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Abstract

In cardiac myocytes Calmodulin (CaM) bound to the ryanodine receptor (RyR2) constitutes a 

large pool of total myocyte CaM, but the CaM-RyR2 affinity is reduced in pathological conditions. 

Knock-in mice expressing RyR2 unable to bind CaM also developed hypertrophy and early death. 

However, it is unknown whether CaM released from this RyR2-bound pool participates in 

pathological cardiac hypertrophy.

We found that angiotensin II (AngII) or phenylephrine (PE) both cause CaM to dissociate from the 

RyR2 and translocate to the nucleus. To test whether this nuclear CaM accumulation depends on 

CaM released from RyR2, we enhanced CaM-RyR2 binding affinity (with dantrolene), or caused 

CaM dissociation from RyR2 (using suramin). Dantrolene dramatically reduced AngII- and PE-

induced nuclear CaM accumulation. Conversely, suramin enhanced nuclear CaM accumulation. 

This is consistent with nuclear CaM accumulation coming largely from the CaM-RyR2 pool. CaM 

lacks a nuclear localization signal (NLS), but G-protein coupled receptor kinase 5 (GRK5) binds 

CaM, has a NLS and translocates like CaM in response to AngII or PE. Suramin also promoted 

GRK5 nuclear import, and caused nuclear export of histone deacetylase 5 (HDAC5). Dantrolene 

prevented these effects. After 2–8 weeks of pressure overload (TAC) CaM binding to RyR2 was 

reduced, nuclear CaM and GRK5 were both elevated and there was enhanced nuclear export of 

HDAC5.
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Stress (acute AngII or TAC) causes CaM dissociation from RyR2 and translocation to the nucleus 

with GRK5 with parallel HDAC5 nuclear export. Thus CaM dissociation from RyR2 may be an 

important step in driving pathological hypertrophic gene transcription.
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1. Introduction

Cardiac pathological hypertrophy occurs in response to pressure overload, such as chronic 

hypertension, aortic stenosis, aortic constriction, and myocardial infarction. The heart 

initially compensates for the overload by hypertrophic growth, but function in the 

pathological hypertrophied heart eventually decompensates and, finally, leads to heart failure 

(HF). Thus cardiac pathological hypertrophy is an important risk factor for cardiovascular 

disease [1].

Calmodulin (CaM) is a ubiquitous Ca2+ binding protein that binds to ryanodine receptor 

type2 (RyR2) even at diastolic [Ca2+]i and modulates its channel function [2]. CaM inhibits 

RyR2 open probability at physiological [Ca2+] by binding to a CaM binding region (aa 

3583–3603) of RyR2 [3,4], suggesting that the RyR2-bound CaM (CaM-RyR2) stabilizes 

the closed state of RyR2 channels in the resting state of normal cells. Several reports have 

suggested that defective CaM-RyR2 interaction becomes a pathogenic factor in heart 

disease. We recently found that the CaM binding affinity to RyR2 is reduced in HF [5–7] or 

in knock-in (KI) mice carrying a human CPVT-associated RyR2 mutation (R2474S) [8,9] or 

by oxidation [10] or in chronic pressure overload (induced by transverse aortic constriction 

(TAC)) [11], and that lower CaM binding promoted arrhythmogenic SR Ca2+ leak. 

Moreover, Yamaguchi et al. [12] reported that KI mice, in which RyR2 is unable to bind 

CaM, developed hypertrophy and had an early death. While CaM binding to RyR2 is known 

to importantly regulate RyR2 gating in cardiac myocytes, the role of CaM released from 

RyR2 is unknown. Ai et al. [13] reported that the level of CaM associated with RyR2 was 

decreased in rabbit HF, despite unaltered total CaM expression in HF. In hippocampal or 

cortical neurons, Ca2+ or Ca2+/CaM-dependent protein kinase II (CaMKII) caused 

translocation of CaM from the cytoplasm to the nucleus [14,15], although only 5% of total 

endogenous CaM was free in the cytoplasm. In resting cardiac ventricular myocytes only 

~1% of total CaM is freely diffusible [16] and bound CaM is highly concentrated along Z-

lines where >90% of that CaM is RyR2-bound [5]. These reports prompted us to test 

whether the nuclear accumulation of CaM in myocytes coincides with and depends upon 

loss of CaM-binding to RyR2.

G protein-coupled receptor kinases (GRKs), notably GRK5, which is most abundant in the 

heart, are crucial in regulating cardiac hypertrophy. GRK5 nuclear accumulation accelerated 

cardiac hypertrophy and HF in the TAC model [17]. GRK5 has CaM binding sites at each 

terminal domain, with the N-terminal CaM binding site of GRK5 being most critical [18]. 

