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Abstract 

Calcium/calmodulin-dependent protein kinase II (CaMKII) comprises multiple isoforms with 
distinct nuclear variants that exert transcriptional control in a context-dependent manner. Among 
them, CaMKIIδB and δ9 in the heart, and CaMKIIγ in the nervous system, have emerged as regulators 
of chromatin dynamics, transcription factor activity, and developmental gene programs. Nuclear 
localization is driven by splice-dependent nuclear localization sequences, with phosphorylation at 
defined serine residues modulating import and retention. Evidence supports CaMKII-dependent 
phosphorylation of class IIa HDACs (Ser467/Ser632 in HDAC4), linking CaMKII to MEF2 activation 
in cardiac hypertrophy, and interactions with NF-κB and HSF1 further expand its nuclear repertoire. 
In the nervous system, CaMKIIγ contributes to kinase-dependent gene expression, potentially 
influencing plasticity and disease susceptibility. While these mechanisms highlight nuclear CaMKII 
as an isoform-specific regulator of transcription, direct evidence remains elusive, and several CaMKII 
putative substrates require further validation. This review synthesizes current knowledge on nuclear 
CaMKII isoforms, emphasizes established mechanistic pathways, and outlines unsolved questions 
critical for understanding their roles in development, disease progression, and therapeutic targeting. 

Keywords: Calcium-Calmodulin-Dependent Protein Kinase II; gene expression regulation; 
alternative splicing; cell nucleus; transcription; genetic 
 

1. Introduction 

Calcium/calmodulin-dependent protein kinase II (CaMKII) is more than a cytosolic decoder of 
calcium transients; its nuclear isoforms embody a molecular bridge between developmental gene 
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encoding and the persistence of pathological programs. Over the last three decades, splicing variants 
with nuclear localization sequences, including CaMKIIδB, δ9, and CaMKIIγ, have emerged as central 
players in transcriptional regulation (Anderson et al., 1994; Brocke et al., 1995; Myers et al., 2017; 
Srinivasan et al., 1994). Within the nucleus, these isoforms phosphorylate class IIa histone 
deacetylases (HDAC4 at Ser467/632), enabling MEF2-dependent transcription (Backs et al., 2006) and 
interact with NF-κB and HSF1 to modulate stress adaptation (Ling et al., 2013; Yao et al., 2022; Zhang 
et al., 2002). Additional evidence links nuclear CaMKII to chromatin modifications, including histone 
H3 phosphorylation at Ser10 under hemodynamic stress (Awad et al., 2015). Together, these findings 
highlight an isoform-specific layer of CaMKII signaling that coordinates transcriptional responses 
across development and disease. Yet, despite compelling evidence, isoform-dependent mechanisms 
remain incompletely defined, and several proposed phosphorylation targets require further 
validation (Bhattacharyya et al., 2020; Brown & Bayer, 2024; Samuel M. Cohen et al., 2018a). This 
review seeks to consolidate current insights, distinguish established mechanisms from speculative 
models, and chart the unresolved questions that will define the next phase of CaMKII nuclear 
biology. 

2. Nuclear Trafficking Logic: Isoforms, Assembly, and CaM Shuttling 

Nuclear access is not automatic for CaMKII. It emerges from three convergent layers: alternative 
splicing that installs an import-competent NLS (KKRK) in specific variants, post-translational gating 
that masks or unmasks this signal, and the multimeric context of the dodecameric holoenzyme. 
(Bhattacharyya et al., 2016; Brocke et al., 1995; Heist et al., 1998; Myers et al., 2017; Shioda et al., 2015; 
Srinivasan et al., 1994; Strack et al., 2000) While cytoplasmic functions of CaMKII are well established, 
nuclear presence demands both a permissive isoform design and a cellular state that favors import—
linking calcium dynamics, NLS phosphorylation status, and holoenzyme composition. (Samuel M. 
Cohen et al., 2018a; De Koninck & Schulman, 1998; Hudmon & Schulman, 2002) This section dissects 
those prerequisites: which splice variants acquire nuclear entry, how phospho-switches gate import, 
and how assembly logic enables co-transport of subunits and, ultimately, CaM shuttling to nuclear 
effectors. (H. Ma et al., 2014b) 

2.1. Nuclear Localization by Design: The NLS Motif and Its Control 

Unlike transcription factors or chromatin kinases that carry prototypical NLS motifs, most 
CaMKII isoforms lack canonical import sequences. (Hudmon & Schulman, 2002; Thiagarajan et al., 
2002) This is particularly true for α and β, which dominate in neurons and remain excluded from the 
nucleus under basal conditions. These isoforms are effectively non-nuclear unless recruited by 
association. In contrast, specific splice variants of γ and δ isoforms incorporate a positively charged 
motif (KKRK) encoded by alternative exons. This NLS, best characterized in CaMKIIδB (δ3), also 
appears in γB and αB, indicating a conserved strategy of regulated nuclear targeting across the 
CaMKII family. (Brocke et al., 1995; Roberts-Craig et al., 2022; Shioda et al., 2015; Singer et al., 1997; 
Srinivasan et al., 1994) Yet the presence of an NLS is not sufficient for import. Phosphorylation 
adjacent to the motif—particularly at Ser332 (δB) or Ser334 (γB)—masks the import signal and 
prevents nuclear entry. (Heist et al., 1998; Shioda et al., 2015) Kinases such as CaMKI and CaMKIV 
act as gatekeepers, while dephosphorylation by protein phosphatase 1 (PP1) restores access. (Heist 
et al., 1998; Shioda & Fukunaga, 2017; Shioda et al., 2015; Wayman et al., 2011) This phospho-switch 
integrates calcium oscillations with transcriptional gating, making localization—not just activation—
a defining aspect of CaMKII function (Figure 1). (De Koninck & Schulman, 1998) 
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Figure 1. Isoform-Specific Nuclear Import of CaMKII Is Regulated by Alternative Splicing and a 
Phosphorylation-Gated NLS Switch. (A) Domain architecture of CaMKII showing the conserved catalytic, 
regulatory, variable, and hub regions. Nuclear import is governed by isoform-dependent splicing of variable 
exons (V1–V7), with V3 encoding a nuclear localization signal (KKRK) in select splice variants. (B) Human 
CaMKII isoforms showing presence or absence of V3^NLS and corresponding sequence data. Only αB, γB, and 
δB incorporate the KKRK motif and are predicted to localize to the nucleus. (C) Schematic of the regulatory logic 
of nuclear entry. The V3^NLS motif enables import, but autophosphorylation at Ser332 (δB) or Ser334 (γB) 
prevents nuclear translocation. Dephosphorylation by PP1 restores nuclear access. This dynamic switch 
integrates calcium signals with transcriptional access via compartmentalized gating. Created in BioRender. 
Saldivar Ceron, H. (2025) https://BioRender.com/w9xwplz. 

2.2. Assembly Dictates Destiny: The Holoenzyme as a Nuclear Unit 

CaMKII functions not as monomers but as dodecameric holoenzymes composed of mixed 
subunits. (Bhattacharyya et al., 2016; Myers et al., 2017) In cells where multiple isoforms are co-
expressed—such as neurons and cardiomyocytes—assemblies may include both NLS-bearing (e.g., 
δB, γB) and NLS-lacking (e.g., δC, α, β) monomers. Nuclear access is therefore governed not by the 
identity of a single subunit but by the stoichiometry of the entire complex. (Shioda et al., 2015; 
Srinivasan et al., 1994; Strack et al., 2000) Imaging studies indicate that incorporation of a few NLS-
positive subunits can promote partial nuclear import of the holoenzyme, enabling non-nuclear 
isoforms to enter as passive co-passengers. (Huan Ma et al., 2014a; Shioda et al., 2015) This 
cooperative property of the multimeric complex is illustrated in Figure 2. An important mechanistic 
question arises: does nuclear translocation merely redistribute cytosolic kinase capacity, or does it 
provide access to specialized nuclear signaling? Available evidence favors the latter, as nuclear 
import allows isoform-specific transcriptional regulation inaccessible to cytosolic assemblies. (Backs 
& Olson, 2006; Backs et al., 2006; Bhattacharyya et al., 2016; Zalcman et al., 2018) In this view, 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2025 doi:10.20944/preprints202510.0599.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0599.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 22 

 

holoenzyme composition operates as an internal integrator of isoform expression, cellular state, and 
spatial fate.  

 

Figure 2. Isoform-specific logic of CaMKII nuclear import and CaM shuttling. (A) Ca²⁺ influx activates CaMKII 
holoenzymes, promoting T287 autophosphorylation and calmodulin (CaM) trapping. Holoenzymes containing 
NLS-bearing subunits (γB, δB) interact with importin α/β and undergo nuclear import through the nuclear pore 
complex (NPC), whereas assemblies composed exclusively of non-NLS isoforms remain cytosolic. Nuclear entry 
is gated by phosphorylation of Ser332 (δB) or Ser334 (γB), which prevents import, and dephosphorylation by 
candidate phosphatases (e.g., PP1,PP2A) that restores access. (B) Once inside the nucleus, holoenzymes may 
release CaM–Ca²⁺, which activates CaMKIV, leading to CREB phosphorylation and transcription of activity-
dependent genes (e.g., c-fos, BDNF). Additional nuclear functions of CaMKII holoenzymes remain incompletely 
defined, suggesting isoform-specific transcriptional or epigenetic roles yet to be characterized. Subunits labeled 
“Y” represent isoforms lacking an NLS (α, β, δC, etc.). Created in BioRender. Saldivar Ceron, H. (2025) 
https://BioRender.com/w9xwplz. 

