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 Alpha Protein Kinase 3 (ALPK3) is an alpha kinase highly expressed in skeletal and 

cardiac muscles. Recent studies reveal that the biallelic truncating mutations in ALPK3 are 

associated with pediatric cardiomyopathy in human patients, suggesting that ALPK3 plays an 

essential role in cardiac development and function. However, no in vivo studies have elucidated 



 xi 

the cardiac function of ALPK3; the subcellular localization of ALPK3 in cardiomyocyte is 

unknown, and whether the putative kinase activity is essential for the function of ALPK3 remains 

to be investigated. Utilizing ALPK3 global and cardiac specific knock out mouse models, we 

show that both the global and cardiac specific loss of ALPK3 leads to progressive dilated 

cardiomyopathy and premature lethality in mice. To investigate whether the putative kinase 

activity of ALPK3 is essential for its cardiac function, we mutate the invariant catalytic lysine 

residue in the alpha kinase domain of ALPK3 in mice and show that mice harboring the 

homozygous lysine mutation do not develop cardiac defects. Our in vitro and in vivo data further 

indicate that ALPK3 localizes in the nucleus of cardiomyocyte. In summary, our present study 

suggests that ALPK3 is a nucleus-localized protein indispensable for cardiac development and 

function, and that ALPK3 functions by protein-protein interactions independently of its putative 

kinase activity in heart.    
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INTRODUCTION 

Introduction 

Heart disease is the number one cause of death in the United States (Kochanek et al., 

2020). The economic burden of heart disease, including direct medical expenses and indirect 

loss in productivity, was 219.6 billion dollars in the United States in 2017, making heart disease 

the fourth most costly medical condition (Virani et al., 2021). Cardiomyopathies are a group of 

heart diseases in which myocardium exhibits mechanical and/or electrical dysfunction (Maron et 

al., 2006). Cardiomyopathies are frequently caused by genetic factors and usually have the 

structural representations of inappropriate ventricular hypertrophy or dilation (Maron et al., 

2006). In hypertrophic cardiomyopathy (HCM), left ventricle becomes hypertrophic in the 

absence of another cardiac disease or systemic condition that could account for the degree of 

hypertrophy (Goldman and Schafer, 2015). In dilated cardiomyopathy (DCM), the left ventricle 

or both ventricles exhibits enlargement and systolic dysfunction in the absence of coronary 

artery disease, valvular abnormalities, or pericardial disease (Goldman and Schafer, 2015). 

DCM is usually irreversible and the most common cause of heart failure (Maron et al., 2006). In 

addition to the adult population, DCM is also the most common form of cardiomyopathy 

diagnosed in children, accounting for up to 58% of the pediatric cardiomyopathy cases 

(Braunwald and Marian, 2017; Maron et al., 2006). Pediatric cardiomyopathy frequently 

necessitates heart transplant in children (Braunwald and Marian, 2017; Brieler et al., 2017), 

which is challenging due to an increasing number on the waitlist for heart transplant (Braunwald 

and Marian, 2017). Thus, understanding the mechanisms underlying pediatric DCM is 

imperative for developing effective therapeutics to alleviate its associated mortality.   

Physiological homeostasis is regulated by a variety of mechanisms, a major one of 

which is the reversible phosphorylation by kinases and dephosphorylation by phosphatases of 

proteins (Middelbeek et al., 2010). Protein kinases function either via their phospho-transferase 

activity, or by interacting with different protein partners in the case of pseudokinases, which lack 

phospho-transferase activity (Boudeau et al., 2006). Based on the amino acid sequence 
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similarity in their catalytic core domains, protein kinases can be classified into conventional 

protein kinases (CPKs), which share similar sequences in their catalytic domain and are 

identified first historically, and atypical protein kinases (APKs), which do not share the same 

catalytic core sequence as CPKs and are discovered later (Middelbeek et al., 2010). Despite 

their little sequence similarity, APKs resemble some of the characteristic secondary protein 

structures in the catalytic core of CPKs (Middelbeek et al., 2010; Scheeff, Eric D. and Bourne, 

Philip E, 2005). Nonetheless, since APKs are presented alongside with CPKs in prokaryotes 

and eukaryotes, it has been proposed that APKs play a unique regulatory role in cells instead of 

simply being a duplication of CPKs (Middelbeek et al., 2010). The roles of APKs are further 

implicated by their associations with human diseases, such as Atypical Protein Kinase C 

(aPKC) in neurodegenerative disease (Shao et al., 2006), Eukaryotic Elongation Factor 2 

Kinase (eEF2K) in lung cancer (Bircan et al., 2018), and recently, Alpha Protein Kinase 3 

(ALPK3) in heart disease (Almomani et al., 2016). The associations between APKs and human 

diseases suggest that APKs are indispensable for physiological homeostasis.  

