes.13 Because we
found that neonatal and adult ventricular cardiomyocytes
express CGB, along with all 3 isoforms of the InsP3R, we
hypothesized that CGB would be important in the regulation
of cardiomyocyte InsP3-dependent Ca2� signaling and would
modify ETC. In this study, we show that CGB regulates
cardiomyocyte InsP3/Ca2�-dependent signaling, the activity
of the transcription factor NF-�B, and the production of BNP.

Materials and Methods
An expanded Materials and Methods section is available in the
online data supplement at http://circres.ahajournals.org.

Cell Culture
All procedures for animal use were in accordance with guidelines
approved by the Yale Animal Care and Use Committee. Primary
neonatal rat ventricular cardiomyocytes were prepared as described
previously with a purity of at least 95%.14 Cardiac fibroblasts were
derived from differential preplating.

Angiotension II Microosmotic Pump Implantation
Microosmotic pumps were implanted as described in the online data
supplement. Mice were constantly infused with angiotensin (Ang) II
for 2 weeks at a rate of 1000 ng/kg per minute. Control mice
experienced the same surgical procedures without pump implanta-
tion and were subsequently treated identically. Cardiac hypertrophy
was documented by determination of the left ventricular weight/body
weight (LVW/BW) ratios at the time of euthanasia.

Plasmids, Luciferase Reporter Vectors, and Small
Interfering RNA
Plasmids, luciferase reporter vectors (hBNPLuc, NF-�B-luc,
AdNFAT-luc), and small interfering (si)RNA have been described
previously or are commercially available.5,15–18 Luciferase reporter
assays were performed as described.14 Intracellular chelation of Ca2�

was accomplished using BAPTA-AM (200 �mol/L).19

Transient Transfection and Adenoviral Infection
Transient transfection and adenoviral infection of cardiomyocytes
were previously described.14 Briefly, transfection was performed at
day 2 after culture in OptiMEM using Lipofectamine 2000 for 4
hours, followed by incubation overnight with complete growth
medium added. Transfection efficiency in cardiomyocytes using the
protocol described is at least 30% to 40% for DNA. Adenoviral
infection with NFAT luciferase reporter vector (AdNFAT-luc)5 was
performed for 2 hours.

Brain Natriuretic Peptide ELISA
Secretion and expression of BNP by cardiomyocytes and cardiac
fibroblasts were assayed using the AssayMax Rat BNP-45 ELISA
Kit (GENTAUR, Brussels, Belgium) according to the protocol of the
manufacturer. Experiments were performed 2 days after siRNA
transfection (CGB siRNA experiments) or at day 4 after culture,
respectively, to match time points. Basal and stimulation studies
were performed for 4 hours. Preincubation with inhibitors (InsP3R
inhibitor 2-aminoethoxydiphenylborate [2-APB], 25 �mol/L; AT1R
inhibitor telmisartan, 1 �mol/L) was performed for 1 hour. Samples
were collected, and absorbance at 450 nm was measured using a
standard microplate reader. Standard points and samples were
determined as duplicates or triplicates.

Live Cell Calcium Imaging
Calcium-imaging experiments have been described.14 Briefly, cells
were loaded with a cell-permeant indicator dye (Mag-Fluo-4/AM,
5 �mol/L or Fura red/AM, 10 �mol/L) and transferred to a Zeiss
LSM 510 NLO laser-scanning confocal microscope. Fluorescence
was measured by defining each cell as 1 region of interest and

quantified in relation to baseline fluorescence (F/F0). The change in
whole cell F/F0 was between the nuclear and cytosolic signals and
therefore used as representative readout in this study (Figure I in the
online data supplement). The low-affinity (Kd,Ca2��22 �mol/L) Ca2�

indicator Mag-Fluo-4 was used to assess Ca2� release from internal
stores. Differential loading of Mag-Fluo-4 into internal stores was
verified (supplemental Figure II). In experiments with cells express-
ing DsRed (cotransfection), the high-affinity Ca2� indicator Fura red
was used to assess cytosolic Ca2� changes. This replacement of
Mag-Fluo-4 was necessary because of an overlap of Mag-Fluo-4 and
DsRed excitation and emission spectra that caused substantial
quenching of Mag-Fluo-4 fluorescence by DsRed.