3. Nuclear Functions in Physiology: Isoform-Specific Signaling Beyond the 
Cytosol 

Once in the nucleus, CaMKII is not merely a generic decoder of calcium transients; it acts as an 
isoform- and context-specific regulator of transcriptional programs, chromatin accessibility, and cell 
identity. In cardiomyocytes, nuclear CaMKIIδB phosphorylates class IIa HDACs to derepress MEF2-
dependent genes, while CaMKII also marks chromatin directly (H3-Ser10) under hemodynamic 
stress. (Awad et al., 2015; Backs et al., 2006) In neurons, CaMKIIγ ferries Ca²⁺/calmodulin into the 
nucleus to engage the CaMKIV–CREB axis and drive immediate-early gene expression. (Huan Ma et 
al., 2014a; H. Ma et al., 2015) By contrast, CaMKIIδ9 preferentially amplifies NF-κB signaling during 
injury, illustrating pathway selectivity across splice variants. (Ling et al., 2013; Yao et al., 2022) These 
examples underscore that nuclear functions vary by isoform, cell type, developmental stage, and 
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disease state, reflecting a convergence of structural specialization, post-translational gating, and 
spatial logic. (Backs & Olson, 2006; Shioda & Fukunaga, 2017; Zalcman et al., 2018) 

3.1. Transcriptional Decoding: CREB, Coactivators, and Immediate Early Genes 

CaMKII is not a transcription factor, yet specific isoforms operate as transcriptional gatekeepers. 
The best-characterized example is CaMKIIγ, whose nuclear function relies not on DNA binding but 
on its ability to shuttle active Ca²⁺/calmodulin (CaM) into the nucleus. (Huan Ma et al., 2014a) 
Synaptic activation or depolarization triggers CaMKIIγ autophosphorylation at Thr287, locking CaM 
into a high-affinity complex that is imported via the isoform’s intrinsic nuclear localization signal 
(NLS). Once inside, CaM activates CaMKIV, leading to CREB phosphorylation at Ser133, recruitment 
of CBP, and induction of immediate early genes (IEGs) such as c-fos, Arc, and BDNF. (Huan Ma et 
al., 2014a; Malik et al., 2014) This cascade represents the molecular bridge between synaptic activity 
and nuclear gene expression, as disruption of CaMKIIγ’s NLS or its genetic deletion abolishes CREB 
activation despite intact cytosolic Ca²⁺ signals. (Samuel M. Cohen et al., 2018a) This function is 
isoform-specific. Cytosolic CaMKIIα and β dominate dendritic compartments and support local 
plasticity, but do not access the nucleus. Their deletion impairs synaptic transmission but not 
calcium-responsive transcription. (Yasuda et al., 2022) Conversely, CaMKIIγ is dispensable for 
dendritic propagation but essential for nuclear engagement, illustrating a division of labor among 
isoforms. Together with CaMKIV, CaMKIIγ establishes a multi-tiered decoding system that converts 
transient Ca²⁺ influx into durable transcriptional programs. Beyond physiology, CaMKIIγ 
dysfunction has pathological implications. Mutations in CAMK2G cause neurodevelopmental 
disorders with impaired nuclear targeting. (Proietti Onori et al., 2018), while variants in CAMK2A/B 
disrupt synaptic transcriptional coupling. (Akita et al., 2018) Such evidence suggests that inability to 
convert neuronal activity into lasting genomic responses may contribute to cognitive deficits in 
conditions including Alzheimer’s disease, schizophrenia, and Rett syndrome. (Robison, 2014) In 
summary, CaMKIIγ does not merely decode calcium signals—it imprints them onto the genome, 
establishing transcriptional memory that outlasts the ion transient and anchors long-term plasticity. 

3.2. Modulation of Transcription Factors: Precision Tuning by Nuclear CaMKII 

Nuclear CaMKII isoforms not only relay calcium signals but also remodel transcriptional 
circuitry through direct post-translational modification of transcription factors and cofactors. This 
control is highly context-dependent, determined by isoform identity, subcellular localization, and 
cellular state. In the adult heart, CaMKIIδ splice variants illustrate this logic: δB is enriched in the 
nucleus, whereas δC (historically δ2) is predominantly cytosolic; α/β isoforms are minimally 
expressed in myocardium.  (Duran et al., 2021; Gray & Heller Brown, 2014) In cardiomyocytes, 
nuclear CaMKIIδB promotes cytoprotective transcription. It is required for GATA4-dependent 
activation of the BCL2 promoter and robust recruitment of GATA4 to its −266 site, thereby sustaining 
anti-apoptotic gene expression. (Little et al., 2009) Independently, δB phosphorylates HSF1 at Ser230, 
enhancing its transactivation potential and inducing iHSP70, a program that confers resistance to 
ischemia/reperfusion and proteotoxic stress. (Holmberg et al., 2001; Peng et al., 2010) Collectively, 
these pathways place δB upstream of pro-survival transcription driven by GATA4 and HSF1. By 
contrast, inflammatory and proliferative transcription via NF-κB has been linked to CaMKIIδ9. In 
human and rodent cardiomyocytes, δ9 interacts with the IKKβ/IκBα complex, promoting IκBα 
phosphorylation, p65 nuclear translocation, and activation of NF-κB target genes during reperfusion 
injury. (Ling et al., 2013; Yao et al., 2022) These observations highlight isoform-selective access to the 
NF-κB axis in the heart. CaMKII also restrains pathological gene programs by antagonizing 
calcineurin–NFAT signaling. Cytosolic CaMKIIδC phosphorylates calcineurin A at Ser411, reducing 
its phosphatase activity, thereby increasing NFAT phosphorylation and limiting its nuclear 
accumulation. (MacDonnell et al., 2009) Beyond transcription factors, nuclear CaMKII regulates 
chromatin-level control. CaMKIIδ phosphorylates class IIa HDAC4 (Ser467/Ser632), promoting 14-3-
3 docking and nuclear export, which derepresses MEF2-dependent transcription. (Backs et al., 2006) 
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Additionally, CaMKIIδ has been shown to phosphorylate histone H3 at Ser10 in stressed 
myocardium, linking calcium signals to nucleosomal modifications that increase accessibility. (Awad 
et al., 2015) Taken together, these mechanisms establish CaMKII isoforms as precision tuners of 
transcription, acting with spatial and substrate specificity rather than as simple on/off switches. These 
isoform-specific transcriptional circuits are summarized in Figure 3.  

 
Figure 3. Isoform-specific nuclear targets of CaMKII in cardiomyocytes. CaMKIIδ9 activates the NF-κB pathway 
by phosphorylating the IKK complex, leading to IκB degradation and p65/p50 nuclear translocation, thereby 
promoting inflammatory and injury-responsive gene expression (Ling et al., 2013; Yao et al., 2022). In parallel, 
nuclear CaMKIIδB phosphorylates transcriptional regulators: it enhances GATA4-dependent activation of the 
BCL2 promoter and modifies HSF1 at Ser230, inducing iHSP70 expression and cytoprotection (Little et al., 2009; 
Holmberg et al., 2001). By contrast, cytosolic CaMKIIδC phosphorylates calcineurin A, restraining NFAT nuclear 
translocation and thereby antagonizing maladaptive hypertrophy (MacDonnell et al., 2009). Together, these 
isoform-specific programs couple calcium signals to pro-survival, inflammatory, and anti-hypertrophic 
transcriptional outputs in the stressed heart. Created in BioRender. Saldivar Ceron, H. (2025) 
https://BioRender.com/w9xwplz. 

3.3. Epigenetic Control via Class IIa HDAC Phosphorylation 

Nuclear CaMKII reshapes the epigenetic landscape by targeting class IIa histone deacetylases 
(HDACs), transcriptional repressors that gate access to MEF2-dependent programs. Among these, 
HDAC4 is the best-characterized substrate in excitable tissues: it binds MEF2 at promoter-proximal 
chromatin and enforces repression of genes involved in growth, differentiation, and adaptive 
remodeling. (Backs et al., 2006; Lu et al., 2000; Zhao et al., 2005) CaMKIIδB interacts with HDAC4 
through a dedicated docking site and phosphorylates it at Ser246, Ser467, and Ser632, creating 14-3-
3 binding motifs that mask the NLS and expose the NES. This promotes nuclear export of HDAC4 
and derepression of MEF2 activity. (Backs et al., 2006; Lu et al., 2000; Nishino et al., 2008; Zhao et al., 
2005) In cardiomyocytes, CaMKII activity is required for agonist-induced cytosolic accumulation of 
HDAC4, and HDAC4 mutants resistant to CaMKII phosphorylation blunt hypertrophic gene 
expression, establishing the CaMKII→HDAC4→MEF2 axis as a driver of pro-hypertrophic 
transcription. This mechanism is summarized in Figure 4, highlighting how CaMKIIδB, but not δC, 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2025 doi:10.20944/preprints202510.0599.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0599.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 22 

 

sustains epigenetic remodeling by regulating HDAC4 nuclear export and MEF2/SRF-driven 
transcription. (Backs et al., 2006)  

While HDAC4 is the dominant CaMKII substrate in cardiomyocytes, HDAC5 can also be 
targeted in a cell type–restricted manner. In vascular smooth muscle, AngII–GIT1 signaling recruits 
CaMKII together with PKD to phosphorylate HDAC5 and drive its nuclear export, thereby relieving 
repression of MEF2-dependent genes; similar PKD-centric pathways have been described in 
endothelium. (Pang et al., 2008; S. Wang et al., 2008)  

Isoform identity further tunes this regulation: δB, with its nuclear localization sequence, resides in 
the nucleus and provides sustained access to chromatin-bound substrates such as HDAC4. By 
contrast, δC is largely cytosolic, consistent with more transient nuclear encounters. (Duran et al., 2021; 
Gray & Heller Brown, 2014) This compartmentalization positions δB as the isoform most likely to act 
as a chromatin-modifying kinase that links Ca²⁺ dynamics to durable transcriptional reprogramming. 
Beyond HDACs, nuclear CaMKIIδ can directly modify chromatin. For example, phosphorylation of 
histone H3 at Ser10 during hemodynamic stress has been reported, providing a direct route by which 
CaMKII contributes to nucleosomal remodeling and transcriptional amplification in stressed 
myocardium. (Awad et al., 2015)  

 
Figure 4. Epigenetic control of transcription by CaMKIIδ isoforms. Nuclear CaMKIIδB phosphorylates HDAC4 
at Ser246/467/632, promoting 14-3-3 binding, nuclear export, and derepression of MEF2/SRF-dependent 
hypertrophic gene expression. In contrast, cytosolic CaMKIIδC limits sustained nuclear access to HDAC4, 
constraining chromatin-level remodeling. Created in BioRender. Saldivar Ceron, H. (2025) 
https://BioRender.com/w9xwplz. 

3.4. Cell Cycle Modulation: CaMKII at the Proliferation–Checkpoint Interface 

Nuclear CaMKII isoforms integrate calcium signaling with cell-cycle control, influencing 
whether cells progress through division, pause at checkpoints, or undergo differentiation. Evidence 
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from proliferative models suggests that CaMKII activity can support both G1/S and G2/M transitions, 
although effects are strongly context-dependent and not always isoform-specific. In HeLa cells, 
pharmacologic (KN-93) or peptide (AC3-I) inhibition of CaMKII enforces both G1/S and G2/M arrest, 
implicating CaMKII in checkpoint release. (Patel et al., 1999; Rasmussen & Rasmussen, 1995) 
However, these findings rely on inhibitors with known off-target effects, and their interpretation 
requires caution. In Xenopus egg extracts, CaMKII phosphorylates Cdc25C at Ser287 and delays 
CDK1–cyclin B activation, underscoring context-dependent outcomes even for the same substrate. 
(Hutchins et al., 2003) Isoform-specific roles are beginning to emerge. In osteosarcoma, nuclear 
CaMKIIα phosphorylates Tiam1 to activate Rac1, thereby reducing p21^CIP1, increasing Rb 
phosphorylation, and promoting G1/S progression; knockdown of CaMKIIα reverses these effects. 
(Yuan et al., 2007) In epithelial cancers, CaMKII has been linked to NF-κB–driven cyclin D1 
expression, but most studies rely on KN-93 and do not definitively assign isoform identity. By 
contrast, direct activation of IKKβ/p65 by CaMKIIγ has been demonstrated in non–small cell lung 
cancer, where γ phosphorylates IKKβ at Ser177/Ser181 to sustain NF-κB activity and proliferation. 
(Chai et al., 2015; Devanaboyina et al., 2022) Nuclear CaMKII also contributes to checkpoint fidelity 
under stress. In oxidative or genotoxic conditions, CaMKII phosphorylates the E3 ligase Pirh2, 
reducing p53 ubiquitination and stabilizing p53, thereby prolonging checkpoint arrest while damage 
is resolved. (Duan et al., 2007) In reproductive biology, CaMKIIγ is indispensable for oocyte 
activation and meiotic exit, while exogenous δ isoforms can rescue γ deficiency, demonstrating 
catalytic sufficiency but physiological non-redundancy. (Backs et al., 2010; Medvedev et al., 2014) At 
anaphase onset, CaMKII promotes Anaphase Promoting Complex/Cyclosome APC/C activation and 
spindle depolymerization, coupling Ca²⁺ oscillations to timely chromosome segregation. (Reber et al., 
2008). These findings highlight nuclear CaMKII as a versatile regulator of the cell cycle, balancing 
proliferation, checkpoint enforcement, and developmental progression. Yet, most evidence remains 
model-specific and frequently derived from inhibitor studies; rigorous isoform-resolved analyses are 
needed to define its precise contributions across tissues. These isoform-specific mechanisms of cell-
cycle regulation are depicted in Figure 5, showing how CaMKIIδB enforces both mitotic entry and 
stress checkpoints, while CaMKIIα promotes G1/S transition via Tiam1–Rac1 signaling. 