While the APK superfamily is present in both prokaryotes and eukaryotes, the alpha 

protein kinase family, a unique sub-family of APKs distinguished by their shared alpha kinase 

domain, is only present in eukaryotes, including vertebrates and invertebrates (Middelbeek et 

al., 2010). Hence, alpha kinases have been suggested to provide a novel regulatory mechanism 

in complex eukaryotic organisms (Middelbeek et al., 2010; Scheeff, Eric D. and Bourne, Philip 

E, 2005). In human, six alpha kinases have been identified, including Eukaryotic Elongation 

Factor 2 Kinase (eEF2K), Transient Receptor Potential cation channel subfamily M member 6 

(TRPM6), Transient Receptor Potential cation channel subfamily M member 7 (TRPM7), Alpha 

Protein Kinase 1(ALPK1), or lymphocyte alpha protein kinase, Alpha Protein Kinase 2 (ALPK2), 

or heart alpha protein kinase, and Alpha Protein Kinase 3 (ALPK3), or muscle alpha protein 

kinase (Middelbeek et al., 2010). Alpha protein kinases play diverse cellular and physiological 

roles, including regulation on global protein synthesis by eEF2K (Horman et al., 2002), ion 
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transport and homeostasis by TRPM6 and TRPM7 (Schlingmann et al., 2007), and innate 

immune response by ALPK1 (Zhou et al., 2018). The diverse functions of alpha kinases 

implicate their regulatory roles in higher vertebrate organisms and in human health. 

Among the six alpha kinases in human, ALPK2 and ALPK3 have their highest 

expressions in heart (Fagerberg et al., 2014), yet the functional studies on them have been 

limited. Our previous study revealed that mice with global loss of ALPK2 developed normally 

and did not have cardiac defects, suggesting that ALPK2 is dispensable for cardiac function 

under normal physiological condition (i.e. without challenges such as pressure overload in 

heart) (Bogomolovas et al., 2020); no genetic mutations in ALPK2 have been reported to be 

associated with heart diseases in human either. Interestingly, ALPK3, which shares structural 

similarities with ALPK2 (Middelbeek et al., 2010), has recently been reported to be associated 

with pediatric cardiomyopathy extensively. Biallelic truncating mutations in ALPK3 have been 

identified as the genetic causes of various cases of pediatric dilated cardiomyopathy; most of 

those patients developed DCM and either died in their childhood or underwent heart transplants 

(Almomani et al., 2016; Çağlayan et al., 2017; Herkert et al., 2020; Jaouadi et al., 2018). Due to 

the implication of ALPK3 in pediatric cardiomyopathy, investigating the cardiac specific function 

of ALPK3 is significant to the development of therapeutic treatments for ALPK3 associated 

pediatric cardiomyopathy and will provide mechanistic insights into cardiomyopathy in general. 

A previous study suggests that ALPK3 localizes in the nucleus of COS cell, a transformed 

monkey epithelial cell line (Gluzman, 1981), and that ALPK3 might play a role in gene regulation 

(Hosoda et al., 2001). However, whether ALPK3 localizes in the nucleus of cardiomyocyte 

remains to be verified, and the potential genes whose expressions are regulated by ALPK3 in 

cardiomyocyte have yet to be identified. Additionally, while ALPK3 contains an alpha kinase 

domain at its extreme C terminal (Middelbeek et al., 2010), whether ALPK3 functions via its 

putative kinase activity is unknown.  
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Using genetically engineered mouse models along with physiological, biochemical, and 

molecular biology approaches, our present study aims to investigate the in vivo role of ALPK3 in 

cardiac development and function. Our data suggest that ALPK3 is a nucleus-localized protein 

essential for cardiac development and function, and that the global and cardiac specific loss of 

ALPK3 leads to progressive dilated cardiomyopathy. Our study further suggests that ALPK3 

functions by interacting with proteins essential for cardiac function, independently of its putative 

kinase activity in its alpha kinase domain.  
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METHODS AND MATERIALS 

Methods and Materials 

Animal study approval 

All animal studies were performed in accordance with the Guide for the Care and Use of 

Laboratory Animals, published by the National Academies Press (US), 2011, 8th Edition, and 

according to protocols approved by the Institutional Animal Care and Use Committee at the 

University of California San Diego. 

