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Ca2+/calmodulin-dependent protein kinase II (CaMKII) hyperactivity causes cardiac arrhythmias, 

a major source of morbidity and mortality worldwide. Despite proven benefits of CaMKII 

inhibition in numerous preclinical models of heart disease, translation of CaMKII antagonists into 

humans has been stymied by low potency, toxicity, and an enduring concern for adverse effects 

on cognition due to an established role of CaMKII in learning and memory. To address these 

challenges, we asked whether any clinically approved drugs, developed for other purposes, were 

potent CaMKII inhibitors. For this, we engineered an improved fluorescent reporter, CaMKAR 

(CaMKII activity reporter), which features superior sensitivity, kinetics, and tractability for 

high-throughput screening. Using this tool, we carried out a drug repurposing screen (4475 

compounds in clinical use) in human cells expressing constitutively active CaMKII. This yielded 

five previously unrecognized CaMKII inhibitors with clinically relevant potency: ruxolitinib, 

baricitinib, silmitasertib, crenolanib, and abemaciclib. We found that ruxolitinib, an orally 

bioavailable and U.S. Food and Drug Administration–approved medication, inhibited CaMKII 

in cultured cardiomyocytes and in mice. Ruxolitinib abolished arrhythmogenesis in mouse 

and patient-derived models of CaMKII-driven arrhythmias. A 10-min pretreatment in vivo was 

sufficient to prevent catecholaminergic polymorphic ventricular tachycardia, a congenital source 

of pediatric cardiac arrest, and rescue atrial fibrillation, the most common clinical arrhythmia. At 

cardioprotective doses, ruxolitinib-treated mice did not show any adverse effects in established 

cognitive assays. Our results support further clinical investigation of ruxolitinib as a potential 

treatment for cardiac indications.

INTRODUCTION

Cardiovascular disease is a leading cause of premature death, with more than half a 

billion patients affected worldwide (1). The multifunctional Ca2+/calmodulin-dependent 

protein kinase II (CaMKII) contributes to physiological regulation of Ca2+ cycling in 

cardiomyocytes (CMs) but is unexpectedly dispensable for cardiac function (2-4). In 

contrast, excessive CaMKII activity is cardiotoxic, and CaMKII inhibition is protective in 

numerous models of inherited and acquired heart diseases and arrhythmias (5-13). CaMKII 

hyperactivity is, in part, a consequence of catecholamine stimulation, but clinically approved 

drugs that inhibit β-adrenergic receptors (“β blockers”) are ineffective at preventing 

increased CaMKII activity in myocardia obtained from patients with heart failure (14). Thus, 

developing safe and effective molecules to directly inhibit CaMKII activity is a major unmet 

need.

Although several inhibitory modalities have been described, none have reached the clinic 

because of various limitations. KN-62 and KN-93 were the first CaMKII inhibitors (15, 16). 

These allosteric inhibitors alleviate CaMKII toxicity in animal models (7, 11, 17). Although 

these compounds remain popular as experimental tools, they were clinically hampered 

by low potency [median inhibitory concentration (IC50) > 2 μM], prohibitive off-target 

toxicities, and failure to inhibit autonomously hyperactive CaMKII (18-20). KN-93 has 

been recently shown to be a calmodulin inhibitor, which explains its inability to inhibit 

active CaMKII (21). CaMKII inhibitory peptides (such as CaMKII-IN and autocamtide-2–

related inhibitory peptide) have served as powerful genetic tools with impressive affinity 

and specificity (22, 23) but have failed to translate because of the challenges of peptide 
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delivery: short plasma half-life, cell impermeability, and suboptimal viral delivery to human 

myocardium (24). Although peptides can be modified to enhance cell penetrance and have 

reached clinical trials for other indications, these modifications have not yielded clinically 

viable CaMKII inhibition. To address these limitations, several adenosine triphosphate 

(ATP)–competitor small molecules have been identified or developed (25-29). From these, 

only the natural derivative 3′,4′-dihydroxyflavonol (DiOHF) has made it to a human trial 

(30); this study intended to inhibit CaMKII after ischemia/reperfusion injury but yielded 

negative results, which were thought to be due to low potency against CaMKII (31). Because 

CaMKII is important for long-term potentiation and is abundant in excitatory synapses (32), 

concern for adverse effects on learning and memory has been a major obstacle to developing 

CaMKII inhibitors (24). We reasoned that discovery of an approved medication, preferably 

in broad use, with potent CaMKII inhibitory properties would provide critical insights 

to inform translational researchers, patients, and industry about the viability of CaMKII 

inhibitors for clinical use.

Development of small-molecule inhibitors could be facilitated by a reporter with high-

throughput capability, but existing CaMKII reporters are not suitable for this. A seminal 

reporter, Camui, suffers from low dynamic range and reports on conformational changes 

rather than enzymatic activity (33, 34). A more recent reporter, fluorescence resonance 

energy transfer–based sensor for CaMKII activity (FRESCA), elegantly bypassed this 

obstacle by sensing CaMKII activity via direct substrate phosphorylation of the reporter 

(35). This improvement over Camui is limited by FRESCA’s dynamic range, which is even 

lower than that of Camui (~2.7%). On the basis of these limitations, we sought to develop a 

CaMKII activity reporter that features both high sensitivity and direct kinase sensing, unlike 

FRESCA or Camui, which have only one of these qualities, thereby making it tractable for 

in cellulo screening.

In the present study, we address the two major gaps outlined above. First, we engineered 

a genetically encoded CaMKII activity reporter for live cell screening featuring the highest 

sensitivity and kinetics reported for a CaMKII reporter. Then, we screened 4475 compounds 

that have reached human trials and/or U.S. Food and Drug Administration (FDA) 

approval and identified several compounds capable of inhibiting hyperactive CaMKII. From 

these, ruxolitinib displayed outstanding repurposing characteristics, including high potency 

at relevant concentrations, low toxicity, and known low brain penetrance. Ruxolitinib 

prevented inherited and acquired arrhythmias arising from CaMKII hyperactivity, including 

catecholaminergic polymorphic ventricular tachycardia (CPVT) and atrial fibrillation (AF), 

in validated murine disease models without impairing cognitive function.