3.5. Lineage Specification and Developmental Patterning 

CaMKII isoforms function as developmentally programmed regulators that imprint lineage fate 
and morphogenetic identity. Within the nucleus, isoform-specific entry and substrate selection 
translate Ca²⁺ dynamics into long-lived transcriptional programs that couple signaling context to 
developmental trajectories. (Rostas & Skelding, 2023)  

Nervous system. During neuronal maturation, CaMKIIα and CaMKIIβ expression rises sharply 
and becomes enriched in excitatory circuits, coincident with synaptogenesis and circuit stabilization. 
(Cook et al., 2018; X. Wang et al., 2013) Perturbation studies demonstrate that CaMKII activity is 
instructive for dendritic and spine maturation, rather than a secondary correlate. (Hudmon et al., 
2005) In dopaminergic neurons, nuclear entry of CaMKIIδ3 is regulated by PP1-dependent 
dephosphorylation at Ser332, unmasking its NLS and enabling translocation. Once inside, δ3 
enhances BDNF transcription, promoting neurite extension and survival—linking D₂-receptor 
activity to nuclear gene programs that drive arborization. (Shioda et al., 2015) 

Heart development. The δ isoform landscape undergoes developmental remodeling via regulated 
alternative splicing (ASF/SF2), shifting the balance among splice variants during postnatal 
maturation. (Duran et al., 2021; Xu et al., 2005) Nuclear-retained δB supports progenitor survival and 
cardiogenic commitment by up-regulating MEF2C and accelerating lineage maturation, whereas mis-
splicing or loss of δB disrupts these trajectories. (Little et al., 2009; Quijada et al., 2015; Zhang et al., 
2002) 

Skeletal muscle. CaMKII contributes to myogenic specification by phosphorylating class IIa 
HDACs, particularly HDAC4. This phosphorylation creates 14-3-3 docking sites, promoting nuclear 
export and relieving MEF2 repression. Gain-of-function experiments confirm that HDAC4 
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phosphorylation at Ser467 correlates with induction of oxidative and myogenic gene programs. (T. J. 
Cohen et al., 2015; McKinsey et al., 2000a; Potthoff et al., 2007) Beyond transcription-factor 
modulation, δ isoforms also phosphorylate histone H3 at Ser10, linking calcium flux to chromatin 
accessibility and long-lived transcriptional potential in cardiomyocytes. (Awad et al., 2015)  

Human genetics. Pathogenic variants of CAMK2G establish a causal role in neurodevelopmental 
disorders. The p.Arg292Pro gain-of-function mutation enhances kinase activity while perturbing 
nuclear targeting of the NLS-containing CAMK2G isoform, impairing neuronal migration and 
maturation, and leading to intellectual disability. (Proietti Onori et al., 2018) Together with 
CAMK2A/B cohorts linked to developmental syndromes, these findings reinforce the concept that 
nuclear CaMKII isoforms act as lineage coders—translating transient Ca²⁺ fluctuations into durable 
transcriptional states that define cellular identity and developmental potential. (Akita et al., 2018) 

 

Figure 5. CaMKII isoforms integrate cell-cycle progression and checkpoint control. Nuclear CaMKIIδB 
phosphorylates Cdc25C, promoting CDK1/Cyclin B activation and mitotic entry, while simultaneously 
stabilizing p53 via Pirh2 phosphorylation, enhancing p21-mediated checkpoint arrest under stress. In parallel, 
CaMKIIα facilitates G1/S progression by phosphorylating Tiam1 and activating Rac1, thereby reducing p21 
inhibition and enhancing Rb/E2F-dependent transcription.control. Created in BioRender. Saldivar Ceron, H. 
(2025) https://BioRender.com/w9xwplz. 

4. Nuclear CaMKII in Pathology: Isoform-Specific Mislocalization, 
Misregulation, and Molecular Rewiring 

Nuclear CaMKII isoforms act as transcriptional architects in health, but in disease the same 
circuitry is retimed, mislocalized, or over-sustained, converting adaptation into pathology. 
Pathogenic remodeling rarely invents new pathways; rather, it repurposes established ones: 
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premature or persistent nuclear import, substrates phosphorylated out of context, and isoform 
switching that disrupts developmental targeting. In the sections that follow, we highlight 
representative axes: CaMKIIγ–driven nuclear signaling in cancer and therapy resistance; 
developmental and cardiac mis-specification driven by δ-isoform partitioning (δB/δC/δ9); and 
epigenetic “memory” wherein class IIa HDAC export and histone marking—and, in diabetes, O-
GlcNAc–dependent CaMKII autonomy—stabilize maladaptive transcriptional states. (Akita et al., 
2018; Awad et al., 2015; Backs et al., 2006; Duran et al., 2021; Erickson et al., 2013; Gray & Heller 
Brown, 2014; Hegyi et al., 2021; Ling et al., 2013; H. Ma et al., 2014b; Xu et al., 2005; Yao et al., 2022; 
Zhang et al., 2002) 

4.1. Transcriptional Oncoprotein: Nuclear CaMKII in Cancer 

Among CaMKII isoforms, the γ isoform has the strongest evidence base as a nuclear regulator 
of oncogenic transcriptional programs. In chronic myeloid leukemia (CML) stem/progenitor cells, 
CaMKIIγ activity sustains survival pathways including NF-κB and Wnt/β-catenin; genetic 
knockdown or pharmacologic inhibition with berbamine suppresses leukemic “stemness” and 
prolongs survival in preclinical models.  (Gu et al., 2012) In T-cell acute lymphoblastic leukemia, 
CaMKIIγ stabilizes c-Myc through Ser62 phosphorylation and phosphorylates FOXO3a, promoting 
proliferation, clonogenicity, and tumor growth. (Gu et al., 2017) In multiple myeloma, CaMKIIγ is 
frequently up-regulated and maintains STAT3 and ERK signaling; gain- and loss-of-function studies 
demonstrate dependence on CaMKIIγ, and berbamine analogs show preclinical efficacy against 
CaMKIIγ-positive xenografts. (Yang et al., 2020) In glioblastoma, CaMKII activity—including but not 
limited to CaMKIIγ—supports stem-like cell maintenance, and CaMKII inhibition reduces stemness 
and growth. (Han et al., 2022) While these findings establish CaMKIIγ as a critical nuclear integrator 
of oncogenic transcription, it is important to note that inhibitors such as berbamine have multiple 
targets, and isoform-resolved mechanisms remain under active investigation. 

4.2. Developmental Mis-Specification: CaMKII in Neurocardiac Lineage Programs 

During development, the consequence of nuclear CaMKII dysregulation is not uncontrolled 
proliferation but mis-specification of cell fate. Nuclear CaMKII isoforms act as transcriptional 
interpreters of differentiation, and when misrouted, they destabilize lineage programs. 

Nervous system. In developing excitatory neurons, CaMKIIγ functions as a cyto-nuclear shuttle 
that ferries Ca²⁺/calmodulin into the nucleus, enabling CREB phosphorylation and the induction of 
immediate early genes required for plasticity. (S. M. Cohen et al., 2018b; H. Ma et al., 2014b). Deletion 
of CAMK2G or disruption of its CaM-trapping capacity abolishes this transcriptional coupling and 
impairs LTP and memory formation in vivo. Human genetics reinforce this axis: the de novo 
CAMK2G p.Arg292Pro mutation yields a gain-of-function with aberrant nuclear targeting and 
impaired neuronal maturation, causing intellectual disability. (Akita et al., 2018; Proietti Onori et al., 
2018) In dopaminergic neurons, PP1-dependent dephosphorylation unmasks the δ3 NLS, allowing 
nuclear entry where CaMKIIδ3 drives BDNF transcription and promotes neurite extension. (Shioda 
et al., 2015) 

Heart. Postnatal cardiac maturation requires an ASF/SF2-directed splicing program that balances 
the nuclear δB and cytosolic δC splice variants. (Xu et al., 2005) This ensures proper partitioning 
between transcriptional regulation and excitation–contraction coupling. Perturbation of this balance 
is maladaptive: persistent δB signaling is sufficient to drive hypertrophy and dilated cardiomyopathy 
(Zhang et al., 2002), whereas excess δC promotes calcium mishandling and contractile deterioration. 
(Duran et al., 2021; Gray & Heller Brown, 2014; Quijada et al., 2015)  

Oocyte/early embryo. In mammalian eggs, CaMKIIγ is indispensable for metaphase-II exit and 
egg activation; δ isoforms can substitute experimentally, whereas CaMKI/IV require forced 
activation, underscoring CaMKII’s central role in decoding fertilization calcium transients into 
embryonic cell-cycle progression. (Backs et al., 2010; Medvedev et al., 2014) 
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4.3. Cardiac Bifurcation: Nuclear CaMKII at the Edge of Adaptation and Failure 

In adult myocardium, outcomes critically depend on δ-isoform partitioning. CaMKIIδB contains a 
nuclear localization sequence and preferentially engages transcriptional programs, whereas 
CaMKIIδC remains largely cytosolic and couples to excitation–contraction (EC) substrates. (Duran et 
al., 2021; Gray & Heller Brown, 2014) A third splice variant, δ9, augments nuclear inflammatory 
signaling via the NF-κB axis in cardiomyocytes. (Yao et al., 2022) These isoform biases determine 
whether stress responses remain adaptive or progress toward failure. 