 

Mice 

Mice with Alpk3 exon 3 flanked by LoxP sites (EMMA:09571) were purchased from the 

International Knockout Mouse Consortium. Those mice were then crossed with flippase deleter 

mice (Rodríguez et al., 2000) to remove the LacZ and Neo cassettes. To generate ALPK3 

global knock out (gKO) mice, Alpk3 exon 3
floxed/floxed 

(Alpk3
f/f
) mice were first crossed with Sox2-

Cre global deleter mice (Hayashi et al., 2002) to generate ALPK3 heterozygous mice (+/-). 

Heterozygous mice were further subjected to crossbreeding to generate -/- (gKO) mice or +/+ 

control littermates (Ctrl) (Figure 1a). To generate ALPK3 cardiac specific conditional knock out 

(cKO) mice, Alpk3
f/f 

mice were first crossed with aMHC-Cre transgenic mice (Agah et al., 1997) 

to generate Alpk3
f/+

; aMHC-Cre mice. Alpk3
f/+

; aMHC-Cre mice were further crossed with 

Alpk3
f/f
 mice to generate Alpk3

f/f
; aMHC-Cre (cKO) or Alpk3

f/f
 control littermates (Ctrl). 

Genotypes of gKO mice were analyzed by polymerase chain reaction (PCR) with a pair of KO 

allele specific primers and a pair of wildtype specific primer. cKO mice were analyzed PCR 

using a pair of LoxP primers and a pair of aMHC-Cre primers. ALPK3 lysine 1420 to arginine 

(K1420R) mutation knock in mice were generated by CRISPR-Cas9 genome editing system 

(Figure 3b). Cas9 enzyme, crRNA, tracrRNA, and an HDR template carrying an AGG codon 

encoding for arginine at ALPK3 p.1420 position were mixed and then microinjected into the 

pronuclei of mouse zygotes at UCSD Transgenic Core. The zygotes were then inoculated in a 
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surrogate mouse. K1420R knock in mouse founders were validated by PCR analysis using a 

pair of mutation specific primers and by sequencing. Male K1420R knock-in mice were bred 

with female C57B/6 mice to generate germline-transmittable K1420R knock in mice. ALPK3-

3xFLAG knock-in mice were generated similarly by CRISPR-Cas9 genome editing system, with 

an HDR template carrying a 3xFLAG cassette. 

 

Echocardiography 

The detailed protocol was described in the lab’s previous publication (Liu et al., 2019). 

Briefly, mice were anesthetized with 5% isoflurane for 15 seconds and maintained at 0.5% 

isoflurane for the duration of the study. Echocardiography was performed by VisualSonics, 

SonoSite FUJIFILM, Vevo 2100 ultrasound system with a linear transducer 32-55MHz. Left 

ventricle internal dimension at end-diastole (LVIDd) and left ventricle internal dimension at end-

systole (LVIDs) were measured using M-mode tracing. Fraction shortening (FS) or ejection 

fraction (EF) measurements were used as an indicator for cardiac contractile function. 

 

Western blotting 

Western blotting was performed as described in the lab’s previous publications (Mu et 

al., 2020) with modifications. For tissue protein extraction, mice were first sacrificed, and their 

tissues were harvested. The tissues were lysed in ice cold RIPA buffer (25 mM Tris•HCl pH 7.6, 

150 mM sodium chloride, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate) 

with a protease inhibitor cocktail (cOmplete™, Millipore Sigma). For protein extraction from 

cells, 100µL of ice cold RIPA buffer was added to each 35mm cell culture dish. Cells were 

incubated with RIPA buffer on ice for 5 min, and the protein lysate was collected and transferred 

to a 1.7mL Eppendorf tube. The protein concentration of the lysates was measured using a BCA 

protein quantification assay (Pierce™, Thermo Fisher) for loading adjustment. LDS sample 

buffer (NuPAGE™, Thermo Fisher) was added to protein lysates, and the lysates were 
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subjected to SDS-PAGE electrophoresis using 4-12% Bis-Tris gels (Bolt™, Thermo Fisher) in 

MOPS-SDS or MES-SDS running buffer according to the manufacturer’s recommended 

protocols and then transferred to a PVDF membrane at 4°C overnight with 30V direct current. 

The blots were then blocked in PBS with 5% dry milk at room temperature for 1 hour and 

incubated with primary antibodies at 4°C overnight. The blots were washed with PBS with 0.1% 

Triton X-100 (PBST) and incubated with HRP-conjugated secondary antibodies at room 

temperature for 1 hour. After a final wash with PBST, proteins of interest were visualized by the 

addition of Clarity Western ECL Substrate™ (Bio-Rad). Image capture was performed using a 

ChemiDoc™ Imaging System (Bio-Rad). 