Immunoblotting
Immunoblotting was performed as described.20 Primary antibodies
used were: CGB (BD Bioscience), InsP3R-1, InsP3R-2, and InsP3R-
320; �-actin, GAPDH-HRP (Abcam); and SR/ER-ATPase
(SERCA)2a, cardiac ryanodine receptor (RyR) (Affinity Biore-
agents). Expressions were quantified by scanning densitometry.

Statistical Analysis
Data are expressed as means�SEM or representative traces (n/N)
describes the number of individual experiments (n) in N independent
cultures. Statistical analysis of the differences between multiple
groups was performed using 1-way ANOVA (Student–Newman–
Keuls method) for 2 groups using t test (SigmaPlot). Statistical
significance is indicated as follows: *P�0.05, **P�0.01, and
***P�0.001.

Results
Cardiomyocytes Express CGB Along With All
InsP3R Isoforms
Neonatal cardiomyocytes but not cardiac fibroblasts express
CGB (Figure 1a). CGB also is present in adult mouse
ventricular myocardium (Figure 6). Besides CGB, cardio-
myocytes express all 3 InsP3R isoforms (InsP3R-1, InsP3R-2,
InsP3R-3) (Figure 1b). CGB resides in the SR and function-
ally interacts with the InsP3R to shape Ca2� release.9–12

Figure 1. Neonatal cardiomyocytes express CGB and InsP3R
isoforms. a, Representative Western blot shows that cardiomyo-
cytes (CM) but not cardiac fibroblasts (CF) express CGB. PC-12
cells served as positive control and �-actin as loading control.
b, Cardiomyocytes express all InsP3R isoforms; positive controls
as indicated: CEREB indicates cerebellar microsomes, CHO,
Chinese hamster ovary cells, RIN, rat insulinoma cells.



Therefore, coexistence of CGB and the InsP3R in cardiomyo-
cytes suggests a functional role for CGB in shaping cardio-
myocyte InsP3-dependent Ca2� signaling.

Ang II Evokes InsP3-Dependent Ca2� Release
in Cardiomyocytes
Ang II causes the generation of phosphoinositides in cardio-
myocytes through its interaction with the G protein–coupled
Ang II type 1 receptor (AT1R).21,22 We monitored changes in
SR and nuclear envelope Ca2� content in response to Ang II
(1 �mol/L) using the low-affinity fluorescent Ca2� indicator
Mag-Fluo-4/AM. Experiments were performed in Ca2�-free
(0 Ca2�, EGTA 1 mmol/L) extracellular solution. Ang II
caused a marked decrease in Mag-Fluo-4 fluorescence inten-
sity that recovered over time to baseline (Figure 2a and 2d),
as would be expected for Ca2� release and subsequent
reuptake into internal stores. The magnitude of the Ang
II–evoked Ca2� release was 1.3�0.04 (30/2) (Figure 2c).
Pretreatment of cardiomyocytes with the InsP3R inhibitors
2-APB (25 �mol/L) or xestospongin D (5 �mol/L) prevents
Ca2� release on Ang II stimulation (Figure 2b and 2c).
Depolarization served as cell viability control and provided
the means to distinguish between excitable myocytes and
contaminating fibroblasts (“D”; Figure 2a and 2b). These
results show that Ang II evokes InsP3-dependent Ca2� release
from internal stores in cardiomyocytes.

CGB Shapes Ang II–Evoked Ca2� Release
CGB is known to modulate Ca2� release by the InsP3R at the
single-channel level and in intact cells.10–12,17 Because we
found that cardiomyocytes express CGB, along with the
InsP3R (Figure 1), we hypothesized that CGB would be