Gold et al. [19] showed that mutant GRK5 unable to bind CaM at its N-terminal CaM 
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binding site displayed less nuclear accumulation during neurohumoral stimuli, suggesting 

that GRK5 translocation to the nucleus is dependent on, and absolutely requires, CaM 

binding to GRK5 at its specific N-terminal CaM binding site. However, again, the source of 

CaM, which binds to GRK5, is unknown.

Class II nuclear histone deacetylases (HDACs 4,5,7 and 9), especially HDAC5, normally 

represses hypertrophic transcriptional activation. However, HDAC5 phosphorylation by 

GRK5, protein kinase D or CaMKII in response to neurohumoral stimuli and HF drives 

nuclear export of HDAC5 and promotes a hypertrophic program of cardiac gene expression 

[17,20–23].

Here we investigate whether CaM coming from the RyR2-CaM pool can migrate to the 

nucleus with GRK5 and drive HDAC5 nuclear export and hypertrophic signaling. We used 

angiotensin II (Ang II) and phenylephrine (PE), which are physiological hypertrophic 

agonists, and performed immunofluorescence to assess the movement of endogenous CaM, 

GRK5 and HDAC5 in the cardiomyocytes. Furthermore, we used dantrolene, which 

enhances CaM-RyR2 affinity and stabilizes the RyR2 channel gating [7–10]. Since suramin 

directly binds to the core RyR CaM binding site and rapidly releases CaM from the RyR2 

[5,24], we also used suramin to release CaM binding to RyR2 and thereby test the 

hypothesis that release of CaM from RyR could by itself drive nuclear CaM translocation. 

Moreover, TAC-induced hypertrophy and HF was examined at 2 and 8 weeks, respectively, 

to evaluate the RyR2-CaM movement.

2. Materials and methods

Adult mouse ventricular myocytes were isolated and permeabilized as previously described 

[9]. All procedures were performed according to the Guiding Principles in the Care and Use 

of the Animals approved by Guidelines of the Animal Ethics Committee of Yamaguchi 

University School of Medicine. All experiments were performed at room temperature (25°C) 

and data are given as mean ± SEM of 20–80 cells from 3–4 hearts. To quantify the 

fluorescence intensity based on confocal microscopy, we measured a ratio of nuclear CaM 

fluorescence to DAPI or ratio of CaM-RyR2 fluorescence to RyR2 fluorescence or, for 

GRK5 and HDACs, a ration of nuclear fluorescence to cytoplasmic fluorescence were used. 

An expanded Methods section can be found in the Online Data Supplement.

3. Results

3.1. CaM moves from RyR2 to nucleus after treatment with hypertrophic agonists or 
suramin, but is prevented by dantrolene

First, we tested whether endogenous CaM concentrates at Z-line near the RyR2 by using 

antibodies for CaM (EP799Y, Abcam) and RyR (C3–33, Sigma-Aldrich). We also treated 

saponin-permeablized myocytes with suramin to rapidly and completely release CaM from 

RyR2. Online Figure I shows that both endogenous RyR2 and CaM are concentrated at Z-

lines. Treatment with suramin (which releases CaM from RyR2) strongly suppresses the Z-

line CaM signal (Online Figure II). These results confirm that this anti-CaM antibody 

recognizes endogenous CaM and that suramin releases CaM from the RyR at the Z-line.
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In adult mouse ventricular myocytes CaM is highly concentrated at the Z-line (Fig 1A, left) 

where >90% of that CaM is specifically bound to RyR2 [5]. After treating intact resting 

myocytes with 10 μM AngII or 100 μM PE (for 30 min), CaM was reduced at the RyR2, but 

increased in the nucleus (Fig 1B). We also measured the kinetics of AngII-induced CaM 

translocation. The time constant of CaM loss at the RyR2 (τwash-out = 6.01 ± 2.76 min) was 

faster than the rise in nuclear CaM accumulation (τwash-in = 19.16 ± 2.79 min), which would 

be consistent with CaM dissociation from RyR2 as a precursor for nuclear CaM 

accumulation (Fig 1C). The more gradual rise in nuclear [CaM] is likely the result of 

translocation of CaM, potentially released from the RyR2 to travel from regions distant from 

the nucleus.