 

Histology 

Histology study was performed as described previously (Mu et al., 2020). Briefly, mouse 

hearts were dissected out at indicated stages, fixed in 4% paraformaldehyde in PBS, and 

dehydrated through 50%-100% ethanol. The mouse hearts were then embedded in paraffin and 

cut into 8µm thin sections by a microtome. Slides were then stained by Hematoxylin & Eosin 

stain and scanned by a NanoZoomer 2.0HT Slide Scanning System (Hamamatsu). 

 

Quantitative real time polymerase chain reaction (qRT-PCR) 

qRT-PCR analysis was performed according to the lab’s previous publications (Fang et 

al., 2017; Wu et al., 2017) with modifications. Briefly, total RNA from tissues was isolated using 

TRIzol™ reagent (Invitrogen™, Thermo Fisher) according to the manufacturer’s recommended 

protocol. The concentration of RNA was measured using a NanoDrop™ 2000 

spectrophotometer (Thermo Fisher). cDNA was then synthesized from 2 µg total RNA using a 

High Capacity cDNA Reverse Transcription Kit. Real-time PCR was performed with iTaq™ 

Universal SYBR® Green Supermix (Bio-Rad) using an iCycler real-time PCR detection system 
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(IQ5, Bio-Rad). Gene expression was represented as the ΔCT value normalized to the reference 

gene Gapdh. The ΔΔCT value for each target gene was then calculated by subtracting the 

average ΔCT from the control group. Finally, the n-fold difference was calculated using 2
−ΔΔCT

 

method. Data were collected and analyzed in triplicate. 

 

In silico prediction of nuclear localization signals 

In silico prediction of ALPK3 nuclear localization signals was performed on SeqNLS web 

interface (http://mleg.cse.sc.edu/seqNLS/) using the default parameters.  

 

GFP-ALPK3 plasmid construction 

The strategy of molecular cloning and mutagenesis was described previously (Liu et al., 

2019). The cDNA of mouse APLK3 (Cat: MR218500) was purchased from Origene (Rockville, 

MD). cDNA of ALPK3 full-length and truncations were produced by PCR and cloned into 

pCMV6-AN-mGFP (Origene) for mammalian expression studies. 

 

Cell culture and transfection 

H9C2 cells were plated on a 10cm tissue culture dish coated with 0.2% gelatin. Cells 

were cultured by Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal bovine serum 

(FBS) at 37°C with 5% CO2. Cells were passaged and seeded on a 35mm confocal dish coated 

with 0.2% gelatin at 50% confluence before transfection. Transfection was performed with a 

Lipofectamine™ 3000 kit (Thermo Fisher) according to the manufacturer’s recommendation. 

Briefly, 1µg of plasmid was mixed with Lipofectamine™ 3000 transfection reagent, incubated at 

room temperature for 15 min, and added to the cells in 35mm confocal dish. Cells were 

incubated at 37°C with 5% CO2 for 24 hrs before imaging. 
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Fluorescent microscopy 

Fluorescent microscopic images were acquired by an Echo Revolve microscope. 

 

FLAG co-immunoprecipitation (co-IP) 

30mg of cardiac tissue was lysed in RIPA buffer (25 mM Tris•HCl pH 7.6, 150 mM 

sodium chloride, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate) with a 1mg 

tissue to 20µL ratio. The lysate was cleared by centrifugation, and the supernatant was 

incubated with anti-FLAG
®
 M2 beads (Sigma) for 1hr at 4°C. After 1hr, the beads were washed 

with RIPA buffer for 5 min x 3 times at 4°C. After washing, the beads were proceeded to mass 

spectrometry for the identification of precipitated peptides, or the beads-bound peptides were 

eluted by 2X Laemmli buffer (Bio-Rad) by boiling at 70°C for 3 min for downstream Western blot 

analysis. 

 

Mass spectrometry and statistical filtering 

Mass spectrometry was used to identify the immunoprecipitated peptides from FLAG co-

IP. To be considered as significantly enriched, a specific peptide needed to be present or 

absent in both homozygous ALPK3-3xFLAG samples, with a fold enrichment in ALPK3-3xFLAG 

samples above 2. Mass spectrometry was performed by Sanford Burnham Prebys Proteomics 

Shared Resource. 

 

Gene ontology analysis 

Gene ontology analysis on biological function was performed on the Gene Ontology 

Resource web interface (http://geneontology.org). Parameters: analysis type = PANTHER 

Overrepresentation Test (Released 20200728), GO database DOI = 10.5281/zenodo.4081749 
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(release: 2020-10-09), reference list = Mus musculus, test type = FISHER, correction = FDR. 