Calcium handling and arrhythmia. CaMKII activity increases RyR2-S2814 phosphorylation, 
promoting diastolic SR Ca²⁺ leak and arrhythmia susceptibility; δC overexpression in vivo accelerates 
ventricular dilation and mortality. (Mishra et al., 2011; Toko et al., 2010; Uchinoumi et al., 2016) 
CaMKII also facilitates Cav1.2 current through phosphorylation at S1512/S1570, enhancing Ca²⁺ 
influx and EC gain. (Blaich et al., 2010; Lee et al., 2006; Li et al., 2020) 

Inflammatory signaling. After ischemia/reperfusion, CaMKIIδ rapidly activates NF-κB in vivo, 
driving pro-inflammatory transcription (Ling et al., 2013). In parallel, NF-κB can repress KChIP2 
(KCNIP2), a determinant of I_to and repolarization reserve, linking CaMKII–NF-κB signaling to pro-
arrhythmic electrical remodeling. (Panama et al., 2011) δ9 appears to be the principal isoform driving 
this inflammatory axis. (Yao et al., 2022) 

Transcriptional and epigenetic regulation. Nuclear δB phosphorylates HDAC4 (Ser467/Ser632), 
promoting 14-3-3 docking and nuclear export, thereby derepressing MEF2; it also phosphorylates 
HSF1, inducing HSP70 and cytoprotection under stress. (Backs & Olson, 2006; Kreusser & Backs, 2014; 
Peng et al., 2010). However, persistent δB signaling is sufficient to drive hypertrophy and dilated 
cardiomyopathy in transgenic mice, highlighting a shift from adaptive to maladaptive remodeling 
over time. (Zhang et al., 2002) 

Splicing regulation. The ASF/SF2 (SRSF1)-directed postnatal splicing program governs δB/δC 
balance and CaMKIIδ localization; disruption mislocalizes δ isoforms and impairs Ca²⁺ handling in 
mice. (Xu et al., 2005) Additional regulators such as RBFOX1/2 also influence CAMK2D splicing, but 
patient-level evidence for a consistent δB→δC shift in ischemic cardiomyopathy remains limited. 
(Duran et al., 2021) 

4.4. Chemoresistance and Transcriptional Escape: Nuclear CaMKII in Therapy Failure 

A recurrent hallmark of chemoresistance is transcriptional reprogramming—upregulation of 
survival, efflux, and stress-response pathways that blunt cytotoxic efficacy. Among CaMKII isoforms, 
CaMKIIγ is the most consistently implicated at this interface. In leukemic and myeloma systems, 
CaMKIIγ sustains NF-κB, β-catenin, STAT3, and ERK signaling, reinforcing stem-like properties and 
creating a permissive environment for therapy escape. (Gu et al., 2012; Y. Y. Wang et al., 2015; Yang 
et al., 2020) 

Experimental evidence. Experimental evidence. Pharmacologic or genetic CaMKII inhibition 
sensitizes cancer cells to standard therapies. In breast cancer (MCF-7), the small-molecule inhibitor 
KN-93 enhances cytotoxicity when combined with doxorubicin, ionizing radiation, or photodynamic 
therapy. In melanoma, KN-93 restores TRAIL sensitivity via downregulation of c-FLIP. (Rodriguez-
Mora et al., 2006; Y. Y. Wang et al., 2015) More recently, Pak1 was shown to directly phosphorylate 
and activate CaMKII in breast cancer, and dual inhibition of Pak1 and CaMKII synergistically 
reduced proliferation, migration, invasion, and xenograft growth in triple-negative and Her2+ 
models. (Saldivar-Cerón et al., 2021) These data underscore the role of CaMKIIγ as a transcriptional 
oncoprotein that preserves survival networks under therapeutic stress, and further reveal an 
upstream Pak1–CaMKII axis as a potential co-target for intervention. 

Downstream resistance nodes. Several CaMKII-linked pathways converge on established 
mediators of multidrug resistance. For example, HIF-1α induces MDR1/P-glycoprotein expression, 
and its inhibition reverses resistance by restoring intracellular doxorubicin accumulation in colon 
cancer models. (J. Chen et al., 2014) Such findings place CaMKIIγ within a broader transcriptional 
axis that coordinates hypoxia responses, drug efflux, and survival. 
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Therapeutic implications. Tool inhibitors such as KN-93/KN-62 provide proof-of-concept that 
dampening CaMKII can re-sensitize tumors, but their significant off-target actions—direct 
interactions with voltage-gated Ca²⁺, K⁺, and Na⁺ channels, as well as calmodulin binding—preclude 
translational application. (Hegyi et al., 2015; Johnson et al., 2019; Karls & Mynlieff, 2013) A more 
selective strategy is to interrupt nuclear-directed CaMKIIγ functions. Disrupting calmodulin 
trapping and CaMKIIγ-mediated CaM shuttling to the nucleus—critical steps that couple surface Ca²⁺ 
signals to CREB-driven transcription—represents a promising direction. (N. N. Chen et al., 2023; Y. 
Y. Wang et al., 2015)  Such strategic uncoupling of nuclear CaMKIIγ aims to blunt transcriptional 
persistence while preserving physiological CaMKII signaling in excitable tissues. (Han & Jung, 2022). 

4.5. Epigenetic Miswiring and Transcriptional Memory in Chronic Disease 

Chronic diseases are often sustained not by acute insults but by persistent transcriptional states. 
In cardiomyocytes, nuclear CaMKIIδ interfaces with chromatin regulators: phosphorylation of class 
IIa HDACs—particularly HDAC4 at Ser467/Ser632—creates 14-3-3 docking sites, promotes nuclear 
export, and derepresses MEF2 target genes. Under hemodynamic stress, CaMKIIδ also 
phosphorylates histone H3 at Ser10, consistent with stress-induced chromatin remodeling. (Awad et 
al., 2015; Backs et al., 2006; Kreusser & Backs, 2014) Repeated activation of these mechanisms can 
convert transient Ca²⁺ elevations into durable shifts in gene accessibility and transcriptional output. 

Metabolic memory via O-GlcNAc–CaMKII. In diabetes, hyperglycemia induces O-GlcNAcylation 
of CaMKII at Ser279/Ser280, generating autonomous kinase activity that persists after Ca²⁺ declines. 
This modification promotes arrhythmogenic remodeling, and Ser280 O-GlcNAcylation is required 
for hyperglycemia-induced arrhythmia susceptibility in mice. (Erickson et al., 2013; Hegyi et al., 2021) 
Such post-translational marks create biochemical inertia, maintaining CaMKII-dependent outputs 
even when the initiating insult wanes. 

Endothelium and flow cues. In vascular endothelium, laminar shear stress activates a 
Ca²⁺/calmodulin–CaMKII–HDAC5 pathway, driving HDAC5 nuclear export and inducing a 
MEF2→KLF2/eNOS transcriptional program that is fundamentally atheroprotective. Disturbed flow 
blunts this axis and stabilizes a pro-inflammatory state, thereby priming vascular pathology. 
(Tamargo et al., 2023; W. Wang et al., 2010)  

Skeletal muscle. CaMK-dependent phosphorylation of HDAC4/5 promotes their nuclear export, 
relieving MEF2 repression and activating PGC-1α–dependent metabolic programs that favor 
oxidative phenotype and mitochondrial biogenesis. (McKinsey et al., 2000a; McKinsey et al., 2000b) 
While this mechanism is well established in exercise and differentiation, its direct contribution to 
sarcopenia or systemic insulin resistance remains hypothetical and requires isoform-resolved 
evidence. 

Taken together, these observations position nuclear CaMKII isoforms as central nodes in 
pathological rewiring across cancer, chemoresistance, heart failure, and developmental disorders. A 
schematic overview of these isoform-specific mechanisms and disease outcomes is presented in 
Figure 6. 
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Figure 6. Nuclear CaMKII in pathology: context-specific misregulation across disease domains. Schematic 
representation of isoform- and pathway-specific consequences of nuclear CaMKII dysfunction. In cancer, 
CaMKIIγ sustains proliferation and survival via NF-κB, BCL-2, cyclin D1, MDR1, and BRCA1 signaling. In 
chemoresistance, CaMKIIγ maintains pro-survival transcriptional programs (NF-κB, HIF-1α, MDR1) and 
suppresses apoptosis, while tool inhibitors such as KN-93 partially restore chemosensitivity. In heart failure, 
CaMKIIδ isoforms drive maladaptive remodeling via RyR2 hyperphosphorylation, Ca²⁺ mishandling, NF-κB 
activation, KCNIP2 repression, and repolarization defects, promoting inflammation and apoptosis. In 
developmental disease, pathogenic CAMK2G mutations (CaMKIIγ) disrupt CREB/BDNF signaling and 
dendritic development, while CaMKIIδ mis-splicing alters cardiac gene programs (e.g., Nppa, Myh7), leading 
to early-onset cardiomyopathy. Collectively, these mislocalized or mistimed nuclear CaMKII signals convert 
adaptive decoding into maladaptive transcriptional reprogramming. Created in BioRender. Saldivar Ceron, H. 
(2025) https://BioRender.com/w9xwplz. 

5. Unresolved Dimensions and Strategic Directions: Charting the Nuclear 
Landscape of CaMKII 

The story of nuclear CaMKII is incomplete—not for lack of relevance, but because the available 
evidence only sketches its complexity. What is known establishes its physiological and pathological 
importance; what is unknown defines the frontier. The nucleus is not merely another subcellular 
location—it is a logic gate where CaMKII isoforms act as timekeepers, transcriptional editors, and 
memory encoders. Several unresolved dimensions now demand systematic exploration. 

First, the nuclear substrate map remains fragmentary. Established targets include class IIa 
HDACs—particularly HDAC4—where phosphorylation at Ser467/Ser632 promotes 14-3-3 binding 
and nuclear export, derepressing MEF2-driven transcriptional programs. CaMKIIδB also 
phosphorylates HSF1 to induce iHSP70 and cytoprotection, while phosphorylation of the E3 ligase 
Pirh2 stabilizes p53 by limiting its degradation. (Backs & Olson, 2006; Backs et al., 2006; Duan et al., 
2007; Peng et al., 2010) Yet, systematic nuclear phosphoproteomics under controlled Ca²⁺ and redox 
conditions is still required to define cohesive substrate clusters. 
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Second, isoform-specific duality requires resolution. CaMKIIγ functions as a courier, shuttling 
Ca²⁺/calmodulin into the nucleus to couple surface activity with CREB-driven gene expression. In 
contrast, δB behaves as a canonical nuclear kinase, editing transcriptional tone through chromatin 
regulators and stress transcription factors. This division of labor—γ as coordinator, δB as editor—
may represent a sequential logic wherein γ primes nuclear access and δB establishes durable 
transcriptional change (Ma et al., 2015; Cohen et al., 2018b). 

Third, isoform expression itself is a regulated signal. In the heart, postnatal splicing controlled 
by ASF/SF2 rebalances CaMKIIδ variants: δB (nuclear) versus δC (cytosolic). This switch dictates 
whether CaMKII engages transcriptional programs or excitation–contraction substrates, and its 
disruption deranges calcium handling and remodeling (Xu et al., 2005; Duran et al., 2021). Whether 
this splicing axis can be therapeutically tuned remains an open challenge. 