To further test whether this CaM accumulated in the cell nuclei comes from RyR2-CaM, we 

treated the cells with dantrolene (DAN), which strengthens CaM binding to RyR2, thus 

stabilizing RyR2 channel gating. Fig 2A shows confocal immunofluorescence images of 

adult cardiomyocytes with RyR2 and CaM co-localization and CaM translocation to the 

nucleus during exposure to 10 μM AngII. Treatment with dantrolene prevented the AngII-

induced loss of CaM at the RyR2 and also prevented nuclear CaM accumulation, suggesting 

that nuclear CaM accumulation comes from RyR2-CaM (Fig 2B). To test whether release of 

CaM from the RyR2 was sufficient by itself to drive CaM to the nucleus, we measured the 

Z-line CaM and nuclear CaM fluorescence intensity upon suramin exposure (which rapidly 

dissociates CaM from the RyR2 [5,24]). Since suramin is not cell permeable, 100 μM 

suramin was introduced to intact cardiomyocytes using the protein delivery reagent, 

BioPORTER, and the Z-line and nuclear endogenous CaM were assessed by 

immunofluorescence analysis (Fig 2C). As shown in Fig 2D, suramin significantly reduced 

the [CaM] at RyR2 and increased the nuclear [CaM]. We also plotted nuclear-CaM 

fluorescence intensity versus RyR2-CaM fluorescence intensity for the same intact 

cardiomyocytes. The dependence of nuclear-CaM fluorescence on RyR2-CaM fluorescence 

was fit by a linear regression, consistent with RyR2-CaM being translocated to the nucleus 

(Online Figure III). Taken together, the data support the view that stimulation of myocytes 

with hypertrophic agonists (Ang II, PE) or the CaM-RyR2 disruptor suramin, can reduce 

CaM at the RyR2 and promote nuclear CaM accumulation. Conversely, dantrolene prevents 

the AngII-induced loss of RyR2-CaM and nuclear CaM accumulation. These findings 

suggest that the source of nuclear CaM accumulation is RyR2-bound CaM.

3.2. Angiotensin II-induced redox modification reduces RyR2-CaM binding

Next, we explored the reason for the Ang II-mediated reduction of CaM binding to RyR2. 

We previously showed that increased reactive oxygen species (ROS) pathologically alters the 

RyR2 structure (domain interaction between N-terminal and central domains) and that this 

conformation (defective domain interaction) reduces the RyR2-CaM binding affinity [10]. 

To monitor intracellular ROS level, we used CellROX, an oxidative stress detection 

fluorogenic probe. Online Figure IVA shows confocal CellROX fluorescence images in 

control or Ang II-treated myocytes with or without dantrolene. As shown in Online Figure 

IVB, the intracellular ROS level was significantly increased after addition of 10 μM AngII, 

and dantrolene did not alter the intracellular oxidative stress level overall. Thus, AngII 

elevates ROS which might mediate the AngII-induced reduction in RyR2-CaM binding 
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affinity. Dantrolene did not alter the AngII-induced rise in ROS, indicating that the 

dantrolene’s effect to limit CaM movement from RyR2 to the nucleus (Fig 2B) is 

downstream of AngII-induced ROS.

3.3. GRK5 participates in CaM nuclear translocation

Since CaM itself lacks a nuclear localization sequence (NLS), but GRK5 has both CaM 

binding sites as well as an NLS, we tested whether GRK5 might mediate the CaM 

translocation from RyR2 to nucleus induced by AngII or PE. Fig 3A shows confocal 

immunofluorescence images of GRK5 and nuclei stained with 4’,6-diamidino-2-

phenylindole (DAPI) in intact cardiomyocytes that are untreated (control), or treated with 

AngII, PE or AngII (± DAN). AngII and PE both induced translocation of GRK5 from the 

cytosol to the nucleus, but treatment with dantrolene prevented this AngII- and PE-induced 

GRK5 movement (Fig 3B). Thus, just like CaM, GRK5 also moves to the nucleus in 

response to AngII and PE, and is also prevented by dantrolene (which promotes CaM-RyR2 

binding). Directly displacing CaM from RyR2 with suramin (as in Fig 2) also promoted 

GRK5 nuclear translocation, even in the absence of AngII or PE (Fig 3C–D).

To test whether CaM translocation to the nucleus required GRK5 enzymatic activity, we 

used the GRK5 inhibitor amlexanox (AMX), a pharmacological inhibitor of GRK5 kinase 

activity [25]. At baseline 50 μM AMX did not alter nuclear GRK5 levels, but it prevented 

the AngII-induced nuclear GRK5 accumulation (Online Figure V). This confirms that AMX 

inhibits the AngII-induced GRK5 mobilization (and that GRK5 enzymatic activity is 

required for its mobilization). AMX did not alter basal CaM distribution between RyR2 or 

nucleus, nor the AngII-induced release of CaM from the RyR2 (Fig 4). However, AMX 

treatment significantly decreased the AngII-induced nuclear CaM accumulation compared 

with treatment with AngII alone (Fig 4A–B). These results suggest that CaM translocation is 

enhanced by GRK5 activity.