 

Cardiac tissue subcellular fractionation 

Tissue subcellular fraction was performed using a Subcellular Protein Fractionation Kit 

for Tissues (Thermo fisher) according to the manufacturer’s protocol. Briefly, 50mg to 100mg of 

mouse heart tissue was homogenized by cytoplasmic extraction buffer (CEB) for the extraction 

of cytoplasmic proteins. The remaining pellet portion after CEB extraction was subsequently 

extracted by membrane extraction buffer (MEB), nuclear extraction buffer (NEB), micrococcal 

nuclease, and pellet extraction buffer (PEP) for the selective extractions of membrane bound 

proteins, nuclear proteins, chromatin bound proteins, and cytoskeletal proteins. Each extract 

was then analyzed by western blot. 

 

Statistical analysis 

Power analysis software suite G*Power was used to estimate the minimum number of 

biological replicates required to achieve a statistical power of >0.8 at alpha <0.05. Unless 

indicated otherwise, all data from the project were analyzed by Student’s t-test or analysis of 

variance followed by Tuckey’s post-hoc test for multiple comparisons using Graphpad Prism 8 

software (San Diego, CA) or R (www.r-project.org). Differences were significant when p <0.05. 

Statistical data visualization and graphing were performed using Graphpad Prism 8 or R. 
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RESULTS 

Results  

ALPK3 global knockout mice exhibited premature lethality and dilated cardiomyopathy  

To investigate whether the global ablation of ALPK3 resembled the cardiac defects 

observed in human patients with biallelic truncating mutations in ALPK3, we first generated 

ALPK3 global knockout mice (gKO) by crossing ALPK3 floxed mice with Sox2-Cre global 

deleter mice (Hayashi et al., 2002) (Method—Mice & Figure 1a). Since no available antibodies 

were able to detect the endogenous ALPK3 protein in mice, qRT-PCR analysis was performed 

on the total RNA extracted from gKO mice and their control littermates to assess their mRNA 

levels of Alpk3. gKO hearts had a 90% reduction in Alpk3 mRNA level compared to Ctrl hearts, 

indicating the efficient ablation of ALPK3 expression in gKO mouse hearts (Figure 1b). Kaplan-

Meier survival analysis showed that 50% of gKO mice died within 10 days after birth, and 75% 

of gKO mice died within 1 month after birth (Figure 1c), indicating that gKO mice exhibited 

premature lethality. To characterize the cardiac phenotypes of gKO mice, we performed 

histology studies and echocardiographic studies at postnatal day 3 (P3) and postnatal day 10 

(P10), a period corresponding to the steepest drop in gKO mouse survival (Figure 1c). The 

histology studies revealed that gKO hearts had a comparable morphology to Ctrl hearts at P3 

but a markedly enlarged left ventricle at P10 (Figure 1d). Echocardiographic studies further 

showed that gKO mice had a significantly increased left ventricular size, as indicated by their 

increased left ventricle internal dimensions at end diastole (LVIDd) and at end systole (LVIDs) 

(Figure 1e-f), as well as a significantly decreased cardiac contractile function, as indicated by 

their percent fraction shortening (FS), at P10 (Figure 1g). Together, those data indicated that 

global loss of ALPK3 led to early onset and progressive dilated cardiomyopathy in mice, and 

that ALPK3 gKO mice recapitulated the DCM symptoms in human patients with ALPK3 biallelic 

truncating mutations. 
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Figure 1. Global loss of ALPK3 led to premature lethality and dilated cardiomyopathy in 
mice. (a) Strategy for generating ALPK3 global knockout (gKO) mice. ALPK3 floxed mice were 

first crossed with global deleter Sox2-Cre mice to generate ALPK3 heterozygous mice (+/-). 

ALPK3 heterozygous mice were then inter crossed, generating ALPK3 global knock out (-/-, 

gKO) and control littermates (+/+, Ctrl). (b) qRT-PCR measurement of Alpk3 mRNA levels in 

Ctrl (n=8) and gKO (n=5) mouse hearts. mRNA levels were normalized to Gapdh. **, p < 0.01 

by Student’s t-test. (c) Kaplan-Meier survival analysis of Ctrl and ALPK3 gKO mice. (d) H&E 

staining of Ctrl and ALPK3 gKO heart sections at postnatal day 3 (P3) and postnatal day 10 

(P10). Scale bar, 1mm. (e)-(g) Echocardiography measurements of left ventricular internal 

diameter at (e) end-diastole (LVIDd), (f) end-systole (LVIDs), and (g) left ventricular (LV) 

systolic function (% of fractional shortening, FS) in Ctrl (blue, n=10) and gKO (red, n=5-10) mice 

at P3 and P10 time points. NS, not statistically significant; **, p < 0.01 by Student’s t-test. 
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Cardiac specific loss of ALPK3 led to dilated cardiomyopathy in mice 