Fourth, therapeutic targeting requires topological precision. Class-wide inhibitors such as KN-
93 remain mechanistically informative but clinically blunt. δB’s nuclear localization sequence, for 
example, can re-route other isoforms into nuclei, raising the possibility of selectively disrupting 
importin interactions or docking modules rather than globally silencing kinase activity (Mishra et al., 
2011; Erickson et al., 2013). Beyond class-wide tools such as KN-93, repurposing screens are beginning 
to surface clinically realistic CaMKII antagonists. Using a high-performance CaMKII activity reporter 
(CaMKAR) to interrogate 4,475 approved compounds, Reyes-Gaido et al. identified ruxolitinib as a 
potent CaMKII inhibitor at clinically relevant exposures; the drug suppressed CaMKII-dependent 
arrhythmogenesis across cultured cardiomyocytes and mouse/patient-derived models and, at 
cardioprotective doses, did not impair performance on standard cognitive assays. These data 
nominate ruxolitinib—despite its primary JAK1/2 activity—as a pragmatic short-term CaMKII 
antagonist for cardiac indications and an orthogonal probe to test CaMKII-dependent mechanisms 
in vivo. In parallel, substrate-competitive peptide inhibitors such as AIP (autocamtide-2–related 
inhibitory peptide) and AC3-I afford high on-target efficacy with defined subcellular footprints, but 
their delivery and stability constraints have confined them largely to preclinical use. Together, these 
approaches reinforce that topological precision—biasing nuclear import/export or disrupting 
isoform-specific docking—may outperform global catalytic silencing for therapeutic intent. (Reyes 
Gaido et al., 2023) 

Finally, molecular memory mechanisms remain underexplored. Oxidation of Met281/282 
generates Ca²⁺/CaM-independent activity, while O-GlcNAcylation at Ser280 under hyperglycemia 
produces autonomous kinase function linked to arrhythmogenic remodeling (Erickson et al., 2008; 
He et al., 2011; Hegyi et al., 2021). Whether these modifications alter nuclear targeting or substrate 
specificity is unresolved, but they suggest that CaMKII encodes not just immediate calcium spikes 
but long-lived transcriptional states.} 

6. Conclusions 

Nuclear CaMKII isoforms emerge as spatiotemporal regulators that convert transient calcium 
signals into durable transcriptional outcomes. Rather than functioning as redundant kinases, they 
exhibit isoform-specific logic: CaMKIIγ as a cytonuclear courier coupling surface activity with CREB-
driven gene programs, δB as a chromatin-embedded kinase editing transcriptional tone, and δC/δ9 
as cytosolic–nuclear variants that tip the balance between adaptation and pathology. These roles 
extend beyond physiology into disease, where mistimed import, isoform imbalance, or persistent 
post-translational modifications repurpose adaptive signaling into maladaptive remodeling, cancer 
progression, or therapy resistance. 

The conceptual advance is clear: localization is function. In CaMKII biology, nuclear access is 
not an incidental property but a decisive determinant of cellular fate. Yet, critical questions remain 
unanswered: Which nuclear substrates define the core transcriptional code? How do redox and 
metabolic modifications reshape nuclear specificity? Can isoform-resolved targeting reprogram 
nuclear CaMKII without undermining physiological decoding in excitable tissues? 
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Resolving these dimensions will demand integrated strategies—structural mapping of splice 
isoforms, nuclear phosphoproteomics, and in vivo models linking CaMKII splicing to lineage and 
disease. Ultimately, decoding the nuclear logic of CaMKII offers more than mechanistic clarity: it 
frames therapeutic opportunities to interrupt maladaptive transcriptional memory while preserving 
the physiological encoding of experience and stress. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

APC/C Anaphase-Promoting Complex/Cyclosome 
Arc Activity-regulated cytoskeleton-associated protein 
ASF/SF2 
(SRSF1) 

Alternative Splicing Factor/Splicing Factor 2 (Serine/arginine-rich 
splicing factor 1) 

BDNF Brain-Derived Neurotrophic Factor 
CaM Calmodulin 
CaMK Ca²⁺/calmodulin-dependent protein kinase 
CaMKII Ca²⁺/calmodulin-dependent protein kinase II 
CDK Cyclin-Dependent Kinase 
CBP CREB-Binding Protein 
CML Chronic Myeloid Leukemia 
CREB cAMP Response Element-Binding protein 
DCM Dilated Cardiomyopathy 
EC Excitation–Contraction 
eNOS Endothelial Nitric Oxide Synthase 
ERK Extracellular signal-Regulated Kinase 
FOXO3a Forkhead Box O3a 
GB Glioblastoma 
GIT1 G-protein-coupled Receptor Kinase-Interacting Protein 1 
HDAC Histone Deacetylase 
HIF-1α Hypoxia-Inducible Factor 1-alpha 
HSF1 Heat Shock Factor 1 
HSP70 Heat Shock Protein 70 
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IKKβ IκB Kinase beta 
iHSP70 Inducible Heat Shock Protein 70 
KLF2 Krüppel-Like Factor 2 
KN-93/KN-62 CaMKII pharmacological inhibitors 
KChIP2 Kv Channel-Interacting Protein 2 
MEF2 Myocyte Enhancer Factor 2 
MDR1 Multidrug Resistance Protein 1 (P-glycoprotein) 
NF-κB Nuclear Factor kappa-light-chain-enhancer of activated B cells 
NES Nuclear Export Signal 
NLS Nuclear Localization Signal 
NSCLC Non-Small Cell Lung Cancer 
O-GlcNAc O-linked β-N-acetylglucosamine 
PGC-1α Peroxisome proliferator-activated receptor Gamma Coactivator 1-alpha 
Pirh2 p53-induced protein with a RING-H2 domain (E3 ubiquitin ligase) 
PKD Protein Kinase D 
PP1 Protein Phosphatase 1 
RyR2 Ryanodine Receptor 2 
Ser/Thr Serine/Threonine 
SR Splicing Regulator 
SR Ca²⁺ Sarcoplasmic Reticulum Calcium 
STAT3 Signal Transducer and Activator of Transcription 3 
T-ALL T-cell Acute Lymphoblastic Leukemia 
TAK1 Transforming growth factor-β-Activated Kinase 1 
Tiam1 T-lymphoma invasion and metastasis-inducing protein 1 
TRAIL TNF-related apoptosis-inducing ligand 
NFAT Nuclear Factor of Activated T-cells 
NLK Nemo-Like Kinase 
δB / δC / δ9 CaMKIIδ splice variants (nuclear B, cytosolic C, variant 9) 

References 

1. Akita, T., Aoto, K., Kato, M., Shiina, M., Mutoh, H., Nakashima, M., Kuki, I., Okazaki, S., Magara, S., 
Shiihara, T., Yokochi, K., Aiba, K., Tohyama, J., Ohba, C., Miyatake, S., Miyake, N., Ogata, K., Fukuda, A., 
Matsumoto, N., & Saitsu, H. (2018). De novo variants in CAMK2A and CAMK2B cause 
neurodevelopmental disorders. Ann Clin Transl Neurol, 5(3), 280-296. http://doi.org/10.1002/acn3.528. 
PMCID: PMC5846454. 

2. Anderson, M. E., Braun, A. P., Schulman, H., & Premack, B. A. (1994). Multifunctional Ca2+/calmodulin-
dependent protein kinase mediates Ca(2+)-induced enhancement of the L-type Ca2+ current in rabbit 
ventricular myocytes. Circ Res, 75(5), 854-861. http://doi.org/10.1161/01.res.75.5.854. 

3. Awad, S., Al-Haffar, K. M., Marashly, Q., Quijada, P., Kunhi, M., Al-Yacoub, N., Wade, F. S., Mohammed, 
S. F., Al-Dayel, F., Sutherland, G., Assiri, A., Sussman, M., Bers, D., Al-Habeeb, W., & Poizat, C. (2015). 
Control of histone H3 phosphorylation by CaMKIIδ in response to haemodynamic cardiac stress. J Pathol, 
235(4), 606-618. http://doi.org/10.1002/path.4489. PMCID: PMC4383650. 

4. Backs, J., & Olson, E. N. (2006). Control of cardiac growth by histone acetylation/deacetylation. Circ Res, 
98(1), 15-24. http://doi.org/10.1161/01.RES.0000197782.21444.8f. 

5. Backs, J., Song, K., Bezprozvannaya, S., Chang, S., & Olson, E. N. (2006). CaM kinase II selectively signals 
to histone deacetylase 4 during cardiomyocyte hypertrophy. J Clin Invest, 116(7), 1853-1864. 
http://doi.org/10.1172/jci27438. PMCID: PMC1474817. 

6. Backs, J., Stein, P., Backs, T., Duncan, F. E., Grueter, C. E., McAnally, J., Qi, X., Schultz, R. M., & Olson, E. 
N. (2010). The gamma isoform of CaM kinase II controls mouse egg activation by regulating cell cycle 
resumption. Proc Natl Acad Sci U S A, 107(1), 81-86. http://doi.org/10.1073/pnas.0912658106. PMCID: 
PMC2806780. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2025 doi:10.20944/preprints202510.0599.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0599.v1
http://creativecommons.org/licenses/by/4.0/


 17 of 22 

 

7. Bhattacharyya, M., Lee, Y. K., Muratcioglu, S., Qiu, B., Nyayapati, P., Schulman, H., Groves, J. T., & 
Kuriyan, J. (2020). Flexible linkers in CaMKII control the balance between activating and inhibitory 
autophosphorylation. Elife, 9. http://doi.org/10.7554/eLife.53670. PMCID: PMC7141811. 

8. Bhattacharyya, M., Stratton, M. M., Going, C. C., McSpadden, E. D., Huang, Y., Susa, A. C., Elleman, A., 
Cao, Y. M., Pappireddi, N., Burkhardt, P., Gee, C. L., Barros, T., Schulman, H., Williams, E. R., & Kuriyan, 
J. (2016). Molecular mechanism of activation-triggered subunit exchange in Ca(2+)/calmodulin-dependent 
protein kinase II. Elife, 5. http://doi.org/10.7554/eLife.13405. PMCID: PMC4859805. 

9. Blaich, A., Welling, A., Fischer, S., Wegener, J. W., Köstner, K., Hofmann, F., & Moosmang, S. (2010). 
Facilitation of murine cardiac L-type Ca(v)1.2 channel is modulated by calmodulin kinase II-dependent 
phosphorylation of S1512 and S1570. Proc Natl Acad Sci U S A, 107(22), 10285-10289. 
http://doi.org/10.1073/pnas.0914287107. PMCID: PMC2890469. 

10. Brocke, L., Srinivasan, M., & Schulman, H. (1995). Developmental and regional expression of 
multifunctional Ca2+/calmodulin-dependent protein kinase isoforms in rat brain. J Neurosci, 15(10), 6797-
6808. http://doi.org/10.1523/jneurosci.15-10-06797.1995. PMCID: PMC6578007. 

11. Brown, C. N., & Bayer, K. U. (2024). Studying CaMKII: Tools and standards. Cell Reports, 43(4). 
http://doi.org/10.1016/j.celrep.2024.113982. 