3.4. AngII, PE and suramin induced HDAC5 nuclear export is inhibited by dantrolene

Next, we tested whether CaM release from RyR2 is critical for the AngII- or PE-induced 

HDAC5 nuclear export that drives pathological cardiac hypertrophic signaling. Fig 5A 

shows immunofluorescent images of HDAC5 and nuclei stained by DAPI in myocytes in the 

absence and presence of Ang II or PE (±dantrolene). AngII and PE both induced the 

expected HDAC5 nuclear export, but this was significantly suppressed when dantrolene was 

used to stabilize CaM-RyR2 binding (Fig 5B). AngII and PE also promote nuclear export of 

HDAC4 (another class IIa HDAC), but again that nuclear export was prevented by 

dantrolene (Online Figure VIA–B). Additionally, displacing CaM from RyR2 with suramin 

induced HDAC5 nuclear export, even in the absence of AngII or PE (Fig 5C–D). 

Furthermore, inhibition of GRK5 with amlexanox alone did not alter HDAC5 nuclear 

export, but it suppressed the AngII-induced HDAC5 nuclear vs. AngII alone (Fig 6A–B). 

The collective results suggest that depletion of CaM from RyR2 and nuclear accumulation 

of CaM requires GRK5 activity for AngII-induced and HDAC5-dependent pathological 

cardiac hypertrophic signaling.
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3.5. Pressure overload causes CaM movement from RyR2 to nucleus with GRK5 and 
promotes the nuclear export of both HDAC5 and HDAC4

To test the relevance of this RyR2-CaM GRK5 translocation pathway to hypertrophy and HF 

we used a classic chronic pressure overload model of transverse aortic constriction (TAC) in 

12-week-old mice, during both the early hypertrophic phase (2 weeks post-TAC) and HF 

phase (8 weeks post-TAC). Online Figure VIIA–C shows that left ventricular and septal wall 

thickness was significantly increased 2 post-TAC with only slight reduction in fractional 

shortening. However, at 8 weeks post-TAC LV fractional shortening was dramatically 

reduced (consistent with hypertrophic and HF monikers). Two weeks post-TAC we observed 

a significant shift of CaM from RyR2 to nucleus, and that was more pronounced 8 weeks 

post-TAC (Fig 7A–B). GRK5 also moved significantly to the nucleus at both 2 and 8 weeks 

post-TAC, although this was not significantly different between hypertrophy and HF stages 

(Fig 7C–D). Taken together, these results suggest that 8 weeks after TAC (HF phase), there 

may be a signal cascade other than GRK5 that drives or retains CaM in the nucleus. HDAC5 

(and HDAC4) also shifted out of the nucleus significantly at 2 weeks post-TAC and even 

more dramatically at 8 weeks post-TAC (Fig 7E–F and Online Figure VIC–D). Thus, while 

CaM and GRK5 acutely translocate to the nucleus upon hypertrophic Gq-coupled receptor 

activation, chronic nuclear accumulation (or retention) of CaM correlates best with HDAC5 

and HDAC4 nuclear export in the HF phase.

4. Discussion

Prior work showed that CaM binding to the amino terminal of GRK5 is required for AngII 

and PE-induced nuclear translocation in hypertrophic transcriptional signaling, but the 

source of CaM was not identified [19]. In another sphere, work has shown that pathological 

signals cause reduced RyR2 CaM binding and acute arrhythmogenic SR Ca2+ leak, but have 

not explored potential AngII, PE or nuclear consequences [5–13]. Here we demonstrate a 

novel direct mechanistic connection between these HF and arrhythmia fields. That is, AngII, 

PE and pressure overload trigger CaM release from RyR2 (arrhythmogenic itself) that is 

both necessary and sufficient to drive nuclear translocation of CaM with GRK5 and kinase-

dependent nuclear export of hypertrophy/HF-related transcriptional regulators HDAC4 and 5 

(Fig 8).