important in cardiomyocytes in shaping InsP3-dependent Ca2�

signaling. Therefore, CGB expression in cardiomyocytes was
silenced by siRNA (Figure 3a). Densitometry revealed a
knockdown to 34�7% compared to mock treatment (3/1)
(P�0.001; Figure 3b). To determine whether this downregu-
lation impacts InsP3-dependent Ca2� release, cells were co-
transfected with CGB siRNA and DsRed, and changes in
cytosolic Ca2� on Ang II stimulation (1 �mol/L) were
monitored using the fluorescent Ca2� indicator Fura red/AM.
DsRed-only-transfected cells served as control. The rise in
cytosolic Ca2� was blunted after CGB knockdown (Figure
3c). Note that an increase in cytosolic Ca2� causes a decrease
in Fura red fluorescence when excited at 488 nm. CGB
knockdown diminished peak Ca2� release to 84�2% (17/1)
compared to control (100�6% [17/1]) (P�0.05; Figure 3d)
and decreased the velocity of Ca2� release to 32�13% (12/1)
compared to control (100�28.5% [13/1]) (P�0.05; Figure
3e). These effects could also be explained by store depletion
following CGB knockdown. To address this question, we
depleted ER stores by adding 10 �mol/L SERCA inhibitor
thapsigargin in Ca2�-free medium and calculated the ER Ca2�

content as area under the release curve. Both CGB siRNA-
transfected and control cells had similar amounts of Ca2�

stored in the ER (Figure 3f). We conclude that CGB shapes
InsP3-dependent Ca2� signaling in cardiomyocytes.

Ang II–Stimulated and Basal BNP Secretion
Depend on the InsP3R
BNP secretion is regulated at the transcriptional level.4 Ang II
increases cardiomyocyte BNP mRNA levels by its interaction
with the G protein–coupled AT1R that causes the formation
of phosphoinositides.21–25 Therefore, we hypothesized that

Figure 2. Ang II evokes InsP3-dependent Ca2� release in cardiomyocytes. Ca2� release from internal stores was monitored using the
low-affinity Ca2� indicator Mag-Fluo-4/AM. a and b, Representative traces. a, Ang II causes Ca2� release that recovers to baseline. b,
No significant Ca2� release was observed in cardiomyocytes pretreated with either of the InsP3R inhibitors 2-APB or xestospongin D
(XeD). c, Quantification of released Ca2�. Ang II causes Ca2� release only in the absence of InsP3R inhibitors. d, Representative
pseudo-colored time course of cardiomyocytes challenged with Ang II. Letters indicate respective time points in a. Scale bar�10 �m.



secretion of BNP would be stimulated by Ang II and would
depend on the InsP3 signaling pathway. To address this
question, we first studied the time course of BNP secretion in
cardiomyocytes. Supernatant samples were collected after 1
hour without any treatment (baseline) followed by repetitive
collections from cells incubated with Ang II (1 �mol/L) or
vehicle for 2, 4, 8, and 12 hours and assayed by ELISA. Cells
incubated with vehicle only showed an increase in BNP
secretion over time as a result of tonic basal secretion (Figure
4a). However, cells incubated with Ang II showed a markedly
different kinetics (Figure 4a). The Ang II–dependent portion
of BNP secretion was maximal after 4 hours of incubation
(Figure 4b). This time period was used in any further ELISA
experiment. Next, we studied the requirement of the AT1R
and Ca2� release by the InsP3R in Ang II–stimulated BNP
secretion. Both the AT1R inhibitor telmisartan (1 �mol/L)
and the InsP3R inhibitor 2-APB (25 �mol/L) prevented the
stimulating effect of Ang II (Figure 4c). Inhibition of the
InsP3R also diminished basal BNP secretion (Figure 4d).
These results show that Ang II stimulates BNP secretion in
cardiomyocytes and that InsP3-mediated Ca2� release is a
component of the pathway for Ang II–stimulated and basal
BNP secretion.

CGB Knockdown Diminishes Basal and Abrogates
Ang II–Stimulated BNP Production
Basal and Ang II–stimulated BNP secretion depend on the
activation of the InsP3R (Figure 4d and 4c). We hypothesized
that CGB, which shapes InsP3-dependent Ca2� release (Figure
3), would also modify cardiomyocyte BNP production. To
address this question, cardiomyocytes were transiently trans-
fected with CGB siRNA, negative siRNA, or mock-treated.