To exclude the possibility that the DCM phenotypes observed in ALPK3 gKO mice were 

a secondary effect of the loss of ALPK3 in non-cardiac tissues, we next crossed ALPK3 floxed 

mice with aMHC-Cre transgenic mice (Agah et al., 1997), which have Cre recombinase 

specifically expressed in cardiac tissue, to generate ALPK3 cardiac specific conditional 

knockout (Alpk3
fl/fl

; aMHC-Cre+, cKO) mice (Method—Mice & Figure 2a). qRT-PCR analysis 

revealed that cKO hearts had a near 90% reduction in Alpk3 mRNA level compared to the 

control hearts (Alpk3
fl/fl

, Ctrl) (Figure 2b), indicating the successful ablation of ALPK3 expression 

in cKO hearts. Consistent with the observations in ALPK3 gKO mice, cKO mice exhibited 

premature lethality. cKO mice started to die at postnatal day 18 (P18), and about 50% cKO mice 

died within 2 months after birth (Figure 2c). To examine whether cKO mice exhibited cardiac 

defects, we performed histology studies to assess their cardiac morphology at postnatal day 2 

(P2), a time point just after birth, and postnatal day 21 (P21), a time point at which cKO just 

started to die. Similar to the observations in gKO mice, cKO mice had a markedly enlarged left 

ventricle at P21 but a normal left ventricle morphology at P2 (Figure 2d). To further assess the 

heart dimension and function of cKO mice quantitatively, we performed echocardiographic 

studies at 2-week, 4-week, 6-week, and 8-week of age, a period corresponding to the steepest 

decrease in cKO survival rate (Figure 2c). The left ventricular dimension gradually increased 

from 2-week to 8-week and became significantly different from Ctrl mice in LVIDd at 8-week 

timepoint (Figure 2e) and in LVIDs at 6-week timepoint (Figure 2f). The contractile function, as 

indicated by % ejection fraction (ES), started to decrease significantly from 2-week timepoint 

and continued decreasing till 8-week timepoint (Figure 2g). Hence, the cardiac specific loss of 

ALPK3 led to DCM in mice, and the DCM phenotypes observed in gKO mice were not merely a 

secondary consequence to the loss of ALPK3 in non-cardiac tissues. The cardiac phenotypes 

from ALPK3 gKO and cKO mice indicated that ALPK3 had a specific role in cardiac 
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development and function. Those data prompted us to investigate the mechanism by which 

ALPK3 exerted its cardiac specific function.      
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Figure 2. Cardiac specific loss of ALPK3 led to premature lethality and dilated 
cardiomyopathy in mice. (a) Strategy for generating ALPK3 cardiac specific conditional 

knockout (cKO) mice. ALPK3 floxed mice (f/f) were crossed with f/+; aMHC-Cre+ mice to 

generate cardiac specific ALPK3 knock out (f/f; Cre+, cKO) mice and control littermates 

(ALPK3
f/f
, Ctrl). (b) mRNA levels of ALPK3 in control (Ctrl, n=5) and cKO (n=3) mouse hearts. 

mRNA levels were normalized to Gapdh. **, p < 0.01 by Student’s t-test. (c) Kaplan-Meier 

survival analysis of Ctrl and ALPK3 cKO mice. (d) H&E staining of Ctrl and ALPK3 cKO heart 

sections at postnatal day 2 (P2) and postnatal day 21 (P21). Scale bar, 1mm. (e)-(g) 
Echocardiography measurements of left ventricular internal diameter at (e) end-diastole 

(LVIDd), (f) end-systole (LVIDs), and (g) left ventricular (LV) systolic function (% of ejection 

fraction, ES) in Ctrl (blue, n=3-6) and cKO (red, n=3-8) mice at 2, 4, 6, and 8 weeks (w) after 

birth. NS, not statistically significant; *, p < 0.05; **, p < 0.01 by Student’s t-test. 
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Kinase activity was dispensable for the cardiac function of ALPK3 

Since the kinase activity of other alpha protein kinases such as TRPM7 have been 

shown to possess physiological functions (Clark et al., 2006), we next investigated whether the 

cardiac function of ALPK3 was dependent on its putative kinase activity. Within the alpha kinase 

domain of mouse ALPK3, the lysine residue at amino acid position 1420 (K1420) is conserved 

in all alpha kinases (Figure 3a) (Drennan and Ryazanov, 2004); it binds to the adenosine ring 

and the alpha phosphate of ATP and thus is essential for the kinase activity of alpha kinases 

(Drennan and Ryazanov, 2004). To investigate whether the loss of the putative kinase activity of 

ALPK3 would result in the DCM phenotypes observed in gKO and cKO mice, we next replaced 

ALPK3 lysine 1420 with arginine (K4120R) in mice using CRISPR-Cas9 genome editing 

technology (Figure 3b-c & Method—Mice) to ablate the potential kinase activity of ALPK3. 