12. Chai, S., Xu, X., Wang, Y., Zhou, Y., Zhang, C., Yang, Y., Yang, Y., Xu, H., Xu, R., & Wang, K. (2015). 
Ca2+/calmodulin-dependent protein kinase IIγ enhances stem-like traits and tumorigenicity of lung cancer 
cells. Oncotarget, 6(18), 16069-16083. http://doi.org/10.18632/oncotarget.3866. PMCID: PMC4599257. 

13. Chen, J., Ding, Z., Peng, Y., Pan, F., Li, J., Zou, L., Zhang, Y., & Liang, H. (2014). HIF-1α inhibition reverses 
multidrug resistance in colon cancer cells via downregulation of MDR1/P-glycoprotein. PLoS One, 9(6), 
e98882. http://doi.org/10.1371/journal.pone.0098882. PMCID: PMC4047061. 

14. Chen, N. N., Ma, X. D., Miao, Z., Zhang, X. M., Han, B. Y., Almaamari, A. A., Huang, J. M., Chen, X. Y., Liu, 
Y. J., & Su, S. W. (2023). Doxorubicin resistance in breast cancer is mediated via the activation of 
FABP5/PPARγ and CaMKII signaling pathway. Front Pharmacol, 14, 1150861. 
http://doi.org/10.3389/fphar.2023.1150861. PMCID: PMC10395833. 

15. Cohen, S. M., Suutari, B., He, X., Wang, Y., Sanchez, S., Tirko, N. N., Mandelberg, N. J., Mullins, C., Zhou, 
G., Wang, S., Kats, I., Salah, A., Tsien, R. W., & Ma, H. (2018a). Calmodulin shuttling mediates cytonuclear 
signaling to trigger experience-dependent transcription and memory. Nature Communications, 9(1), 2451. 
http://doi.org/10.1038/s41467-018-04705-8. 

16. Cohen, S. M., Suutari, B., He, X., Wang, Y., Sanchez, S., Tirko, N. N., Mandelberg, N. J., Mullins, C., Zhou, 
G., Wang, S., Kats, I., Salah, A., Tsien, R. W., & Ma, H. (2018b). Calmodulin shuttling mediates cytonuclear 
signaling to trigger experience-dependent transcription and memory. Nat Commun, 9(1), 2451. 
http://doi.org/10.1038/s41467-018-04705-8. PMCID: PMC6015085. 

17. Cohen, T. J., Choi, M. C., Kapur, M., Lira, V. A., Yan, Z., & Yao, T. P. (2015). HDAC4 regulates muscle fiber 
type-specific gene expression programs. Mol Cells, 38(4), 343-348. 
http://doi.org/10.14348/molcells.2015.2278. PMCID: PMC4400309. 

18. Cook, S. G., Bourke, A. M., O’Leary, H., Zaegel, V., Lasda, E., Mize-Berge, J., Quillinan, N., Tucker, C. L., 
Coultrap, S. J., Herson, P. S., & Bayer, K. U. (2018). Analysis of the CaMKIIα and β splice-variant 
distribution among brain regions reveals isoform-specific differences in holoenzyme formation. Scientific 
Reports, 8(1), 5448. http://doi.org/10.1038/s41598-018-23779-4. 

19. De Koninck, P., & Schulman, H. (1998). Sensitivity of CaM kinase II to the frequency of Ca2+ oscillations. 
Science, 279(5348), 227-230. http://doi.org/10.1126/science.279.5348.227. 

20. Devanaboyina, M., Kaur, J., Whiteley, E., Lin, L., Einloth, K., Morand, S., Stanbery, L., Hamouda, D., & 
Nemunaitis, J. (2022). NF-κB Signaling in Tumor Pathways Focusing on Breast and Ovarian Cancer. Oncol 
Rev, 16, 10568. http://doi.org/10.3389/or.2022.10568. PMCID: PMC9756851. 

21. Duan, S., Yao, Z., Hou, D., Wu, Z., Zhu, W. G., & Wu, M. (2007). Phosphorylation of Pirh2 by calmodulin-
dependent kinase II impairs its ability to ubiquitinate p53. Embo j, 26(13), 3062-3074. 
http://doi.org/10.1038/sj.emboj.7601749. PMCID: PMC1914097. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2025 doi:10.20944/preprints202510.0599.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0599.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 22 

 

22. Duran, J., Nickel, L., Estrada, M., Backs, J., & van den Hoogenhof, M. M. G. (2021). CaMKIIδ Splice Variants 
in the Healthy and Diseased Heart. Front Cell Dev Biol, 9, 644630. http://doi.org/10.3389/fcell.2021.644630. 
PMCID: PMC7991079. 

23. Erickson, J. R., Pereira, L., Wang, L., Han, G., Ferguson, A., Dao, K., Copeland, R. J., Despa, F., Hart, G. W., 
Ripplinger, C. M., & Bers, D. M. (2013). Diabetic hyperglycaemia activates CaMKII and arrhythmias by O-
linked glycosylation. Nature, 502(7471), 372-376. http://doi.org/10.1038/nature12537. PMCID: PMC3801227. 

24. Gray, C. B., & Heller Brown, J. (2014). CaMKIIdelta subtypes: localization and function. Front Pharmacol, 5, 
15. http://doi.org/10.3389/fphar.2014.00015. PMCID: PMC3920101. 

25. Gu, Y., Chen, T., Meng, Z., Gan, Y., Xu, X., Lou, G., Li, H., Gan, X., Zhou, H., Tang, J., Xu, G., Huang, L., 
Zhang, X., Fang, Y., Wang, K., Zheng, S., Huang, W., & Xu, R. (2012). CaMKII γ, a critical regulator of CML 
stem/progenitor cells, is a target of the natural product berbamine. Blood, 120(24), 4829-4839. 
http://doi.org/10.1182/blood-2012-06-434894. PMCID: PMC4507036. 

26. Gu, Y., Zhang, J., Ma, X., Kim, B. W., Wang, H., Li, J., Pan, Y., Xu, Y., Ding, L., Yang, L., Guo, C., Wu, X., 
Wu, J., Wu, K., Gan, X., Li, G., Li, L., Forman, S. J., Chan, W. C., Xu, R....Huang, W. (2017). Stabilization of 
the c-Myc Protein by CAMKIIγ Promotes T Cell Lymphoma. Cancer Cell, 32(1), 115-128.e117. 
http://doi.org/10.1016/j.ccell.2017.06.001. PMCID: PMC5552197. 

27. Han, J. M., & Jung, H. J. (2022). Synergistic Anticancer Effect of a Combination of Berbamine and 
Arcyriaflavin A against Glioblastoma Stem-like Cells. Molecules, 27(22). 
http://doi.org/10.3390/molecules27227968. PMCID: PMC9699626. 

28. Han, J. M., Kim, Y. J., & Jung, H. J. (2022). Discovery of a New CaMKII-Targeted Synthetic Lethal Therapy 
against Glioblastoma Stem-like Cells. Cancers (Basel), 14(5). http://doi.org/10.3390/cancers14051315. 
PMCID: PMC8909660. 

29. Hegyi, B., Chen-Izu, Y., Jian, Z., Shimkunas, R., Izu, L. T., & Banyasz, T. (2015). KN-93 inhibits IKr in 
mammalian cardiomyocytes. J Mol Cell Cardiol, 89(Pt B), 173-176. http://doi.org/10.1016/j.yjmcc.2015.10.012. 
PMCID: PMC4689637. 

30. Hegyi, B., Fasoli, A., Ko, C. Y., Van, B. W., Alim, C. C., Shen, E. Y., Ciccozzi, M. M., Tapa, S., Ripplinger, C. 
M., Erickson, J. R., Bossuyt, J., & Bers, D. M. (2021). CaMKII Serine 280 O-GlcNAcylation Links Diabetic 
Hyperglycemia to Proarrhythmia. Circ Res, 129(1), 98-113. http://doi.org/10.1161/circresaha.120.318402. 
PMCID: PMC8221539. 

31. Heist, E. K., Srinivasan, M., & Schulman, H. (1998). Phosphorylation at the nuclear localization signal of 
Ca2+/calmodulin-dependent protein kinase II blocks its nuclear targeting. J Biol Chem, 273(31), 19763-19771. 
http://doi.org/10.1074/jbc.273.31.19763. 

32. Holmberg, C. I., Hietakangas, V., Mikhailov, A., Rantanen, J. O., Kallio, M., Meinander, A., Hellman, J., 
Morrice, N., MacKintosh, C., Morimoto, R. I., Eriksson, J. E., & Sistonen, L. (2001). Phosphorylation of serine 
230 promotes inducible transcriptional activity of heat shock factor 1. Embo j, 20(14), 3800-3810. 
http://doi.org/10.1093/emboj/20.14.3800. PMCID: PMC125548. 

33. Hudmon, A., Lebel, E., Roy, H., Sik, A., Schulman, H., Waxham, M. N., & De Koninck, P. (2005). A 
mechanism for Ca2+/calmodulin-dependent protein kinase II clustering at synaptic and nonsynaptic sites 
based on self-association. J Neurosci, 25(30), 6971-6983. http://doi.org/10.1523/jneurosci.4698-04.2005. 
PMCID: PMC6724830. 

34. Hudmon, A., & Schulman, H. (2002). Structure-function of the multifunctional Ca2+/calmodulin-
dependent protein kinase II. Biochem J, 364(Pt 3), 593-611. http://doi.org/10.1042/bj20020228. PMCID: 
PMC1222606. 

35. Hutchins, J. R., Dikovskaya, D., & Clarke, P. R. (2003). Regulation of Cdc2/cyclin B activation in Xenopus 
egg extracts via inhibitory phosphorylation of Cdc25C phosphatase by Ca(2+)/calmodulin-dependent 
protein [corrected] kinase II. Mol Biol Cell, 14(10), 4003-4014. http://doi.org/10.1091/mbc.e03-02-0061. 
PMCID: PMC206995. 

36. Johnson, C. N., Pattanayek, R., Potet, F., Rebbeck, R. T., Blackwell, D. J., Nikolaienko, R., Sequeira, V., Le 
Meur, R., Radwański, P. B., Davis, J. P., Zima, A. V., Cornea, R. L., Damo, S. M., Györke, S., George, A. L., 
Jr., & Knollmann, B. C. (2019). The CaMKII inhibitor KN93-calmodulin interaction and implications for 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2025 doi:10.20944/preprints202510.0599.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0599.v1
http://creativecommons.org/licenses/by/4.0/


 19 of 22 

 

calmodulin tuning of Na(V)1.5 and RyR2 function. Cell Calcium, 82, 102063. 
http://doi.org/10.1016/j.ceca.2019.102063. PMCID: PMC6708471. 

37. Karls, A. S., & Mynlieff, M. (2013). Nonspecific, reversible inhibition of voltage-gated calcium channels by 
CaMKII inhibitor CK59. Cell Mol Neurobiol, 33(5), 723-729. http://doi.org/10.1007/s10571-013-9941-8. 
PMCID: PMC3693846. 

38. Kreusser, M. M., & Backs, J. (2014). Integrated mechanisms of CaMKII-dependent ventricular remodeling. 
Front Pharmacol, 5, 36. http://doi.org/10.3389/fphar.2014.00036. PMCID: PMC3950490. 