RESULTS

Development of a CaMKII reporter suitable for high-throughput screening

The discovery of circularly permuted green fluorescent protein (cpGFP) has led to numerous 

reporters that detect ions, metabolites, and enzyme activity by coupling reconstitution 

of GFP fluorescence with the process of interest (36-38). Using kinase-sensing cpGFP 

(38), we engineered a new CaMKII activity reporter. Screening among known CaMKII 

substrates, the CaMKII autophosphorylation peptide MHRQETVDCLK (autoregulatory 
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domain sequence shared by CaMKIIα/δ) fused to the 5′ end of kinase-sensing cpGFP led 

to the highest CaMKII-dependent response (fig. S1A). We refer to this reporter as CaMKAR 

(CaMKII activity reporter), composed of the substrate peptide, cpGFP, and a phosphorylated 

amino acid binding domain. Upon phosphorylation of the substrate by CaMKII, the 

phosphoresidue binding domain causes an intramolecular conformational change that 

restores GFP fluorescence (Fig. 1A). Similar to previous reporters, this reconstitution is 

excitation ratiometric: GFP emission (~520-nm light) excited by ~488-nm light increases, 

whereas GFP emission excited by ~405 nm is unchanged or decreases (37, 38). We 

therefore express CaMKAR signal as the ratio (R) of these two channels (Fig. 1A). To 

test CaMKAR dynamics, we treated CaMKAR-expressing human embryonic kidney (HEK) 

293T cells with ionomycin, causing intracellular Ca2+ influx and activation of endogenous 

CaMKII (Fig. 1, B and C). This resulted in a rapid increase in R relative to baseline (R/

R0). Stimulation with ionomycin in HEK293T cells expressing constitutively active (CA) 

CaMKII revealed an in cellulo maximal dynamic range of 3.27-fold or 227 ± 11.1% (fig. 

S1B). Because the 405-nm channel is largely unchanged upon stimulation, CaMKAR can 

also be used intensiometrically by only quantifying the 488-nm channel intensity; this 

modality retains 96.4 ± 1.6% of the dynamic range compared with ratiometric mode (fig. 

S1C). Pretreatment with the ATP-competitive CaMKII inhibitor AS100397 (fig. S1, D and 

E), a congener of AS105 (25, 39, 40), eliminates CaMKAR signal, and posttreatment with 

the Ca2+-chelator EGTA rapidly reduces CaMKAR signal (Fig. 1C). We validated that 

CaMKAR senses bona fide CaMKII-catalyzed phosphorylation by orthogonal approaches. 

First, we cotransfected CaMKAR with constructs that express CaMKIIδ variants under 

a doxycycline-inducible promoter in HEK293T cells: As expected, overexpression of 

wild-type (WT) CaMKII without Ca2+ stimulation led to no change in CaMKAR signal, 

and expression of CA CaMKIIT287D, but not kinase-defective CaMKIIK43M, increases 

CaMKAR signal (Fig. 1D), suggesting that kinase activity is a requirement for CaMKAR 

signal induction. To ensure that sensing occurs via phosphorylation at the proposed 

substrate site (threonine-6), we repeated the previous experiment using CaMKAR containing 

a nonphosphorylatable alanine residue at position 6 (T6A mutation); this mutation 

completely abolished sensing to both ionomycin stimulation and CA CaMKIIT287D (Fig. 

1E). Further supporting a phosphorylation-dependent mechanism, ionomycin-stimulated 

CaMKAR signal was enhanced and failed to resolve when coincubated with the pan-

phosphatase inhibitor calyculin A (fig. S1F). Together, these assays support that CaMKAR 

senses CaMKII activity by direct phosphorylation of threonine-6 and that the CaMKAR 

signal is reversible via phosphatases. CaMKAR is sensitive to the CA constructs for all four 

human CaMKII isoforms (α, β, γ, and δ) and the three prevalent splice variants of CaMKIIδ 
(δC, δB, and δ9) (fig. S1, G and H).

Next, we sought to benchmark CaMKAR’s performance and specificity. Camui was 

the first CaMKII reporter developed and is still widely used (33, 34). However, it has 

important limitations: Camui contains and overexpresses brain isoform CaMKIIα and has 

relatively low dynamic range (~5 to 70% versus CaMKAR’s 227 ± 11.1%), and it reports 

conformational change rather than enzymatic activity (table S1) (34, 41). In HEK293T cells, 

CaMKAR displays a nearly 10-fold greater signal-to-noise ratio (fig. S2A) and is about 

threefold faster (τCaMKAR = 7.4 versus τCamui = 21.6; fig. S2B). In cultured rat hippocampal 
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neurons, Camui failed to detect catalytic inhibition of CaMKII, whereas CaMKAR detected 

both catalytic and allosteric inhibition (fig. S2, C to G). Head-to-head comparison of these 

reporters in these cells demonstrated that CaMKAR is more sensitive than Camui and 

another reporter, FRESCA, under the same stimulus (fig. S2, H and I). Thus, CaMKAR 

appears to have both improved sensitivity and kinetics. Because Ca2+-mobilizing agents 

can activate many kinases, we set to validate CaMKAR’s specificity. In rat CMs (which 

highly express endogenous CaMKIIδ), pacing-induced CaMKII activity as detected by 

CaMKAR was abrogated by a 3-day incubation with anti-CaMKIIδ small interfering 

RNA (fig. S2J). In HEK293T cells, CaMKAR is insensitive to coexpression with CA 

CaMKI and CaMKIV (Fig. 1F). CaMKAR also failed to sense forskolin/IBMX-mediated 

cyclic adenosine monophosphate–dependent protein kinase (PKA) activation, phorbol 12-

myristate 13-acetate (PMA)–mediated protein kinase C (PKC) activation, and phorbol 

12,13-dibutyrate (PDBu)–mediated PKD activation (Fig. 1, G to I). We verified that the 

concentrations of forskolin/IBMX and PMA used in these studies were sufficient to elicit 

PKA (fig. S2K) and PKC activity (fig. S2L). Similarly, CaMKAR’s response to ionomycin 

was unhindered by Gö6976, a dual PKC/PKD inhibitor (fig. S2M).

We leveraged the unique properties of CaMKAR to measure CaMKII activity in vitro. 

Recombinant CaMKAR is fully functional and exhibits appropriate spectral changes upon 

incubation with purified CaMKII (fig. S3A). These changes are ATP dependent, further 

confirming a dependence on phosphorylation for reporter function (fig. S3, A to C). 

CaMKAR displays a larger dynamic range in vitro (264 ± 2.1%) compared with cell-based 

assays (227 ± 11.1%), and the rate of the reaction is determined by the amount of CaMKII 

(fig. S3, D and E). Together, we have demonstrated that CaMKAR is a bona fide CaMKII 

activity reporter with unprecedented sensitivity, fast kinetics, specificity, and suitability for 

live-cell and in vitro drug screening.