Several key novel findings were made, all in adult ventricular myocytes. First, AngII or PE 

causes ROS-dependent reduction of CaM-RyR binding. Second, CaM which dissociates 

from the RyR2, translocates to the nucleus together with GRK5, and drives nuclear export of 

class IIa HDACs, thereby derepressing pathological cardiac hypertrophic genes 

transcription. Third, this AngII and PE-driven cascade can be inhibited by stabilizing CaM-

RyR with dantrolene, and can be mimicked by direct displacement of CaM from RyR2 by 

suramin. Fourth, direct inhibition of GRK5 activity using amlexanox [25] prevents nuclear 

CaM accumulation, but does not prevent AngII-induced CaM release from RyR2, suggesting 

that GRK5 activity is critical in nuclear CaM (and GRK5) accumulation. Fifth, in 

physiological hypertrophy and HF after TAC, we see this same CaM dissociation from 

RyR2, nuclear accumulation of CaM with GRK5 and class IIa HDAC nuclear export. Our 

data support a working model (Fig 8) in which CaM released from the CaM-RyR2 pool is 
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obligatory in co-migration with GRK5 to the nucleus where it promotes class IIa HDAC 

nuclear export, and that this is an important step in pathological cardiac hypertrophy leading 

to HF.

4.1. CaM binding at an RyR2-bound pool provides a source of CaM for nuclear import

CaM has many cellular targets, and signaling via CaM is critical in myocyte Ca2+-handling, 

electrophysiology, hypertrophy and HF signaling [26–28]. CaM binding directly to the 

RyR2 stabilizes RyR2 gating, and constitutes 15–20% of total myocyte CaM [15]. Detailed 

intermolecular FRET studies demonstrated that >90% of the prominent Z-line localized 

CaM (visible here in Fig 1, 2, 4 and 7) is specifically bound to RyR2 (and suppresses 

diastolic SR Ca2+ leak)[5]. Thus any reduction in Z-line CaM binding is indicative of 

reduced RyR2 binding (confirmed here for antibody detection of endogenous Z-line CaM 

that was suramin-sensitive; Online Figure I-II). Even during diastole 99% of all myocyte 

CaM is bound to cellular proteins, such that in the cytosol only 1% (60 nM) is available to 

move freely and many targets may compete for free CaM [16]. Ventricular myocyte CaM 

expression is unaltered in HF [13], but CaM binding affinity to RyR2 is reduced in several 

models of HF [5–7], CPVT [8,9], oxidative RyR2 stress [10], or RyR2 phosphorylation by 

CaMKII [7]. So the RyR2 constitutes a major pool (or source) of CaM that may be 

mobilized and influence other targets. While the AngII-induced ROS increase would suffice 

to release CaM from RyR2 [10], ROS can also promote local autonomous CaMKII 

activation [7] which may further promote this effect. Reduction of RyR2-CaM binding by 

any of the above causes is known to promote arrhythmogenic diastolic SR Ca2+ release [5–

11], but the CaM destination following RyR2 dissociation is unknown.

One novel finding here was that the physiological hypertrophic agonists AngII and PE 

(known to be pivotal in left ventricular hypertrophy [29] and increase risks of HF, stroke, 

and arrhythmias [30]) acutely reduces CaM-RyR2 binding and enhances nuclear CaM 

accumulation. Endothelin-1 could also do this in cultured neonatal cardiomyocytes [31]. To 

test whether RyR2-bound CaM was the source of CaM accumulating in the nucleus, we (1) 

compared the kinetics of both processes, (2) selectively stabilized RyR2-CaM binding by 

dantrolene [7–10], and (3) displaced RyR2-bound CaM with suramin [5,24]. CaM was 

released from the RyR2 faster than its accumulation in the nucleus (Fig 1C), making RyR2 a 

plausible source of CaM for nuclear accumulation. Preventing AngII-induced CaM release 

from RyR2 (as shown directly for ROS [10]) also inhibited AngII-induced nuclear 

accumulation (Fig 2). Conversely, displacement of RyR2-bound CaM by suramin promoted 

nuclear CaM accumulation, even without AngII treatment. We conclude that CaM released 

from the RyR2-bound pool is a major source of CaM that is driven into the nucleus by AngII 

and PE. While CaM could simply diffuse into the nucleus, it lacks an NLS and could bind to 

many other myocyte targets. This raises questions as to how and if CaM is directed to the 

nucleus by partnering with a specific NLS bearing target.

4.2. GRK5 participates in CaM nuclear translocation

GRK5 contains a NLS [32] and two CaM binding domains [18,19,33]. Gold et al. [19] 

showed that both AngII and PE induced sarcolemmal GRK5 translocation to the nucleus in 

adult ventricular myocytes over a similar time course as shown here for CaM. They also 
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showed that mutation of the N-terminal CaM-binding domain of GRK5 was sufficient to 

prevent GRK5 nuclear translocation in both cultured neonatal and adult ventricular 

myocytes [19]. However, neither CaM translocation, GRK5 activity nor the source of CaM 

that promoted GRK5 translocation was examined. We now show that the AngII- or PE-

induced GRK5 nuclear accumulation requires CaM released from RyR2 (prevented by 

dantrolene), and can even be mimicked by forced release of CaM from RyR2 by suramin 