39. Lee, T. S., Karl, R., Moosmang, S., Lenhardt, P., Klugbauer, N., Hofmann, F., Kleppisch, T., & Welling, A. 
(2006). Calmodulin kinase II is involved in voltage-dependent facilitation of the L-type Cav1.2 calcium 
channel: Identification of the phosphorylation sites. J Biol Chem, 281(35), 25560-25567. 
http://doi.org/10.1074/jbc.M508661200. 

40. Li, J., Wang, S., Zhang, J., Liu, Y., Zheng, X., Ding, F., Sun, X., Zhao, M., & Hao, L. (2020). The CaMKII 
phosphorylation site Thr1604 in the Ca(V)1.2 channel is involved in pathological myocardial hypertrophy 
in rats. Channels (Austin), 14(1), 151-162. http://doi.org/10.1080/19336950.2020.1750189. PMCID: 
PMC7188351. 

41. Ling, H., Gray, C. B., Zambon, A. C., Grimm, M., Gu, Y., Dalton, N., Purcell, N. H., Peterson, K., & Brown, 
J. H. (2013). Ca2+/Calmodulin-dependent protein kinase II δ mediates myocardial ischemia/reperfusion 
injury through nuclear factor-κB. Circ Res, 112(6), 935-944. http://doi.org/10.1161/circresaha.112.276915. 
PMCID: PMC3673710. 

42. Little, G. H., Saw, A., Bai, Y., Dow, J., Marjoram, P., Simkhovich, B., Leeka, J., Kedes, L., Kloner, R. A., & 
Poizat, C. (2009). Critical role of nuclear calcium/calmodulin-dependent protein kinase IIdeltaB in 
cardiomyocyte survival in cardiomyopathy. J Biol Chem, 284(37), 24857-24868. 
http://doi.org/10.1074/jbc.M109.003186. PMCID: PMC2757189. 

43. Lu, J., McKinsey, T. A., Zhang, C. L., & Olson, E. N. (2000). Regulation of skeletal myogenesis by association 
of the MEF2 transcription factor with class II histone deacetylases. Mol Cell, 6(2), 233-244. 
http://doi.org/10.1016/s1097-2765(00)00025-3. 

44. Ma, H., Groth, Rachel D., Cohen, Samuel M., Emery, John F., Li, B., Hoedt, E., Zhang, G., Neubert, 
Thomas A., & Tsien, Richard W. (2014a). γCaMKII Shuttles Ca2+/CaM to the Nucleus to Trigger CREB 
Phosphorylation and Gene Expression. Cell, 159(2), 281-294. 
http://doi.org/https://doi.org/10.1016/j.cell.2014.09.019. 

45. Ma, H., Groth, R. D., Cohen, S. M., Emery, J. F., Li, B., Hoedt, E., Zhang, G., Neubert, T. A., & Tsien, R. W. 
(2014b). γCaMKII shuttles Ca²⁺/CaM to the nucleus to trigger CREB phosphorylation and gene expression. 
Cell, 159(2), 281-294. http://doi.org/10.1016/j.cell.2014.09.019. PMCID: PMC4201038. 

46. Ma, H., Li, B., & Tsien, R. W. (2015). Distinct roles of multiple isoforms of CaMKII in signaling to the 
nucleus. Biochim Biophys Acta, 1853(9), 1953-1957. http://doi.org/10.1016/j.bbamcr.2015.02.008. PMCID: 
PMC4522395. 

47. MacDonnell, S. M., Weisser-Thomas, J., Kubo, H., Hanscome, M., Liu, Q., Jaleel, N., Berretta, R., Chen, X., 
Brown, J. H., Sabri, A. K., Molkentin, J. D., & Houser, S. R. (2009). CaMKII negatively regulates calcineurin-
NFAT signaling in cardiac myocytes. Circ Res, 105(4), 316-325. http://doi.org/10.1161/circresaha.109.194035. 
PMCID: PMC2765687. 

48. Malik, Zulfiqar A., Stein, Ivar S., Navedo, Manuel F., & Hell, Johannes W. (2014). Mission CaMKIIγ: Shuttle 
Calmodulin from Membrane to Nucleus. Cell, 159(2), 235-237. 
http://doi.org/https://doi.org/10.1016/j.cell.2014.09.023. 

49. McKinsey, T. A., Zhang, C. L., Lu, J., & Olson, E. N. (2000a). Signal-dependent nuclear export of a histone 
deacetylase regulates muscle differentiation. Nature, 408(6808), 106-111. http://doi.org/10.1038/35040593. 
PMCID: PMC4459600. 

50. McKinsey, T. A., Zhang, C. L., & Olson, E. N. (2000b). Activation of the myocyte enhancer factor-2 
transcription factor by calcium/calmodulin-dependent protein kinase-stimulated binding of 14-3-3 to 
histone deacetylase 5. Proc Natl Acad Sci U S A, 97(26), 14400-14405. http://doi.org/10.1073/pnas.260501497. 
PMCID: PMC18930. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2025 doi:10.20944/preprints202510.0599.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0599.v1
http://creativecommons.org/licenses/by/4.0/


 20 of 22 

 

51. Medvedev, S., Stein, P., & Schultz, R. M. (2014). Specificity of calcium/calmodulin-dependent protein 
kinases in mouse egg activation. Cell Cycle, 13(9), 1482-1488. http://doi.org/10.4161/cc.28432. PMCID: 
PMC4050145. 

52. Mishra, S., Gray, C. B., Miyamoto, S., Bers, D. M., & Brown, J. H. (2011). Location matters: clarifying the 
concept of nuclear and cytosolic CaMKII subtypes. Circ Res, 109(12), 1354-1362. 
http://doi.org/10.1161/circresaha.111.248401. PMCID: PMC3241507. 

53. Myers, J. B., Zaegel, V., Coultrap, S. J., Miller, A. P., Bayer, K. U., & Reichow, S. L. (2017). The CaMKII 
holoenzyme structure in activation-competent conformations. Nat Commun, 8, 15742. 
http://doi.org/10.1038/ncomms15742. PMCID: PMC5467236. 

54. Nishino, T. G., Miyazaki, M., Hoshino, H., Miwa, Y., Horinouchi, S., & Yoshida, M. (2008). 14-3-3 regulates 
the nuclear import of class IIa histone deacetylases. Biochem Biophys Res Commun, 377(3), 852-856. 
http://doi.org/10.1016/j.bbrc.2008.10.079. 

55. Panama, B. K., Latour-Villamil, D., Farman, G. P., Zhao, D., Bolz, S. S., Kirshenbaum, L. A., & Backx, P. H. 
(2011). Nuclear factor kappaB downregulates the transient outward potassium current I(to,f) through 
control of KChIP2 expression. Circ Res, 108(5), 537-543. http://doi.org/10.1161/circresaha.110.229112. 

56. Pang, J., Yan, C., Natarajan, K., Cavet, M. E., Massett, M. P., Yin, G., & Berk, B. C. (2008). GIT1 mediates 
HDAC5 activation by angiotensin II in vascular smooth muscle cells. Arterioscler Thromb Vasc Biol, 28(5), 
892-898. http://doi.org/10.1161/atvbaha.107.161349. PMCID: PMC2735338. 

57. Patel, R., Holt, M., Philipova, R., Moss, S., Schulman, H., Hidaka, H., & Whitaker, M. (1999). 
Calcium/calmodulin-dependent phosphorylation and activation of human Cdc25-C at the G2/M phase 
transition in HeLa cells. J Biol Chem, 274(12), 7958-7968. http://doi.org/10.1074/jbc.274.12.7958. 

58. Peng, W., Zhang, Y., Zheng, M., Cheng, H., Zhu, W., Cao, C. M., & Xiao, R. P. (2010). Cardioprotection by 
CaMKII-deltaB is mediated by phosphorylation of heat shock factor 1 and subsequent expression of 
inducible heat shock protein 70. Circ Res, 106(1), 102-110. http://doi.org/10.1161/circresaha.109.210914. 
PMCID: PMC2815328. 

59. Potthoff, M. J., Wu, H., Arnold, M. A., Shelton, J. M., Backs, J., McAnally, J., Richardson, J. A., Bassel-Duby, 
R., & Olson, E. N. (2007). Histone deacetylase degradation and MEF2 activation promote the formation of 
slow-twitch myofibers. J Clin Invest, 117(9), 2459-2467. http://doi.org/10.1172/jci31960. PMCID: 
PMC1957540. 

60. Proietti Onori, M., Koopal, B., Everman, D. B., Worthington, J. D., Jones, J. R., Ploeg, M. A., Mientjes, E., 
van Bon, B. W., Kleefstra, T., Schulman, H., Kushner, S. A., Küry, S., Elgersma, Y., & van Woerden, G. M. 
(2018). The intellectual disability-associated CAMK2G p.Arg292Pro mutation acts as a pathogenic gain-of-
function. Hum Mutat, 39(12), 2008-2024. http://doi.org/10.1002/humu.23647. PMCID: PMC6240363. 

61. Quijada, P., Hariharan, N., Cubillo, J. D., Bala, K. M., Emathinger, J. M., Wang, B. J., Ormachea, L., Bers, D. 
M., Sussman, M. A., & Poizat, C. (2015). Nuclear Calcium/Calmodulin-dependent Protein Kinase II 
Signaling Enhances Cardiac Progenitor Cell Survival and Cardiac Lineage Commitment. J Biol Chem, 
290(42), 25411-25426. http://doi.org/10.1074/jbc.M115.657775. PMCID: PMC4646189. 

62. Rasmussen, G., & Rasmussen, C. (1995). Calmodulin-dependent protein kinase II is required for G1/S 
progression in HeLa cells. Biochem Cell Biol, 73(3-4), 201-207. http://doi.org/10.1139/o95-024. 

63. Reber, S., Over, S., Kronja, I., & Gruss, O. J. (2008). CaM kinase II initiates meiotic spindle depolymerization 
independently of APC/C activation. J Cell Biol, 183(6), 1007-1017. http://doi.org/10.1083/jcb.200807006. 
PMCID: PMC2600749. 

64. Reyes Gaido, O. E., Pavlaki, N., Granger, J. M., Mesubi, O. O., Liu, B., Lin, B. L., Long, A., Walker, D., 
Mayourian, J., Schole, K. L., Terrillion, C. E., Nkashama, L. J., Hulsurkar, M. M., Dorn, L. E., Ferrero, K. M., 
Huganir, R. L., Müller, F. U., Wehrens, X. H. T., Liu, J. O., Luczak, E. D....Anderson, M. E. (2023). An 
improved reporter identifies ruxolitinib as a potent and cardioprotective CaMKII inhibitor. Sci Transl Med, 
15(701), eabq7839. http://doi.org/10.1126/scitranslmed.abq7839. PMCID: PMC11022683. 