Basal BNP secretion was reduced to 65�7% (12/3) after CGB
knockdown compared to mock treatment (100�3% [12/3])
(P�0.001; Figure 4e). CGB knockdown also prevented the
stimulating effect of Ang II (56�8%; 12/3) (Figure 4e). To
investigate whether CGB knockdown inhibits BNP secretion by
preventing its release or by decreasing its production, we also
measured BNP expression. CGB knockdown significantly de-
creased basal BNP expression to 63�5% (11/3) compared to
mock treatment (100�3% [10/3]) (P�0.01; Figure 4f). As for
secretion, Ang II failed to exert positive effects on BNP
expression after CGB knockdown (56�5% [10/2]) (Figure 4f).
Negative (nontargeting) siRNA-transfected cells showed
slightly increased BNP production (Figure 4e and 4f), which
we attribute to cell stress during the transfection. Values
measured for BNP expression and secretion of each individ-
ual experiment were matched and subjected to bidirectional
analysis and linear regression. These data revealed a strong
correlation of BNP expression and secretion (r2�0.98) (Fig-
ure 4g). This suggests that CGB impacts BNP production at
the transcriptional level rather than by preventing the forma-
tion of secretory granules or their secretion; either of which
would lead to a build up of BNP inside the cell.

CGB Regulates the BNP Promoter
To study the potential role of CGB on BNP production at the
transcriptional level, we used a human BNP promoter lucif-
erase reporter (hBNPLuc).15 To investigate the effect of CGB
on basal BNP promoter luciferase activity, cardiomyocytes
were transiently transfected with hBNPLuc alone (“mock
treatment”) or cotransfected with hBNPLuc and negative
siRNA or CGB siRNA. Basal luciferase activity after CGB
knockdown was significantly diminished to 37�6% (7/2)

Figure 3. CGB shapes Ang II–evoked Ca2�

release. a and b, Documentation of CGB
knockdown. a, Representative Western blot.
Note the decrease in CGB immunoreactivity
in CGB knockdown cells only. b, Quantifica-
tion of CGB immunoreactivity by densitome-
try. c, Representative traces. CGB knock-
down decreases peak Ca2� release and
velocity of Ca2� release on Ang II stimula-
tion. d and e, Quantification of peak Ca2�

release (d) and velocity of Ca2� release (e).
f, CGB knockdown does not deplete
ER-Ca2� stores.



compared to mock treatment (100�5% [6/2]) (P�0.001;
Figure 5a). Cells transiently transfected with negative siRNA
showed a nonsignificant reduction in hBNPLuc activity
(87�6% [7/2]) (Figure 5a). Next, we asked whether Ang II

would induce BNP and whether this induction would be
modified by CGB. Cardiomyocytes were incubated with
vehicle (control) or 1 �mol/L Ang II for 4 hours. Ang II
increased luciferase activity to 210�9% (3/1) compared to

Figure 4. Basal and Ang II–stimulated BNP production depend on the InsP3R and are regulated by CGB. a, Time course of BNP secre-
tion. Note different kinetics of vehicle and Ang II. b, Ang II–stimulated secretion reaches a relative maximum after 4 hours. c, Ang II–
stimulated BNP secretion depends on the AT1R and the InsP3R. d, Inhibition of the InsP3R diminishes basal BNP secretion. e and f,
CGB knockdown decreases basal BNP secretion and expression and abrogates the stimulating effect of Ang II. g, Linear regression
analysis suggests that CGB regulates BNP production at the transcriptional level. Telm indicates telmisartan.

Figure 5. CGB regulates the BNP promoter and NF-�B. a and b, BNP promoter luciferase activities. CGB knockdown decreases basal
promoter activity and prevents its induction by Ang II. c, Basal NFAT activity is not affected by CGB knockdown. CsA served as con-
trol. d and e, NF-�B luciferase activities. CGB knockdown decreases basal NF-�B activity and prevents its activation by Ang II. f, Basal
NF-�B activity depends on Ca2�.



control (100�5% [3/1]) (P�0.001; Figure 5b). In contrast,
Ang II failed to exert stimulating effects in CGB knockdown
cells (Figure 5b). Remarkably, CGB knockdown kept lucif-
erase activity below basal levels even with Ang II present
(27�3% of control [3/1]) (P�0.001; Figure 5b). These
results show that CGB regulates the BNP promoter under
both basal and Ang II–stimulated conditions.