Homozygous ALPK3 K1420R mice (Mut/Mut) did not exhibit premature lethality (data not 

shown). Echocardiographic measurements on Mut/Mut mice at 4-week and 8-week, two time 

points at which a trend of DCM phenotypes in cKO mice was observed, revealed comparable 

left ventricular size (Figure 3d-e) and cardiac contractile function (Figure 3f) as their control 

littermates. Hence, those data suggested that the kinase activity of ALPK3 was dispensable for 

its cardiac function, and ALPK3 likely behaved as a pseudokinase and functioned via interacting 

with other proteins (Boudeau et al., 2006).   
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Figure 3. Loss of ALPK3 kinase activity did not change cardiac function in mice. (a) 
Clustal Omega alignment of the alpha kinase domain of alpha kinases present in mouse and 

human. The invariant lysine residue was in red and highlighted. ALPK3 mouse sequence was 

boxed. (b) Strategy for generating ALPK3 K1420R knock-in mice by CRISPR-Cas9 genome 

editing system. (c) Validation of the AGG codon knock-in by sequencing. (d)-(f) 
Echocardiography measurements of left ventricular internal diameter at (d) end-diastole 

(LVIDd), (e) end-systole (LVIDs), and (f) left ventricular (LV) systolic function (% of fractional 

shortening, FS) in Ctrl (blue, n=4) and homozygous K1420R knock in (Mut/Mut) (red, n=6) mice 

at 4 and 8 weeks (w) after birth. NS, not statistically significant by Student’s t-test. 
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ALPK3 localized in the nucleus of cardiomyocyte 

Since our data suggested that ALPK3 functioned via protein interactions, yet the 

localization of ALPK3 in cardiomyocyte was unknown, we next aimed to identify the subcellular 

localization at which those interactions might take place. In silico analysis predicted 4 nucleus 

localization signals (NLS’s) in ALPK3, including R
224

KRR
227

, K
316

KKRK
320

, R
626

KKT
629

, and 

R
1141

RKR
1144

 (Figure 4a), suggesting that ALPK3 was a nucleus-localized protein. To identify 

the NLS’s responsible for the nuclear localization of ALPK3, we constructed plasmids containing 

full length (FL) ALPK3 or truncated ALPK3 with different combinations of NLS’s (constructs I-

IV); each ALPK3 construct also contained a GFP sequence fused to its N terminal for 

visualization of the protein localization in cells (Figure 4a). The plasmids were successfully 

transfected into and expressed in rat cardiac myoblast H9C2 cells as examined by western 

blotting (Figure 4b). Fluorescent microscopic analysis on transfected H9C2 cells revealed that 

GFP signal was localized in the nucleus for H9C2 cells transfected with FL plasmid and 

plasmids I and IV, both of which contained R
224

KRR
227

, K
316

KKRK
320

, and R
626

KKT
629

. In 

contrast, GFP signal was only observed in the cytoplasm of H9C2 cells transfected with plasmid 

II, which only contained R
1141

RKR
1144

,
 
and plasmid III, which did not contain any NLS’s (Figure 

4c). Taken together, those data suggested that ALPK3 was a nucleus-localized protein, and that 

NLS’s R
224

KRR
227

, K
316

KKRK
320

, and R
626

KKT
629

 in ALPK3 were responsible for its nuclear 

localization.  

To detect the localization of ALPK3 in vivo without available ALPK3 antibodies, we 

knocked in a 3xFLAG cassette into the C terminal of the endogenous ALPK3 in mouse using 

CRISPR-Cas9 genome editing technology (Method—Mice). The knock-in was verified by PCR, 

DNA sequencing, and western blotting using a FLAG antibody; homozygous ALPK3-3xFLAG 

knock in mice also developed normally without observable cardiac defects, indicating that the 

knock in did not alter ALPK3 cardiac function (data not shown). We next performed a subcellular 

fractionation assay on whole heart lysate from ALPK3-3xFLAG homozygous knock in mice and 
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successfully isolated the proteins from the cytoplasm fraction, membrane bound fraction, 

nuclear fraction, chromatin bound fraction, and cytoskeletal fraction. Western blot analysis 

indicated that ALPK3-3xFLAG signal was highly enriched in the nuclear and chromatin bound 

fractions (Figure 4d), suggesting ALPK3 to be a nucleus-localized protein. Interestingly, an 