65. Roberts-Craig, F. T., Worthington, L. P., O'Hara, S. P., Erickson, J. R., Heather, A. K., & Ashley, Z. (2022). 
CaMKII Splice Variants in Vascular Smooth Muscle Cells: The Next Step or Redundancy? Int J Mol Sci, 
23(14). http://doi.org/10.3390/ijms23147916. PMCID: PMC9318135. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2025 doi:10.20944/preprints202510.0599.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0599.v1
http://creativecommons.org/licenses/by/4.0/


 21 of 22 

 

66. Robison, A. J. (2014). Emerging role of CaMKII in neuropsychiatric disease. Trends Neurosci, 37(11), 653-
662. http://doi.org/10.1016/j.tins.2014.07.001. 

67. Rodriguez-Mora, O. G., Lahair, M. M., Evans, M. J., Kovacs, C. J., Allison, R. R., Sibata, C. H., White, K. S., 
McCubrey, J. A., & Franklin, R. A. (2006). Inhibition of the CaM-kinases augments cell death in response to 
oxygen radicals and oxygen radical inducing cancer therapies in MCF-7 human breast cancer cells. Cancer 
Biol Ther, 5(8), 1022-1030. http://doi.org/10.4161/cbt.5.8.2910. 

68. Rostas, J. A. P., & Skelding, K. A. (2023). Calcium/Calmodulin-Stimulated Protein Kinase II (CaMKII): 
Different Functional Outcomes from Activation, Depending on the Cellular Microenvironment. Cells, 12(3). 
http://doi.org/10.3390/cells12030401. PMCID: PMC9913510. 

69. Saldivar-Cerón, H. I., Villamar-Cruz, O., Wells, C. M., Oguz, I., Spaggiari, F., Chernoff, J., Patiño-López, G., 
Huerta-Yepez, S., Montecillo-Aguado, M., Rivera-Pazos, C. M., Loza-Mejía, M. A., Vivar-Sierra, A., 
Briseño-Díaz, P., Zentella-Dehesa, A., Leon-Del-Rio, A., López-Saavedra, A., Padierna-Mota, L., Ibarra-
Sánchez, M. J., Esparza-López, J., Hernández-Rivas, R....Arias-Romero, L. E. (2021). p21-Activated Kinase 
1 Promotes Breast Tumorigenesis via Phosphorylation and Activation of the Calcium/Calmodulin-
Dependent Protein Kinase II. Front Cell Dev Biol, 9, 759259. http://doi.org/10.3389/fcell.2021.759259. PMCID: 
PMC8802317. 

70. Shioda, N., & Fukunaga, K. (2017). Physiological and Pathological Roles of CaMKII-PP1 Signaling in the 
Brain. Int J Mol Sci, 19(1). http://doi.org/10.3390/ijms19010020. PMCID: PMC5795971. 

71. Shioda, N., Sawai, M., Ishizuka, Y., Shirao, T., & Fukunaga, K. (2015). Nuclear Translocation of 
Calcium/Calmodulin-dependent Protein Kinase IIδ3 Promoted by Protein Phosphatase-1 Enhances Brain-
derived Neurotrophic Factor Expression in Dopaminergic Neurons. J Biol Chem, 290(35), 21663-21675. 
http://doi.org/10.1074/jbc.M115.664920. PMCID: PMC4571889. 

72. Singer, H. A., Benscoter, H. A., & Schworer, C. M. (1997). Novel Ca2+/calmodulin-dependent protein kinase 
II gamma-subunit variants expressed in vascular smooth muscle, brain, and cardiomyocytes. J Biol Chem, 
272(14), 9393-9400. http://doi.org/10.1074/jbc.272.14.9393. 

73. Srinivasan, M., Edman, C. F., & Schulman, H. (1994). Alternative splicing introduces a nuclear localization 
signal that targets multifunctional CaM kinase to the nucleus. J Cell Biol, 126(4), 839-852. 
http://doi.org/10.1083/jcb.126.4.839. PMCID: PMC2120112. 

74. Strack, S., McNeill, R. B., & Colbran, R. J. (2000). Mechanism and regulation of calcium/calmodulin-
dependent protein kinase II targeting to the NR2B subunit of the N-methyl-D-aspartate receptor. J Biol 
Chem, 275(31), 23798-23806. http://doi.org/10.1074/jbc.M001471200. 

75. Tamargo, I. A., Baek, K. I., Kim, Y., Park, C., & Jo, H. (2023). Flow-induced reprogramming of endothelial 
cells in atherosclerosis. Nat Rev Cardiol, 20(11), 738-753. http://doi.org/10.1038/s41569-023-00883-1. PMCID: 
PMC10206587. 

76. Thiagarajan, T. C., Piedras-Renteria, E. S., & Tsien, R. W. (2002). &#x3b1;- and &#x3b2;CaMKII: Inverse 
Regulation by Neuronal Activity and Opposing Effects on Synaptic Strength. Neuron, 36(6), 1103-1114. 
http://doi.org/10.1016/S0896-6273(02)01049-8. 

77. Toko, H., Takahashi, H., Kayama, Y., Oka, T., Minamino, T., Okada, S., Morimoto, S., Zhan, D. Y., Terasaki, 
F., Anderson, M. E., Inoue, M., Yao, A., Nagai, R., Kitaura, Y., Sasaguri, T., & Komuro, I. (2010). 
Ca2+/calmodulin-dependent kinase IIdelta causes heart failure by accumulation of p53 in dilated 
cardiomyopathy. Circulation, 122(9), 891-899. http://doi.org/10.1161/circulationaha.109.935296. PMCID: 
PMC3226824. 

78. Uchinoumi, H., Yang, Y., Oda, T., Li, N., Alsina, K. M., Puglisi, J. L., Chen-Izu, Y., Cornea, R. L., Wehrens, 
X. H. T., & Bers, D. M. (2016). CaMKII-dependent phosphorylation of RyR2 promotes targetable 
pathological RyR2 conformational shift. J Mol Cell Cardiol, 98, 62-72. 
http://doi.org/10.1016/j.yjmcc.2016.06.007. PMCID: PMC5026590. 

79. Wang, S., Li, X., Parra, M., Verdin, E., Bassel-Duby, R., & Olson, E. N. (2008). Control of endothelial cell 
proliferation and migration by VEGF signaling to histone deacetylase 7. Proc Natl Acad Sci U S A, 105(22), 
7738-7743. http://doi.org/10.1073/pnas.0802857105. PMCID: PMC2409381. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2025 doi:10.20944/preprints202510.0599.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0599.v1
http://creativecommons.org/licenses/by/4.0/


 22 of 22 

 

80. Wang, W., Ha, C. H., Jhun, B. S., Wong, C., Jain, M. K., & Jin, Z. G. (2010). Fluid shear stress stimulates 
phosphorylation-dependent nuclear export of HDAC5 and mediates expression of KLF2 and eNOS. Blood, 
115(14), 2971-2979. http://doi.org/10.1182/blood-2009-05-224824. PMCID: PMC2854437. 

81. Wang, X., Zhang, C., Szábo, G., & Sun, Q. Q. (2013). Distribution of CaMKIIα expression in the brain in 
vivo, studied by CaMKIIα-GFP mice. Brain Res, 1518, 9-25. http://doi.org/10.1016/j.brainres.2013.04.042. 
PMCID: PMC3747672. 

82. Wang, Y. Y., Zhao, R., & Zhe, H. (2015). The emerging role of CaMKII in cancer. Oncotarget, 6(14), 11725-
11734. http://doi.org/10.18632/oncotarget.3955. PMCID: PMC4494900. 

83. Wayman, G. A., Tokumitsu, H., Davare, M. A., & Soderling, T. R. (2011). Analysis of CaM-kinase signaling 
in cells. Cell Calcium, 50(1), 1-8. http://doi.org/10.1016/j.ceca.2011.02.007. PMCID: PMC3236032. 

84. Xu, X., Yang, D., Ding, J. H., Wang, W., Chu, P. H., Dalton, N. D., Wang, H. Y., Bermingham, J. R., Jr., Ye, 
Z., Liu, F., Rosenfeld, M. G., Manley, J. L., Ross, J., Jr., Chen, J., Xiao, R. P., Cheng, H., & Fu, X. D. (2005). 
ASF/SF2-regulated CaMKIIdelta alternative splicing temporally reprograms excitation-contraction 
coupling in cardiac muscle. Cell, 120(1), 59-72. http://doi.org/10.1016/j.cell.2004.11.036. 

85. Yang, L., Wu, B., Wu, Z., Xu, Y., Wang, P., Li, M., Xu, R., & Liang, Y. (2020). CAMKIIγ is a targetable driver 
of multiple myeloma through CaMKIIγ/ Stat3 axis. Aging (Albany NY), 12(13), 13668-13683. 
http://doi.org/10.18632/aging.103490. PMCID: PMC7377902. 

86. Yao, Y., Li, F., Zhang, M., Jin, L., Xie, P., Liu, D., Zhang, J., Hu, X., Lv, F., Shang, H., Zheng, W., Sun, X., 
Duanmu, J., Wu, F., Lan, F., Xiao, R. P., & Zhang, Y. (2022). Targeting CaMKII-δ9 Ameliorates Cardiac 
Ischemia/Reperfusion Injury by Inhibiting Myocardial Inflammation. Circ Res, 130(6), 887-903. 
http://doi.org/10.1161/circresaha.121.319478. 

87. Yasuda, R., Hayashi, Y., & Hell, J. W. (2022). CaMKII: a central molecular organizer of synaptic plasticity, 
learning and memory. Nature Reviews Neuroscience, 23(11), 666-682. http://doi.org/10.1038/s41583-022-
00624-2. 

88. Yuan, K., Chung, L. W., Siegal, G. P., & Zayzafoon, M. (2007). alpha-CaMKII controls the growth of human 
osteosarcoma by regulating cell cycle progression. Lab Invest, 87(9), 938-950. 
http://doi.org/10.1038/labinvest.3700658. PMCID: PMC2732110. 

89. Zalcman, G., Federman, N., & Romano, A. (2018). CaMKII Isoforms in Learning and Memory: Localization 
and Function. Front Mol Neurosci, 11, 445. http://doi.org/10.3389/fnmol.2018.00445. PMCID: PMC6288437. 

90. Zhang, T., Johnson, E. N., Gu, Y., Morissette, M. R., Sah, V. P., Gigena, M. S., Belke, D. D., Dillmann, W. H., 
Rogers, T. B., Schulman, H., Ross, J., Jr., & Brown, J. H. (2002). The cardiac-specific nuclear delta(B) isoform 
of Ca2+/calmodulin-dependent protein kinase II induces hypertrophy and dilated cardiomyopathy 
associated with increased protein phosphatase 2A activity. J Biol Chem, 277(2), 1261-1267. 
http://doi.org/10.1074/jbc.M108525200. 

91. Zhao, X., Sternsdorf, T., Bolger, T. A., Evans, R. M., & Yao, T. P. (2005). Regulation of MEF2 by histone 
deacetylase 4- and SIRT1 deacetylase-mediated lysine modifications. Mol Cell Biol, 25(19), 8456-8464. 
http://doi.org/10.1128/mcb.25.19.8456-8464.2005. PMCID: PMC1265742. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2025 doi:10.20944/preprints202510.0599.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0599.v1
http://creativecommons.org/licenses/by/4.0/