CGB Regulates NF-�B Activity but Does Not
Affect NFAT
We aimed to identify the transcription factor that mediates the
regulatory role of CGB on the BNP promoter. We first
focused on NFAT, a Ca2�-dependent transcription factor that
plays a central role in cardiac hypertrophy.1,5 Cardiomyocytes
were infected with adenoviral NFAT-luciferase reporter
(AdNFAT-luc)5 alone (mock) and after transient transfection
with CGB siRNA or negative siRNA. We did not observe any
significant change in basal NFAT activity after CGB knock-
down (mock 100�6% [7/2]; negative siRNA 96�7% [7/2];
CGB siRNA 102�6% [15/2]) (Figure 5c). However, in
control experiments using the calcineurin inhibitor cyclospor-
ine A (CsA) (1 �mol/L), basal NFAT activity was signifi-
cantly decreased, with no significant differences among the 3
groups (mock/CsA 25�2% [7/2]; negative siRNA/CsA
29�3% [7/2]; CGB siRNA/CsA 30�3% [7/2]) (P�0.001;
Figure 5c). These results suggest an NFAT-independent
mechanism.

Recently, the NF-�B signaling pathway has been recognized
as an important mediator of cardiac hypertrophic signaling.1,6

Little is known about Ca2�-dependent activation of NF-�B
beyond its well-characterized Ca2�-dependent function in the
immune system and recent reports showing Ca2�-dependent
activation of NF-�B in hippocampal neurons and skeletal mus-
cle.7,19,26 To study the effect of CGB on NF-�B activity in
cardiomyocytes, we used a NF-�B luciferase reporter (NF-�B-

luc).16 Cardiomyocytes were transiently transfected with NF-
�B-luc alone (mock) or cotransfected with NF-�B-luc and CGB
siRNA or negative siRNA. Following CGB knockdown, basal
NF-�B luciferase activity was significantly decreased to 50�6%
(8/2) compared to mock (100�3% [8/2]) (P�0.001; Figure 5d).
The nonsignificant increase in NF-�B activity following nega-
tive siRNA transfection is most likely attributable to cell stress
during the transfection and consistent with our observations on
BNP production (Figure 4e and 4f). Next, we investigated
whether NF-�B would be induced by Ang II and whether this
induction was regulated by CGB as we found for the BNP
promoter (Figure 5b). In fact, Ang II (1 �mol/L) increased
NF-�B luciferase activity to 121�10% (3/1) compared to
control (100�7% [3/1]) (P�0.093; Figure 5e), and CGB knock-
down kept NF-�B luciferase activity below basal levels even
with Ang II present (17�2% of control [3/1]) (P�0.001; Figure
5e). The Ca2� dependence of basal NF-�B activity was tested by
chelation of intracellular Ca2� with BAPTA. Basal luciferase
activity following Ca2� chelation was reduced to 63�16% (5/1)
compared to control (100�2% [6/1]) (P�0.05; Figure 5f).
These results provide evidence for a novel role of CGB in the
regulation of basal and Ang II–stimulated BNP promoter and
NF-�B activities in a Ca2�-dependent manner that is indepen-
dent of NFAT signaling.

Cardiac Hypertrophy Induces Ventricular CGB
In Vivo
Cardiac hypertrophy is commonly associated with increased
ventricular BNP production and elevated BNP plasma levels
in patients.4 Because we found that CGB is an important
modulator of BNP transcription, expression, and secretion in
cardiomyocytes (Figures 4 and 5), we studied ventricular
CGB expression in vivo during cardiac hypertrophy. Cardiac
hypertrophy was induced in adult mice by chronic Ang II
treatment using microosmotic pumps. Hypertrophy was doc-

Figure 6. CGB is upregulated in Ang II–induced cardiac hypertrophy in vivo. a, Representative Western blot shows ventricular expres-
sion of CGB and cardiac RyR. GAPDH served as loading control. b and c, Quantifications by densitometry. b, Ang II induces ventricular
CGB expression �3-fold. c, In contrast, cardiac RyR expression is decreased to �50%. d, LVW/BW ratio documents hypertrophy. e,
CGB overexpression in cardiomyocytes induces the BNP promoter.



umented by determination of the LVW/BW ratios (Figure
6d). Chronic Ang II treatment increased LVW/BW ratio by
1.7-fold (4.7�0.3 in Ang II–treated mice compared to
2.7�0.1 in sham-treated matched littermates) (P�0.05; Fig-
ure 6d). Hypertrophy was associated with a marked upregu-
lation of ventricular CGB expression (Figure 6a). Densitom-
etry revealed an increase in CGB expression to 322�46%
(5/1) in hypertrophied ventricles compared to control
(100�14% [9/1]) (P�0.001; Figure 6b). Moreover, consis-
tent with previous reports on decreased cardiac RyR mRNA
levels in failing human hearts,3 we found the expression of
cardiac RyR in the same samples significantly decreased to
52�16% (5/1) compared to control (100�9% [9/1])
(P�0.05; Figure 6a and 6c). No significant change in the
expression of any of the InsP3R isoforms or SERCA 2a was
observed (data not shown).