(Fig 3A–C). Moreover, amlexanox inhibition of GRK5 kinase activity (and its myocyte 

enhancer factor 2; MEF2 transcriptional activation [25]) suppresses the AngII-induced 

nuclear CaM accumulation, despite retained CaM release from RyR2 (Fig 4). Thus GRK5 

enzymatic activity is critical for triggering the nuclear translocation of GRK5 itself (Online 

Figure V), as well as CaM (Fig 4) and HDAC4/5 nuclear export (Fig 6 and Online Figure 

VI). We suggest that GRK5 activation is critical, and that it enters the nucleus together with 

CaM. However, AMX did not entirely block the AngII-induced nuclear CaM accumulation, 

suggesting either incomplete GRK5 inhibition, that activity may not be an absolute 

requirement or that some CaM may enter the nucleus by itself via the nuclear pore complex 

or other pathway. While this working model undoubtedly oversimplifies GRK5’s complex 

nuclear translocation, CaM and DNA binding, as studied in cultured epithelial cells [32], it 

provides a working framework for this system in adult cardiac myocytes.

In addition to the acute CaM and GRK5 translocation induced by AngII, PE and suramin in 

adult ventricular myocyte, we also tested whether this working model could be detected in 

physiologically chronic pressure overload induced hypertrophy and HF over 2–8 weeks (Fig 

7). Indeed, we found that there was an analogous shift in CaM from RyR2 to the nucleus 

that was accompanied by GRK5 nuclear accumulation, as seen upon acute hypertrophic 

agonists AngII and PE. This was seen already at the hypertrophic stage (2 weeks post-TAC), 

and at least for CaM even more pronounced at the HF stage (8 week post-TAC). The failure 

of GRK5 nuclear accumulation to further increase at 8 weeks could reflect a maximal 

activation that occurred already at 2 weeks, or that nuclear GRK5 is more important in the 

hypertrophic phase than the transition to HF, but further elucidation of this would require 

additional study.

4.3. HDAC nuclear export is triggered by GRK5 and CaM import

Class IIa HDACs (e.g. HDAC4 and 5) regulate cardiac hypertrophic gene transcription [29]. 

HDAC4 and 5 are phosphorylated by CaMKII, PKD and GRK5, which promotes their 

nuclear export and derepresses pathological hypertrophic cardiac gene expression driven by 

MEF2 (Fig 8)[17,21–23,34,35]. Thus, nuclear export of HDAC4 and 5 are key determinants 

of hypertrophic transcriptional activation. Here, we show that AngII or PE promotes 

HDAC4/5 nuclear export, that this is mimicked by simply releasing RyR2-bound CaM 

(suramin), and prevented by stabilizing CaM-RyR2 (dantrolene). These findings suggest that 

CaM from RyR2 is critical for both GRK5 nuclear import and downstream HDAC nuclear 

export. It is also consistent with observations in a mouse in which RyR2 CaM binding was 

suppressed by a genetic RyR2 mutation, where HDAC4 phosphorylation was enhanced (by a 

kinase other than CaMKII) which lead to cardiac hypertrophy and early death [12]. CaM 

also binds to and activates the phosphatase calcineurin, which dephosphorylates nuclear 

factor of activated T cells (NFAT), causing NFAT nuclear import and activation of 
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hypertrophic gene expression [1,36]. Although not tested directly here, CaM released from 

RyR2 and imported into the nucleus would also be expected to enhance hypertrophic gene 

expression in this CaM-calcineurin pathway by promoting NFAT nuclear import and 

retention.

The TAC-induced progressive decline in nuclear/cytosolic HDAC4/5 (from 2 to 8 weeks 

post-TAC; Fig 7 and Online Figure VI) parallels nuclear CaM accumulation better than it 

does that of GRK5. This may mean that some other CaM-dependent pathway (e.g. CaMKII 

activation) becomes more important in the transition from hypertrophy to HF, as seen in 

CaMKIIδ knockout mice [37].

5. Limitations

There are a several limitations to the study that merit comment here. We relied entirely on 

immunofluorescence assay for quantitative protein localization. Western blot analysis would 

sacrifice the spatiotemporal resolution which we used here, and minor changes in CaM 

affinity that result in spatial shifts would be difficult to quantify via western blots. Having 

said that, there is strong direct evidence from multiple methods and studies to support the 

inferred CaM-RyR, and CaM-GRK5 binding as well as the effects of suramin and 

dantrolene on CaM-RyR binding. Moreover, while Yamaguchi et al. [12] showed that 

knock-in mice expressing RyR2 unable to bind CaM developed cardiac hypertrophy 

(consistent with our idea), we have not directly proven here whether RyR2 CaM release by 

itself would suffice to drive pathological cardiac hypertrophy. Further tests of the working 

hypothesis that we have developed in Fig 8 using complementary methods and additional 

animal models would be valuable.