CaMKAR-based screen of drugs in clinical use

Next, we aimed to canvass the clinically approved pharmacopeia for drugs that are potent 

CaMKII inhibitors. For high-throughput screening, we first created a stable line of human 

K562 cells that coexpress CaMKAR and CaMKIIδCA: K562CaMKII-CaMKAR (Fig. 2A). We 

chose K562 cells because they grow at high density and remain viable after expression of 

active CaMKII (fig. S4A). The use of CA CaMKII instead of Ca2+/calmodulin-activated 

CaMKII increases the likelihood of identifying catalytic inhibitors rather than calmodulin 

inhibitors (such as KN-93). The sensitivity of CaMKAR enables screening to occur in small 

culture volumes: CaMKII inhibition by AS100397 is detectable in as little as 30 μl of cell 

culture (fig. S4B). As our primary screen, we tested this cell line against the Johns Hopkins 

Drug Library v3.0, constructed by pooling 4475 compounds approved for human use by 

regulatory agencies from the United States, Europe, Japan, and China. This library targets 44 

different pathway families and contains more than 100 kinase inhibitors (data file S1). After 

12 hours of treatment, cells were assayed for CaMKAR signal using high-content imaging. 

Among drugs with an inhibitory signal, we found 118 compounds that reduced CaMKII 

activity by 60% or more, using a false discovery–adjusted P value cutoff of <3 × 10−5 (Fig. 

2B and data file S1). We reasoned that these hits likely contained a mixture of genuine 

inhibitors and false positives (such as autofluorescent compounds, indirect inhibitors, and 
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phosphatase activators). To discern true inhibitors from false positives, we performed a 

secondary screen using our recombinant CaMKAR in vitro assay as described in fig. S3. 

In this assay, we measured fluorescence in a mixture of CaMKII, Ca2+-bound calmodulin 

(Ca2+/CaM), and CaMKAR at baseline, after drug addition and after catalysis was initiated 

with ATP. Thus, this screen could help determine whether a drug was autofluorescent 

and/or a direct inhibitor. Our assay revealed 13 compounds with meaningful inhibition of 

CaMKII activity (Fig. 2C and data file S2). Both screening steps returned our positive 

control, pan-kinase inhibitor staurosporine. To remove weak inhibitors and further validate 

our results, these compounds were tested with HEK293T cells coexpressing CaMKAR 

and CaMKIIT287D in our laboratory (fig. S5) and in vitro by an independent commercial 

laboratory (data file S2). These combined results identified five potent CaMKII inhibitors

—ruxolitinib, crenolanib, baricitinib, abemaciclib, and silmitasertib—which are all known 

to be ATP-competitive kinase inhibitors (Figs. 2D and fig. S6). None of the compounds 

were designed against kinases in the CAMK superfamily, and three of the five compounds 

are intended against tyrosine kinases, one of the most dissimilar kinase families to CAMK 

by kinase domain homology (Fig 2D). Unlike KN-93 (23), all five compounds inhibited 

Ca2+-independent, autonomously hyperactive CaMKII in HEK293T cells (Fig. 2E, left). 

In this assay, crenolanib, ruxolitinib, abemaciclib, and baricitinib were more potent than 

AS100397, and all drugs except crenolanib were less cytotoxic after a 12-hour exposure 

(Fig. 2E, right). Thus, ruxolitinib, abemaciclib, and baricitinib appeared to be more potent 

and less toxic than our tool compound in cultured cells.

Clinically approved drugs inhibit CaMKII in cardiac cells

Because of the established benefits of CaMKII inhibition in cardiovascular disease models, 

we asked whether these five compounds could inhibit CaMKII in CMs. In neonatal rat 

ventricular myocytes (NRVMs), we can stimulate CaMKII activity by rapid field pacing 

(Fig. 3, A and B). Preincubation of all five compounds inhibited this response at high doses 

(Fig. 3C). However, to determine which compounds are likely to have an effect at clinically 

achievable doses, we adjusted each concentration to their respective maximal human 

plasma concentrations (42-46). This revealed that ruxolitinib, crenolanib, abemaciclib, and 

silmitasertib, but not baricitinib, sustained inhibition (Fig. 3, D and E). Because of its 

high potency and low toxicity and favorable safety profile among our hits (table S2), 

we henceforth focused on ruxolitinib. We then ascertained that ruxolitinib is capable of 

inhibiting preactivated CaMKII, returning activity to baseline within 30 s in CMs that began 

pacing before drug administration (Fig. 3F). Head-to-head comparison shows that ruxolitinib 

is more than 10-fold more potent than DiOHF (Fig. 3G) (29, 30). This inhibitory effect 

appears to be independent of ruxolitinib’s Janus kinase 1/2 (JAK1/2) inhibition. For one, 

we found multiple JAK1/2 inhibitors in our screen that failed to reduce the CaMKAR 

signal (fig. S7A). Among these compounds, their known IC50 values against JAK1/2 did not 

significantly correlate (P = 0.85 for JAK1 and P = 0.11 for JAK2) with CaMKAR signal 

inhibition in our screen (fig. S7B). Filgotinib, another FDA-approved drug with similar 

potency against JAK1/2, failed to inhibit pacing-induced CaMKII activity (fig. S7C). Last, 

an in vitro biochemical assay with recombinant CaMKII protein confirmed inhibition of 

CaMKII with ruxolitinib in the absence of JAK1/2 with an inhibitory constant (Ki) of 

23.4 ± 2.18 nM (compared with DiOHF, which has a published IC50 of 250 nM) and an 
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ATP-competitive mechanism (fig. S7D). Forty-eight–hour exposure in NRVMs revealed that 

ruxolitinib is well tolerated up to 100 μM, which was similar to DiOHF and superior to 

KN-93 and AS100397 (Fig. 3H). We conclude that the drugs identified in our screen can 

inhibit CaMKII in cardiac cells, but among these, ruxolitinib appears to be best suited for 

repurposing because of its potency and low toxicity.

We then evaluated whether ruxolitinib could also inhibit CaMKII activity in vivo. Ten-

minute systemic pretreatment with ruxolitinib at 41, 75, and 180 mg/kg suppressed 

isoproterenol-induced phosphorylation of phospholamban at threonine-17, a validated 

marker of CaMKII activity (47-49), in a concentration-dependent manner (Fig. 4, A to C). 