CGB Overexpression Increases BNP Promoter
Activity in Cardiomyocytes
Because we found CGB induced in vivo in adult mice
ventricular myocardium following the induction of cardiac
hypertrophy (Figure 6a and 6b), we next asked whether
elevated CGB expression would, in turn, increase BNP
promoter activity. To address this question, we overexpressed
CGB. Cardiomyocytes were cotransfected with the hBNPLuc
reporter plasmid15 and full-length CGB18 or empty vector
(control). In fact, CGB overexpression increased BNP pro-
moter luciferase activity to 172�16% (4/1) compared to
control (100�24% [3/1]) (P�0.05; Figure 6e).

Discussion
In the present study, we provide evidence for a novel role
of the Ca2� binding protein CGB in the regulation of
cardiomyocyte signaling. We show that CGB shapes InsP3-
dependent Ca2� release in cardiomyocytes and that CGB
also regulates NF-�B activity and BNP production. Our in
vitro results are supported by in vivo experiments that
show the involvement of CGB in Ang II–mediated cardiac
hypertrophy.

Local InsP3-dependent Ca2� signaling was only recently
linked to cardiac ETC in adult ventricular myocytes, and it
was also shown that these local Ca2� signals act in a manner
that is segregated from the global Ca2� transients that mediate
excitation–contraction coupling.13 InsP3Rs are ubiquitous
intracellular Ca2� release channels that are present in the
heart, although at lower levels than the related RyRs, which
mediate excitation–contraction coupling.27,28 The InsP3R-2 is
the most InsP3-sensitive and the predominant isoform in
cardiomyocytes.27,29,30 In atrial cardiomyocytes, the InsP3R-2
is believed to colocalize with “junctional” RyRs at the
subsarcolemmal space, possibly modifying excitation–con-
traction coupling and thereby triggering arrhythmias,27

whereas in ventricular cardiomyocytes, the InsP3R-2 was
found throughout the cell but elevated within or in close
proximity to the nuclear envelope,31 and an important role in
cardiac ETC was reported.13

CGB, which is a member of the granin family of acidic
proteins,8 interacts with all 3 InsP3R isoforms9 and modulates
InsP3-dependent Ca2� release.10–12 Here, we show that CGB

is expressed in neonatal cardiomyocytes (Figure 1), as well as
adult mouse ventricular myocardium (Figure 6), and impacts
InsP3-dependent Ca2� release on Ang II stimulation that could
not be explained by store depletion following CGB knock-
down (Figures 2 and 3). Signaling specificity of the multi-
functional second-messenger Ca2� is achieved by variations
in and combinations of magnitude, frequency, and duration of
Ca2� signals.32 Our results that CGB simultaneously modifies
2 of these modalities (ie, magnitude and velocity of Ca2�

release; Figure 3) suggests a crucial role for CGB in fine-
tuning of the local InsP3-dependent Ca2� signals that target
gene transcription in cardiomyocyte ETC. In fact, the de-
crease in basal and the prevention of Ang II–stimulated BNP
secretion and expression after CGB knockdown (Figure 4) is
also seen at the transcriptional level in similarly impaired
basal and stimulated BNP promoter activities (Figure 5).
Notably, both basal and Ang II–stimulated BNP production
depend on Ca2� release by the InsP3R (Figure 4) that is
modified by CGB (Figure 3). Although CGB impacts InsP3-
dependent Ca2� release (Figure 3), and the calcineurin/NFAT
signaling pathway is considered among the central players in
integrating cardiac InsP3/Ca2�-mediated hypertrophic in-
puts,1,5 we did not observe any significant impairment in
basal NFAT activity after CGB knockdown (Figure 5) that
would explain the consistent decrease in basal BNP produc-
tion (Figure 4) and promoter activity (Figure 5). However,
basal (Ca2�-dependent [Figure 5f]) and Ang II–stimulated
activity of another transcription factor, NF-�B, were mark-
edly decreased following CGB gene-silencing (Figure 5),
similar to the observed impairments in basal and Ang
II–stimulated BNP production and promoter activity (Figures
4 and 5). Therefore, linkage of NF-�B signaling and BNP
production in cardiomyocytes seems very likely. Specific
NF-�B binding sites identified on the human BNP promoter
further suggest that both are linked directly.33 CGB knock-
down consistently kept BNP secretion, expression, and pro-
moter activity and NF-�B activity below basal/control levels
even with the inducer Ang II present (Figures 4 and 5). This
suggests that Ang II recruits the same CGB-regulated path-
way that is responsible for basal BNP production to exert its
positive effects, most likely the InsP3R, InsP3, and Ca2�.