Since dissociation of CaM from RyR2 increases Ca2+ leak via RyR2, it is tempting to 

speculate that the abnormal SR Ca2+ leak itself promotes pathological cardiac hypertrophy 

[38]. Moreover, Ljubojevic et al. [39] proposed that structural and functional changes in the 

nuclear envelope and perinuclear regions alter the nucleoplasmic Ca2+ handling (increasing 

diastolic [Ca2+]nuc), independently from [Ca2+]cyto, leading to development of cardiac 

hypertrophy. Future studies will be required to clarify the detailed relation between 

nucleoplasmic Ca2+ handling and RyR2-CaM movement during cardiac remodeling.

6. Conclusion

Pathological cardiac hypertrophy and HF is a complex process involving multiple signaling 

pathways. In this study, we show that CaM released from RyR2 is an important trigger that 

promotes GRK5 nuclear accumulation, and drives the pathological cardiac hypertrophy. In 

particular, known players that promote the neurohumoral storm in HF (AngII and α-

adrenergic receptor activation) activate this RyR2-CaM dissociation and nuclear 

translocation with GRK5, in addition to increasing RyR2-mediated arrhythmogenic SR Ca2+ 

release. Normalization of CaM binding affinity to RyR2 and its regulation may, therefore, be 

a novel therapeutic approach for preventing multiple adverse pathological cardiac pathways.
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Non-standard Abbreviations and Acronyms

AngII angiotensin II

AMX amlexanox

CaM calmodulin

CaMKII Ca2+/CaM-dependent protein kinase II

Ctl control

CPVT catecholaminergic polymorphic ventricular tachycardia

DAN dantrolene

DAPI 4’, 6-diamidino-2-phenylindole

ECC excitation-contraction coupling

F fluorescent

GRK5 G protein-coupled receptors kinase 5

HDAC5 histone deacetylase 5

HDAC4 histone deacetylase 4

HF heart failure

KI knock-in

PE phenylephrine

ROS reactive oxygen species

RyR2 cardiac ryanodine receptor

SR sarcoplasmic reticulum

TAC transverse aortic constriction

WT wild-type
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Highlights

• Calmodulin (CaM), which dissociated from RyR2, translocated to the

• nucleus.

• Movement of RyR2-CaM to the nucleus along with GRK5 promotes

• pathological cardiac hypertrophy.

• Dantrolene prevents RyR2-CaM movement and HDAC5 nuclear export.

• Amlexanox, a pharmacological inhibitor of GRK5 kinase activity,

• suppressed HDAC5 nuclear export.

• Pressure overload causes CaM movement from RyR2 to nucleus with

• GRK5 and promotes the nuclear export of class IIa HDAC.
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Fig 1. 
Angiotensin II (Ang II) or phenylephrine (PE) induces calmodulin (CaM) movement from 

RyR2 to nucleus. (A) Immunofluorescent images of adult cardiomyocytes during control, 

30min exposure to 10 μmol/L Ang II, or 100 μmol/L PE. RyR2 (red) and CaM (green) are 

shown. (B) Summary of CaM translocation treatment with Ang II and PE corresponding to 

the experiment in panel A. (C) Kinetics of CaM movements of RyR2 binding CaM and 

nucleus CaM treated with 10 μmol/L Ang II. Data are mean ± SE, n values on bars, *P<0.05 

vs. Control (Ctl) (one-way ANOVA followed by tukey-kramer’s post-test).
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Fig 2. 
Dantrolene (DAN) restores CaM binding to RyR2 and prevents nuclear CaM accumulation. 

Conversely, treatment with suramin reduces the RyR2-CaM binding and promotes the 

nuclear CaM accumulation. (A), (C) Immunofluorescent images of adult cardiomyocytes 

during control, 30min exposure to 10 μmol/L Ang II with or without DAN, and suramin 

treatment with protein delivery reagent for 3hours. RyR2 (red) and CaM (green) are shown. 

(B) (D) Summary of CaM translocation treatment with Ang II, Ang II+DAN, or suramin. 