This dosing range was chosen because doses at 30 to 180 mg/kg have been used for JAK 

inhibition in mice (50-54), and doses at 60 to 90 mg/kg have been reported to be analogous 

to the prescribed 20 to 25 mg in humans (see Discussion for limitations) (51-53). Together, 

our data demonstrate that ruxolitinib can inhibit CaMKII in CMs and functions rapidly in 

vivo.

Ruxolitinib inhibits arrhythmias in mouse and patient-derived models

Given its robust inhibition of CaMKII in cellulo and in vivo, we tested whether ruxolitinib 

can ameliorate CaMKII-associated cardiac pathology. We first examined CPVT because 

CaMKII hyperactivity plays an essential role in this arrhythmia (10, 11, 13, 55). We 

isolated peripheral blood mononuclear cells from a patient with recurrent exercise-induced 

arrhythmia and a dominant mutation in the ryanodine receptor type 2 (RYR2S404R/WT) 

for re-programming into induced pluripotent stem cells (iPSCs) (15). After differentiation 

into functional CMs (iPSC-CMs), we performed steady-rate electrical pacing at 1 Hz for 

10 s, followed by cessation of pacing during continuous Ca2+ imaging. The frequency of 

spontaneous abnormal Ca2+ release events (aCREs) after the cessation of pacing reflects 

the cellular mechanism for CPVT and is markedly increased in iPSC-CMs with pathogenic 

CPVT mutations (Fig. 5A). Preincubation with ruxolitinib effectively suppressed aCREs in 

RYR2S404R/WT iPSC-CMs compared with vehicle only (Fig. 5B). Automated analysis of 

Ca2+ transients during steady-rate pacing did not reveal any effects on peak Ca2+ amplitude 

(Fig. 5C), transient duration (Fig. 5D), or upstroke velocity (Fig. 5E). In addition, ruxolitinib 

treatment normalized the downstroke velocity of paced Ca2+ transients RYR2S404R/WT 

iPSC-CMs to WT values (Fig. 5F). We also investigated the effects of the other drugs 

identified by our screen to test whether any were superior to ruxolitinib in reversing 

this disease phenotype. Among these, ruxolitinib was the best at suppressing aCREs in 

RYR2S404R/WT iPSC-CMs (fig. S8A) and restoring Ca2+ transient parameters (fig. S8, B to 

E).

Arrhythmias are emergent properties of tissues and not just single cells. Thus, we 

next focused on a validated mouse model of CPVT. Mice with the knock-in mutation 

Ryr2R176Q have spontaneous and inducible ventricular arrhythmias in response to adrenergic 

stimulation and ventricular pacing (56). To first test that ruxolitinib could suppress the 

single-cell arrhythmogenic phenotype in the Ryr2R176Q/WT genotype, we isolated adult CMs 

from WT and mutant mice. Similar to iPSC-CMs derived from a patient suffering from 

CPVT, Ryr2R176Q/WT adult CMs demonstrated aCREs after the cessation of steady-rate 
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pacing (Fig. 6A). Preincubation for 10 min with 2 μM ruxolitinib significantly reduced the 

frequency of these events in the Ryr2R176Q/WT adult CMs [dimethyl sulfoxide (DMSO) 

versus ruxolitinib-treated, P = 0.0002; Fig. 6, A and B]. To investigate the effects of 

ruxolitinib on ventricular arrhythmias in CPVT in vivo, we treated WT and Ryr2R176Q/WT 

mice with either ruxolitinib at a dose of 75 mg/kg or vehicle alone (DMSO) by peritoneal 

injection 10 min before electrophysiology testing. Programmed electrical stimulation 

from the right ventricle induced episodes of polymorphic and monomorphic ventricular 

tachycardia in Ryr2R176Q/WT animals treated with vehicle only (Fig. 6C). However, animals 

treated with ruxolitinib demonstrated a substantial reduction in the frequency of induced 

ventricular arrhythmias (Fig. 6, C and D). Furthermore, the duration of induced arrhythmias 

in CPVT mice were also significantly reduced with ruxolitinib treatment (vehicle versus 

ruxolitinib-treated, P = 0.0103; Fig. 6E). Consistent with known effects of CaMKII 

inhibition (2), ruxolitinib suppressed the adrenergic-induced heart rate increase (fig. S9, A to 

C). No other electrophysiology parameters were negatively affected (table S3). To confirm 

that ruxolitinib inhibited CaMKII in our CPVT model, we made whole-heart lysates from 

animals immediately after electrophysiology testing. Similar to above, ruxolitinib at a dose 

of 75 mg/kg significantly inhibited CaMKII-mediated phosphorylation at threonine-17 of 

phospholamban (vehicle versus ruxolitinib treated, P = 0.0042; fig. S10).

Next, we tested whether ruxolitinib can prevent and rescue acquired arrhythmia. CaMKII 

is a pivotal proarrhythmic signal in AF (57-59). Diabetes is a known risk factor for AF, 

thought to be in part due to hyperglycemia-induced CaMKII activation (60, 61). We have 

previously shown that genetic and chemical interventions that reduced CaMKII activity 

suppressed AF in diabetic mice (59). Here, we also found that a 10-min pretreatment of 

hyperglycemic mice with ruxolitinib (75 mg/kg) abolished pacing-induced AF (Fig. 7, A 

and B). Examination of threonine-17–phosphorylated phospholamban in atria from these 

mice confirmed suppression of CaMKII activity in ruxolitinib-treated mice (fig. S11). In 

O-GlcNAc (N-acetylglucosamine) transferase (OGT)–overexpressing mice, which develop 

dilated cardiomyopathy and have increased arrhythmic burden (62), ruxolitinib similarly 

prevented pacing-induced AF (Fig. 7C). Last, we tested for rescue of ongoing arrhythmia 

using CREM-IbΔC-X transgenic mice, a validated model of spontaneous AF; by 7 months 

of age, >70% of CREM-IbΔC-X mice develop persistent AF (63, 64). Ten minutes after 

ruxolitinib treatment, mice showed reduced percentage of time in AF to 33.63 ± 6.5% 

compared with times of those treated with vehicle, which remained at 95.24 ± 3.65% (Fig. 

7, D and E). Collectively, these data support that ruxolitinib can effectively inhibit CaMKII 

in both atrial and ventricular myocardium and suppress arrhythmogenesis in experimental 

models of inherited and acquired arrhythmia.