Ca2�-dependent NF-�B activation was recently shown in
neurons and skeletal muscle.19,26 Here, we provide evidence
for the existence of a similar Ca2�-dependent NF-�B activa-
tion in cardiomyocytes that is independent of the Ca2�/
calcineurin-activated NFAT pathway, even though both tran-
scription factors use the same second messenger: Ca2�.
Therefore, our results provide another example for how
precisely Ca2� signals can activate different signaling path-
ways in cardiomyocytes, possibly similar to the differential
activation of transcription factors by Ca2� described in
lymphocytes.32

In neurons, Ca2�-dependent activation of NF-�B was shown
to require Ca2�/calmodulin-dependent kinase (CaMK)II.19

However, when using the general CaMK inhibitor KN-62
(10 �mol/L), we did not observe any significant suppression
in basal NF-�B activity that could explain the suppressive
effect of CGB knockdown (data not shown). This suggests
that CGB impacts NF-�B signaling independent of CaMKs in



cardiomyocytes and that NF-�B activation is regulated dif-
ferently in various cell types.

In vivo experiments showed that Ang II–induced cardiac
hypertrophy, a condition characterized by increased ventric-
ular BNP production, is associated with an impressive up-
regulation of CGB in ventricular myocardium (Figure 6).
Because we also show in this study that CGB is an important
regulator of basal and Ang II–stimulated BNP transcription,
expression and secretion in cardiomyocytes in vitro (Figures
4 and 5), this result suggests that CGB may be of similar
importance in the regulation of BNP production in vivo,
possibly contributing to the induction of ventricular BNP in
cardiac hypertrophy. This hypothesis becomes even more
likely because CGB overexpression in cardiomyocytes sig-
nificantly induces the BNP promoter (Figure 6e).

Based on the evidence presented in this study, we propose
that CGB is of crucial importance in the InsP3/Ca2�-
dependent regulation of hypertrophic signaling in cardiomyo-
cytes (Figure 7a through 7c). Physiologically, CGB resides in
the SR and shapes Ca2� release from internal stores by
modulating the activity of the InsP3R. The generation of InsP3

is triggered by various hypertrophic agonists, including Ang
II. Ca2� released from the SR by the InsP3R triggers the
activation of Ca2�-dependent transcription factors, including
NF-�B, that initiate BNP transcription (ETC) (Figure 7a).
Decreased CGB expression levels in cardiomyocytes lead to
impaired CGB-InsP3R coupling that results in decreased
InsP3-dependent Ca2� release, NF-�B activity, and BNP
production (Figure 7b). Because we found that CGB expres-
sion is markedly upregulated in Ang II–induced cardiac
hypertrophy in vivo and that CGB overexpression in cardio-
myocytes leads to enhanced activity of the human BNP
promoter, we hypothesize that CGB contributes to the in-
crease in ventricular BNP production commonly associated
with cardiac hypertrophy (Figure 7c). In this scenario, the
upregulation of CGB expression in hypertrophic ventricles
improves the CGB-InsP3R coupling, leading to increased
InsP3-dependent Ca2� release, NF-�B activity, and BNP
production.

In the present study, we provide insights into how CGB
regulates InsP3-dependent Ca2� release, NF-�B activity, and
BNP production at the cellular level in neonatal cardiomyo-
cytes. Our results also show that upregulation of CGB occurs
in vivo in adult hypertrophic cardiomyocytes, suggesting that
CGB plays a role in the complex cellular processes involved
in cardiac hypertrophy.
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