Data are mean ± SE, n values on bars, *P<0.05 vs. Control (Ctl), #P<0.05 vs. Ang II (one-

way ANOVA followed by tukey-kramer’s post-test; Fig 2B, unpaired Student’s t-test; Fig 

2D).
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Fig 3. 
Angiotensin II (Ang II), phenylephrine (PE) or suramin induce GRK5 nuclear accumulation, 

but dantrolene (DAN) prevents this. (A), (C) Immunofluorescent images of GRK5 and 

nuclei (DAPI) in adult cardiomyocytes during control, 30min exposure to 10 μmol/L Ang II, 

Ang II+DAN, or 3hours exposure to suramin by protein delivery reagent. (B), (D) Summary 

of GRK5 translocation treatment with Ang II and PE with or without DAN, or suramin. Data 

are mean ± SE, n values on bars, *P<0.05 vs. control (Ctl), #P<0.05 vs. Ang II, ##P<0.05 

vs. PE (one-way ANOVA followed by tukey-kramer’s post-test; Fig 3B, unpaired Student’s 

t-test; Fig 3D).
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Fig 4. 
Amlexanox (AMX) prevents calmodulin (CaM) nuclear accumulation, but not effect on 

Angiotensin II (Ang II) induced CaM-RyR2 dissociation. (A) Immunofluorescent images of 

CaM and nuclei (DAPI) in adult cardiomyocytes during control, 30min exposure to 50 

μmol/L Amlexanox, 10 μmol/L Ang II, Ang II+50 μmol/L Amlexanox. (B) Summary of 

CaM translocation treatment with Ang II or Ang II+Amlexanox. Data are mean ± SE, n 

values on bars, *P<0.05 vs. control (Ctl), #P<0.05 vs. Ang II (one-way ANOVA followed by 

tukey-kramer’s post-test).
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Fig 5. 
Angiotensin II (Ang II), phenylephrine (PE) or suramin induce HDAC5 nuclear export but 

dantrolene (DAN) restores. (A), (C) Immunofluorescent images of HDAC5 and nuclei 

(DAPI) in adult cardiomyocytes under conditions of after 30min exposure to 10 μmol/L Ang 

II, Ang II+DAN, or 3hours exposure to suramin introduced using protein delivery reagent. 

(B), (D) Summary of HDAC5 translocation treatment with Ang II, PE with or without DAN, 

or suramin. Data are mean ± SE, n values on bars, *P<0.05 vs. control (Ctl), #P<0.05 vs. 

Ang II, ##P<0.05 vs. PE (one-way ANOVA followed by tukey-kramer’s post-test; Fig 3B, 

unpaired Student’s t-test; Fig 3D).
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Fig 6. 
Amlexanox prevents HDAC5 nuclear exports, which were caused by Angiotensin II (Ang 

II). (A) Immunofluorescent images of HDAC5 and nuclei (DAPI) in adult cardiomyocytes 

during control, 30min exposure to 50 μmol/L Amlexanox, 10 μmol/L Ang II, Ang II+50 

μmol/L Amlexanox. (B) Summary of HDAC5 nuclear exports treatment with Ang II or Ang 

II+Amlexanox. Data are mean ± SE, n values on bars, *P<0.05 vs. control (Ctl), #P<0.05 vs. 

Ang II (one-way ANOVA followed by tukey-kramer’s post-test).
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Fig 7. 
CaM, GRK5 and HDAC5 translocation of chronic pressure overload (TAC) mouse. (A), (C), 

(E) Immunofluorescent images of CaM and RyR2, GRK5, HDAC5 and nuclei (DAPI) in 

sham and TAC cardiomyocytes. After TAC (vs. sham), the binding affinity of CaM to RyR2 

was lower and nuclear CaM was elevated along with GRK5. HDAC5 nuclear export 

increased in TAC model. (B), (D), (F) Summary of CaM, GRK5, HDAC5 translocation in 2, 

8 weeks TAC model. Data are mean ± SE, n values on bars, *P<0.05 vs. sham (one-way 

ANOVA followed by dunnet’s post-test).
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Fig 8. 
Cartoon illustrating the CaM, GRK5 and class IIa HDACs translocation at pathological 

condition. Under stress (Ang II, PE or TAC), which increases the ROS level in the myocytes, 

CaM dissociates from RyR2 and translocation to the nucleus with GRK5 and causes nuclear 

export of class IIa HDACs. Treatment with suramin, which completely knock off the CaM 

from RyR2, promotes nuclear CaM accumulation together with GRK5 and there was 

enhanced nuclear export of class IIa HDACs. Conversely, dantrolene, RyR stabilizer, and 

amlexanox, GRK5 inhibitor, prevent the both CaM and GRK5 nuclear accumulation and 

suppressed the class IIa HDACs nuclear export. Our findings suggesting that dissociation of 

CaM from RyR2 drives CaM to the nucleus, together with GRK5 with parallel class IIa 

HDACs nuclear export, as a potentially important step driving pathological cardiac 

hypertrophy. DAN: dantrolene.
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