Ruxolitinib does not lead to short-term or spatial memory deficits

CaMKII is well known for its role in learning and memory (65). Hence, cognitive off-target 

effects have been a major criticism against developing CaMKII inhibitors for human use 

(24). Ruxolitinib is inefficient at crossing the blood-brain barrier, with brain concentration 

being 29-fold lower than plasma concentration in rats (66). Furthermore, ruxolitinib has 

been prescribed to patients for over a decade without reported overt cognitive deficits 

(67). Thus, we hypothesized that there may be a therapeutic window where efficient 
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cardiac inhibition can be achieved without impairing cognition. To test whether this was 

the case in our models, we treated mice with ruxolitinib and subjected them to the novel 

object recognition test (NORT) and the Y maze spatial memory test (Fig. 8A), two 

established behavioral paradigms that test spatial short-term memory. These were chosen 

because CaMKII inhibition is known to affect both short-term and spatial memory (68-70), 

and numerous studies observe robust deficits in novel object recognition upon CaMKII 

inhibition (68, 71-74). Neither single dose (1 hour before) nor multiple doses (twice daily 

for 7 days) of ruxolitinib (75 or 41 mg/kg) caused significant differences in novel object 

recognition (P = 0.56 and P = 0.68), as measured by percentage of time spent with the novel 

object (Fig. 8, B and C). Total distance traveled during testing was similar for both groups, 

confirming equivalent locomotion (Fig. 8, D and E). In the Y maze test, single dosing using 

the lower dose showed decreased preference for the novel arm (Fig. 8F), but this effect was 

not seen in the higher dose or in either of the multiple dosing cohorts (Fig. 8, F and G).

To assess longer-term spatial memory formation, we tested the effect of ruxolitinib treatment 

on Barnes maze performance, a test that is also validated to detect CaMKII disruption 

(69). Mice were initiated on ruxolitinib (150 mg/kg per day) 1 day before training and 

were maintained on treatment throughout the entire study to ensure continuous exposure to 

drug (fig. S12A). At the study end point, there was no difference in maze-solving latency 

between the treatment or vehicle groups (fig. S12B). During the training trials, there was no 

significant effect in latency (P = 0.57), primary errors (P = 0.34), and total errors (P = 0.42) 

due to ruxolitinib treatment; reassuringly, all three parameters were significantly decreased 

across days (P < 0.0001, P = 0.0037, and P < 0.0001), demonstrating adequate learning (fig. 

SI2, C to E). These results suggest that, at tested doses, ruxolitinib did not lead to detectable 

impairment of short-term or spatial memory, demonstrating that it may be possible to limit 

cardiac CaMKII activity without substantial memory impairment in mice.

DISCUSSION

In this work, we developed and validated CaMKAR, a fluorescent CaMKII activity reporter 

uniquely suited for high-throughput screening. CaMKAR displays the highest dynamic 

range of all CaMKII reporters to date; a high degree of specificity; and versatility afforded 

by ratiometric, intensiometric, and in vitro functionality. We demonstrated these properties 

by screening a collection of clinically approved compounds as possible CaMKII inhibitors. 

Our data revealed that CaMKII inhibitors already exist in the human pharmacopeia and that 

FDA-approved ruxolitinib may be a candidate for cardiovascular repurposing.

This work has several limitations. First, it remains to be determined whether ruxolitinib will 

have an effect on CaMKII in humans at safely tolerated doses. Although our in vitro and 

in cellulo data support that achievable concentrations will have an effect, our in vivo data 

are based on several assumptions. Dosing at 60 to 90 mg/kg has been previously reported 

to be analogous to human 20- to 25-mg doses (51-53), but these studies lack definitive 

pharmacological data to demonstrate this equivalency. The widely used Nair and Jacob 

scale (75) estimates that the mouse equivalent of 25 mg is ~5 mg/kg, a dose that is too 

low for an effect in our hands. However, the maximally tolerated human dose of 200 mg 

(42, 76) yields a mouse dose of ~40 mg/kg, which is within an order of magnitude of our 
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in vivo dosing. Nevertheless, the Nair and Jacob method is a “rule-of-thumb” approach, 

and it highlights that efficacy in humans will require empirical determination in clinical 

studies. In addition, chronicity and duration of effect might vary in humans based on route of 

administration and differences in drug metabolism across species. Although our study used 

systemic intraperitoneal delivery, ruxolitinib is currently administered orally, with >95% 

availability (77). In our system, we only evaluated short-term inhibition of CaMKII (10 to 

25 min after delivery), and the duration of inhibition remains to be determined. Last, our 

behavioral results support a lack of neurocognitive effects at cardioprotective doses, but 

these assays do not exclude effects in the immediate term (which includes the window of 

activity confirmed in this study) or after chronic therapy. Despite its poor blood-brain barrier 

penetrance (66), ruxolitinib has been reported to modulate astroglial inflammation in mouse 

brains (78). Therefore, although no memory deficits have been reported in patients, focused 

clinical studies will be necessary to determine whether subtle neurocognitive effects occur.

To demonstrate translational potential, we focused on CPVT and AF, two diseases driven 

by CaMKII hyperactivity (13, 55-59, 79-81). In both patient-derived human CMs and 

in mice, ruxolitinib displayed near-complete prevention of arrhythmic phenotypes and a 

normalization of Ca2+ handling. We are hopeful that the therapeutic potential shown here 

can rapidly translate into patients for two main reasons. First, CPVT murine knock-in 

models harboring human disease mutations in RyR2 closely recapitulate human responses 

to stress (56). Second, the CaMKII-RyR2-dependent mechanism in CPVT and AF is also 

shared by numerous arrhythmogenic conditions, including inherited (Timothy syndrome, 

Duchenne’s muscular dystrophy, and ankyrin B mutations) and acquired (such as glycoside 

toxicity, heart failure, and alcoholic cardiomyopathy) diseases (5).

Although animal studies have repeatedly demonstrated that CaMKII blockade is 

cardioprotective, pharmaceutical companies have remained cautious about developing 

CaMKII inhibitors because of its pivotal role in memory (65). Our results suggest that 

several drugs already in circulation, taken by thousands to millions of patients, can inhibit 

CaMKII. Our findings, particularly in regard to ruxolitinib, support a reinvigoration of 

CaMKII inhibitor development and demonstrate that cardiac CaMKII blockade without 

impairing cognition may be possible with small molecules.

FDA-approved screens hold exciting potential for drug repurposing; nevertheless, FDA 

approval for an original indication does not guarantee approval for other indications. Thus, 

excitement for repurposing must be tempered with careful evaluation of ruxolitinib’s side 

effect profile, particularly because our biochemical data suggest that CaMKII and JAK1/2 

inhibition will be concomitant. Systemic ruxolitinib is used to treat polycythemia vera, 

myelofibrosis, and splenomegaly. Because of JAK1/2 inhibition, prolonged treatment can 

result in herpes zoster infection and reversible anemia and thrombocytopenia (82, 83). 

Encouragingly, two large-scale cohorts of patients taking long-term ruxolitinib (median 

exposures of 12.4 and of 34.4 months) determined that few patients discontinue treatment 

because of anemia (<2.6%) or thrombocytopenia (<3.6%) (82, 83). Concern for adverse 

effects can be abrogated by limiting exposure length, and in agreement with this, ruxolitinib 

is well tolerated at up to 200 mg in healthy volunteers in single or short-term dosing (42, 

84). Thus, we predict that repurposing will be most readily applicable for indications that 
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require short treatment courses because these likely offer the optimal trade-off between 

CaMKII inhibition and mitigation of undesirable JAK1/2 effects. We have identified three 

unmet clinical scenarios that match these criteria. One is postoperative AF, which affects 20 

to 40% of cardiac surgery patients and is independently associated with increased mortality, 

length of stay, and health care cost (85). A majority of cases happen within 3 days, and 

>90% happen by day 6 after surgery (85, 86). Another indication could be postmyocardial 

infarction ventricular tachycardia, a considerable source of peri-infarct mortality, which also 

occurs predominantly (90%) within the first 48 hours (87). A final setting would be cardiac 

electrical storm, whereby patients experience multiple episodes of ventricular tachycardia 

and fibrillation within 24 to 48 hours. All three conditions are exacerbated by CaMKII 

(88-90), feature β-adrenergic blockade as a mainstay therapy, which has been shown to be 

insufficient to block CaMKII in human biopsies (14), and occur within short and predictable 

time frames where a short course of ruxolitinib would be feasible. Other experimental 

CaMKII-modifying modalities, such as antisense oligonucleotides and inhibitor-encoding 

gene therapy, take effect in the order of days to weeks, which lessens their utility in these 

acute indications. We demonstrated that ruxolitinib can inhibit preactivated CaMKII and 

rescue ongoing arrhythmia, which supports a therapeutic role for ruxolitinib as a “pill-in-the-

pocket” for AF.

Despite its impressive mechanistic response to CaMKII inhibition in animal models, there 

are no current CaMKII-inhibiting or disease-specific therapies available for CPVT. Although 

the recent addition of flecainide therapy has ameliorated arrhythmic events in many patients, 

a substantial fraction are refractory to flecainide therapy, experience breakthrough events, 

and die from sudden arrhythmia despite maximal medical therapy and use of implantable 

cardiac defibrillators (ICDs). The use of ICDs is associated with potentially lethal ICD 

storms and death in some patients with exhausted therapies (91). Therefore, although CPVT 

would require chronic administration, patients resistant to all other therapies may find 

benefits that outweigh ruxolitinib’s on-target effects.

CaMKAR’s high sensitivity and fast kinetics will enable elucidation of pathologic CaMKII 

activity dynamics with high spatiotemporal resolution. Furthermore, CaMKAR can be 

scaled in cell culture, which will permit more ambitious chemical screens. The molecules 

identified here can also serve as scaffolds for medicinal chemistry to amplify their CaMKII 

potency and minimize their originally intended effects. Given the lengthy regulatory 

approval process for novel compounds, it may be worth exploring potential cardiac 

indications for ruxolitinib itself. Last, although CaMKII is known to drive an extensive 

number of cardiac pathologies, it has been shown to underpin other illnesses, including 

asthma and cancer (5). Future study will be needed to determine the utility of our identified 

compounds in these diseases.

MATERIALS AND METHODS

Study design

The goal of this study was to engineer a CaMKII reporter suitable for high-throughput 

screening and identify drugs that can be repurposed as CaMKII inhibitors for cardiac 

indications. All animal studies were approved by appropriate animal care and use 
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committees. Mice of both sexes were used unless noted in the methods. Animal number 

was determined by prior experience and published reports. Mice were randomly assigned to 

treatment conditions, and when an experiment spanned across multiple days, all conditions 

were represented in each cohort. Behavioral tests were performed by an independent 

experimenter blinded to the conditions. Experiments determining protection of ruxolitinib 

in CPVT models (cells and mice) were performed by experimenters blinded to the identity 

of the compound. Imaging data analysis was done in a computer-automated fashion to avoid 

human bias.

Statistics

Imaging summary data were condensed and organized with R Studio. Statistical testing was 

done with GraphPad Prism v8.2.0 as described in each figure. Normality was tested via 

Shapiro-Wilk with 0.05 alpha level. Signal-to-noise ratio was calculated as described (37): 

single-cell maximal ratio change after stimulation divided by the SD across four baseline 

time points.

Data and materials availability:

All data associated with this study are present in the paper or the Supplementary Materials. 

CREM-IbΔC-X–overexpressing mice are available from X.H.T.W. and F.U.M. through a 

material transfer agreement with the University of Münster. Raw image files, CaMKAR 

plasmids, and the AS100397 compound are available through a material transfer agreement 

upon request (contact E.D.L. at betsy.luczak@jhmi.edu).
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CaMKAR is a sensitive and specific CaMKII activity reporter.
(A) Schematic depiction of CaMKII activity reporter (CaMKAR). PAABD, phosphorylated 

amino acid binding domain). The phospho-substrate threonine is shown in red. Upon 

phosphorylation by CaMKII, the substrate is bound by the PAABD, which enables 

conformational reconstitution of GFP fluorescence: 488-nm emission is increased, whereas 

405-nm emission is unchanged. (B) Fluorescence confocal microscopy of CaMKAR-

expressing HEK293T cells treated with ionomycin (5 μM). R, ratio of 488 nm–excited 

(green) and 405 nm–excited intensities (gray). Scale bars, 20 μm. The third row is pseudo-

colored to display fold change over baseline. (C) Summary data for the CaMKAR signal 

in HEK293T cells over time treated with vehicle only (black, n = 2488 to 2615 cells) or 

ionomycin (iono; magenta; 5 μM; n = 1733 to 2220 cells), pretreatment with the CaMKII 

inhibitor AS100397 (purple, 10 μM; n = 1305 to 1348 cells), or posttreatment with EGTA 

(teal, 5 mM; n = 1474 to 1746). No exogenous CaMKII was added. R/R0, R normalized 

to mean baseline. Arrows denote administration time. (D) CaMKAR signal in HEK293T 

cells expressing doxycycline-inducible wild type (WT), kinase dead (KD; K43M mutation), 

or constitutively active (CA; T287D mutation) CaMKIIδC compared with vehicle-treated. 

N = 3 wells per condition. (E) deadCaMKAR(T6A mutant) signal over time in HEK293T 

cells coexpressing WT (n = mean of three wells), CA (n = mean of three wells), kinase 
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dead CaMKIIδC (KD; n = mean of three wells), or empty vector (n = mean of three 

wells) and then stimulated with ionomycin. (F) CaMKAR signal in CaMKAR-expressing 

HEK293T cells cotransfected with CA CaMKI (n = 1471 cells), CaMKIV (n = 1732 cells), 

or CaMKIIδ (n = 1816 cells). (G) CaMKAR signal in CaMKAR-expressing HEK293T cells 

treated with forskolin (Fsk; 50 μM)/IBMX (100 μM; n = 1834 to 1891 cells) or ionomycin 

(n = 1997 to 2293). (H) CaMKAR signal in CaMKAR-expressing HEK293T cells treated 

with PMA (100 ng/ml; n = 696 to 737 cells) or ionomycin (5 μM; n = 767 to 916). (I) 

CaMKAR signal in CaMKAR-expressing HEK293T cells treated with PDBu (200 nM; n = 

1706 to 1736 cells) or ionomycin (5 μM; n = 1206 to 1228). For (G to I), arrows denote 

administration time of either ionomycin or one of Fsk/IBMX, PMA, and PDBu. Data are 

shown as means ± SEM (error is not displayed whenever it is smaller than the data point). 

All observations are taken from more than three biological replicates. ns, P > 0.05 and 

****P < 0.0001; significance was determined via two-way analysis of variance (ANOVA) 

and Šidák’s multiple comparisons test (D and G to I), linear regression (E), and one-way 

ANOVA with Dunnett’s multiple comparisons test (F).
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Fig. 2. CaMKAR-based screen identifies CaMKII inhibitors among drugs in clinical use.
(A) Schematic depiction of CaMKAR-based high-throughput screen. K562 cells were 

coinfected with CaMKAR- and CA CaMKIIδT287D–encoding lentiviruses. CaMKII 

expression could be induced with doxycycline. K562CaMKII-CaMKAR cells were screened 

against the Johns Hopkins Drug Library v3.0. Primary hits were further screened using 

in vitro assays to eliminate false positives and narrow the list to five CaMKII inhibitors. 

(B) Drugs ranked according to in cellulo CaMKII inhibition in primary screen. CaMKII 

inhibition percentage defined by minimum-maximum normalization using means of control 

groups [CTRL (untreated) and AS100397; same data as fig. S4B]. A total of 118 selected 

hits are shown in blue. Positive control staurosporine is shown in magenta. The dashed 

line represents hit selection threshold (see Materials and Methods). Data shown are subsets 

(those scoring between 0 and 140% for visualization of hits) from the complete dataset 

in data file S1. (C) Hits from (B) ranked according to in vitro CaMKII inhibition as 

detected by CaMKAR secondary screen. CaMKII inhibition normalized against untreated 

control (CTRL). AS100397 was used as a positive control. Thirteen identified hits are 

in blue. Staurosporine is shown in magenta. Data shown are subsets from the complete 

dataset (see Supplementary Materials). (D) Five CaMKII inhibitory drugs and their intended 

targets within the human kinase homology dendrogram. Kinase families: AGC, containing 

PKA, PKG, and PKC families; CK1, casein kinase 1; CMGC, containing CDK, MAPK, 

GSK3, and CLK; STE, homologs of yeast sterile 7, sterile 11, and sterile 20; TK, tyrosine 

kinase; TKL, tyrosine kinase–like. (E) IC50 (left) and cell viability (right) curves from 

293T cells expressing CaMKAR and CaMKIIT287D and exposed to five candidate drugs 

and CaMKII inhibitor (AS100397, 10 mM). Measurements in (E) are done in biological 

triplicate; complete dataset is shown in fig. S5.
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Fig. 3. CaMKAR indicates that drugs in clinical use inhibit CaMKII in CMs.
(A) Fluorescence imaging time lapse (0, 30, and 60 s) of CaMKAR-expressing neonatal 

rat ventricular CMs (NRVMs) and (B) summary data during 3-Hz field pacing (n = 1065 

to 1160 cells). R, ratio of 488 nm–excited and 405 nm–excited intensities. Third row of 

images is pseudo-colored to display fold change over baseline. R/R0, R normalized to mean 

R before stimulation. Scale bars, 50 μm. (C) Effect of treatment with vehicle (n = 317 

cells), AS100397 (n = 151), ruxolitinib (n = 148), crenolanib (n = 156), abemaciclib (n = 

138), baricitinib (n = 136), and silmitasertib (n = 149) on pacing-induced CaMKII activity 

in NRVMs. CaMKII inhibition percentage defined by minimum-maximum normalization 

between untreated and maximally stimulated CaMKAR signal. (D) CaMKII inhibition over 

time in NRVMs treated with drugs adjusted to their maximum human plasma concentrations 

during 3-Hz pacing: ruxolitinib (1.51 μM, n = 384 cells), crenolanib (478 nM, n = 302), 

abemaciclib (243 nM, n = 302), baricitinib (58 nM n = 334), and silmitasertib (3.42 μM, 

n = 285). The arrow indicates start of pacing. (E) Summary data from (D) at 60 s after 

stimulation. (F) Analysis of CaMKII activity based on CaMKAR time-lapse imaging in 

NRVMs treated with ruxolitinib after initiation of pacing and CaMKII activation. Black 

arrow denotes pacing start; blue arrow denotes addition of ruxolitinib (n = 3 wells) or control 

vehicle (n = 3 wells). (G) IC50 curves for ruxolitinib (n = 308 to 384 per data point) and 

DiOHF (n = 305 to 363) in NRVMs against pacing-induced CaMKII activity. (H) Cell 

viability after 48-hour compound incubation. All measurements were taken from more than 

three biological replicates. ns, P > 0.05 and ****P < 0.0001; significance determined via 

Gaido et al. Page 24

Sci Transl Med. Author manuscript; available in PMC 2024 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



one-way ANOVA and Dunnett’s multiple comparisons test (C and E) and two-way ANOVA 

and Tukey’s multiple comparisons test (F).
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Fig. 4. Ruxolitinib inhibits CaMKII in vivo.
(A) Immunoblot and (B to C) quantitation of phospholamban (PLN; pentameric or 

monomer) and threonine-17–phosphorylated phospholamban in whole-heart lysates from 

mice treated with intraperitoneal ruxolitinib (Rux) for 10 min before isoproterenol (ISO) 

stimulation. P, pentameric PLN; M, monomeric PLN. Data points represent individual 

mice. ****P < 0.0001; significance determined via one-way ANOVA and Tukey’s multiple 

comparisons test.
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Fig. 5. Ruxolitinib suppresses abnormal calcium signaling in a cellular model of CPVT.
iPSCs with the dominant RYR2 mutation (p.S404R) were generated from a patient with 

a clinical diagnosis of CPVT (RYR2S404R/WT) and differentiated into functional CMs 

(iPSC-CMs). After plating on glass-bottom dishes, RYR2S404R/WT and WT iPSC-CMs were 

loaded with the fluorescent Ca2+ indicator (Fluo-4) and electrically paced at 1 Hz for 10 

s. (A) Representative tracings of calcium transients in WT and RYR2S404R/WT cells. The 

appearance of aCREs after the cessation of pacing is indicative of deranged Ca2+ signaling 

in CPVT iPSC-CMs (right). Raw data are in blue, and filtered data are in orange overlay. (B) 

Quantification of aCREs over 20 s in WT and RYR2S404R/WT iPSC-CMs with preincubation 

of 2 μM ruxolitinib compared with vehicle alone (DMSO). (C to F) Automated analysis 

of Ca2+ transient parameters during 1-Hz pacing of iPSC-CMs for mean amplitude (C), 

Ca2+ transient duration at 50% of peak amplitude (TCa50) (D), upstroke velocity (E), and 

downstroke velocity (F). The numbers of analyzed cells (n) are annotated on each graph and 

were from at least two independent differentiations and four separate culture wells. Statistics 

were performed by one-way Kruskal-Wallis with Dunn’s multiple comparisons test: ns, P > 

0.1; *P < 0.05; **P < 0.01; ***P < 0.005; and ****P < 0.0001.
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Fig. 6. Ruxolitinib prevents arrhythmias in a murine model of CPVT.
Isolated adult murine CMs from mice with the pathogenic CPVT variant Ryr2R176Q/WT 

were loaded with the calcium indicator Rhod-2 and paced for 30 s at 1 Hz. (A) 

Representative tracings of calcium transients in WT and Ryr2R176Q/WT CMs treated with 

DMSO or ruxolitinib. (B) Quantification of aCRE frequency over 20 s for WT and 

Ryr2R176Q/WT CMs after preincubation with 2 μM ruxolitinib (or DMSO). (C) Animals 

were treated with ruxolitinib (75 mg/kg) or vehicle by intraperitoneal injection and then 

subjected to programmed ventricular extrastimulus testing. Representative traces of induced 

ventricular arrhythmias Ryr2R176Q/WT animals with vehicle- but not in ruxolitinib-treated 

mice. (D) Quantification of animals with ventricular arrhythmias (VF/VT) in WT and 

Ryr2R176Q/WT animals with vehicle or ruxolitinib treatment after concurrent stimulation 

with isoproterenol (2 mg/kg) and epinephrine (4 mg/kg). (E) Quantification of the duration 

of arrhythmias induced by ventricular pacing in WT and Ryr2R176Q/WT animals with vehicle 

or ruxolitinib treatment. Number of animals in each group (N): N = 13 (WT + DMSO), 

N = 10 (WT + ruxolitinib), N = 13 (Ryr2R176Q/WT + DMSO), and N = 15 (Ryr2R176Q/WT 

+ ruxolitinib). Statistics were performed by one-way Kruskal-Wallis with Dunn’s multiple 

comparisons test, for continuous variables or chi-squared for discrete variables: ns, P > 0.1; 

*P < 0.05; **P < 0.01; ***P < 0.005; and ****P < 0.0001.
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Fig. 7. Ruxolitinib prevents and rescues AF in mice.
(A) Representative type 1 diabetic mouse tracings immediately after atrial burst pacing. 

DMSO-treated mice demonstrate AF (top), whereas ruxolitinib (Rux)–treated mice (75 

mg/kg; single dose 10 min before, intraperitoneal) retain sinus rhythm (bottom). (B) AF 

inducibility percentage from mice in (A). The total number of mice analyzed per group is 

shown in each column: Nine of 16 vehicle-treated mice had AF versus 2 of 15 Rux-treated 

mice. (C) Sequential AF (AF) inducibility in OGT-transgenic mice. Mice were treated with 

vehicle immediately before AF induction; the same mice were then treated with ruxolitinib 

(75 mg/kg) before pacing for a second time. The number of mice analyzed per group 

is shown in each column (vehicle, five of five had AF; Rux, one of five had AF). (D) 

Percentage of time in AF or sinus rhythm (for 10 to 25 min after treatment administration) in 

CREM-IbΔC-X mice when treated with vehicle (baseline) or when treated with ruxolitinib 

(75 mg/kg) 24 hours later (n = 9, paired). (E) Individual trajectories of percentage of time 

in AF (for 10 to 25 min after treatment) in same mice as in (D) (n = 9, paired). Statistical 

comparisons were performed using two-tailed Fischer’s exact test (B and C), two-way 

ANOVA with Šidák’s multiple comparison’s test (D), and paired Student’s t test (E); *P < 

0.05 and ****P < 0.0001.
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Fig. 8. Ruxolitinib does not impair short-term or spatial memory in mice.
(A) WT C57BL/6J mice were treated with a single dose (1 hour before) or multiple doses 

(7 days, twice daily) of ruxolitinib before behavioral testing via the NORT and the Y maze 

spatial recognition memory test. (B and C) Percentage of time spent with novel object. (D 
and E) Total distance traveled while in the testing chamber. (F and G) Percentage of time 

spent in novel arm of Y maze. Each data point represents a mouse (n = 7 to 10 mice for all 

conditions). ns, P > 0.05 and *P < 0.05; significance was determined by one-way ANOVA 

and Tukey’s multiple comparisons test.

Gaido et al. Page 30

Sci Transl Med. Author manuscript; available in PMC 2024 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	RESULTS
	Development of a CaMKII reporter suitable for high-throughput screening
	CaMKAR-based screen of drugs in clinical use
	Clinically approved drugs inhibit CaMKII in cardiac cells
	Ruxolitinib inhibits arrhythmias in mouse and patient-derived models
	Ruxolitinib does not lead to short-term or spatial memory deficits

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	Statistics

	Data and materials availability:
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.