ALPK3-3xFLAG signal was also detected in the cytoskeleton fraction (Figure 4d). In an attempt 

to directly visualize ALPK3 localization in mouse cardiomyocyte, we performed an 

immunostaining using a FLAG antibody on ALPK3-3xFLAG cardiac tissue sections and isolated 

adult cardiomyocyte. Unfortunately, this approach yielded a low signal to noise ratio under a 

fluorescent microscope (data not shown). Nonetheless, our transfection data and subcellular 

fractionation data provided convincing evidence for the nucleus-localization of ALPK3 in 

cardiomyocyte.   
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Figure 4. ALPK3 localized in the nucleus of cardiomyocyte. (a) In silico prediction of the 

nucleus localization signals (NLS’s) in ALPK3. Functional domains including Ig-like 1 (blue), Ig-

like 2 (blue) and alpha kinase domain (orange) in ALPK3 and GFP (green) were labeled. NLS’s 

were marked by * with their sequences and amino acid numbers indicated. Full length (FL) and 

truncated GFP-ALPK3 (I to IV) constructs were labeled, with their corresponding protein 

molecular weight (kDa) marked on the right. (b) Confirmation of the expression of FL and 

truncated GFP-ALPK3 proteins in H9C2 cells after transfection. a-tubulin was used as a loading 

control. (c) Immunofluorescent microscopic analysis of H9C2 cells transfected with full length or 

truncated GFP-ALPK3 plasmids. Individual channels of DNA stain DAPI (blue) and GFP (green) 

as well as merged-channel images were shown. Scale bar, 80 µm. (d) Western blot analysis of 

whole heart tissue fractionations in ALPK3-3xFLAG homozygous knock in mice. Tissue 

fractions (cytoplasm, membrane bound, nucleus, chromatin bound, cytoskeleton) and their 

corresponding markers (GAPDH, SERCA2, Histone H3, Histone H3, Vimentin) were shown. 
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Identification of potential ALPK3 interacting proteins 

To detect the potential proteins interacting with ALPK3, we performed a FLAG co-

immunoprecipitation (co-IP) on cardiac tissue lysates from 2 homozygous ALPK3-3xFLAG mice 

and 2 control littermates. Mass spectrometry on the FLAG co-IP pulled down proteins identified 

233 unique peptides, with ALPK3 exclusively present in the pulled down samples from 

homozygous ALPK3-3xFLAG hearts. After performing statistical filtering of the mass 

spectrometry data (Method—Mass spectrometry and statistical filtering), we identified 38 unique 

proteins potentially interacting with ALPK3 (Table 1). Gene Ontology (GO) analysis on the 38 

proteins revealed that those proteins were enriched in the biological processes of muscle 

structure development (GO:0061061, 8 proteins), muscle cell differentiation (GO:0042692, 6 

proteins), muscle contraction (GO:0006936, 5 proteins), and energy derivation by oxidation of 

organic compounds (GO:0015980, 5 proteins) (Figure 5), suggesting that ALPK3 interacted with 

proteins essential for cardiac muscle development, function, and metabolism.  
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Table 1. List of proteins enriched in FLAG-IP mass spectrometry samples. Enrichment was 

calculated by dividing the Intensity of a peptide in homozygous ALPK3-3xFLAG knock in mouse 

hearts by the intensity of the same peptide in control mouse hearts. Inf, infinity. Proteins were 

sorted by enrichment in descending order. 
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Number   Protein   Enrichment 
1  

Rpl27a 
 

Inf 

2  
Hmgb2 

 
Inf 

3  
Tmod1 

 
Inf 

4  
Sec31b 

 
Inf 

5  
Alpk3 

 
Inf 

6  
Pygm 

 
Inf 

7  
Suclg1 

 
Inf 

8  
Myh9 

 
58.02 

9  
Des 

 
47.72 

10  
Actn2 

 
35.21 

11  
Capza2 

 
7.28 

12  
Myh4;Myh1 

 
5.96 

13  
Nhlrc1 

 
5.94 

14  
Tufm 

 
5.88 

15  
Tf 

 
5.38 

16  
Myh6;Myh7 

 
5.04 

17  
Myl3 

 
4.91 

18  
Atp2a2 

 
4.76 

19  
Fga 

 
4.76 

20  
Myl6;Myl6b 

 
3.88 

21  
Mdh2 

 
3.76 

22  
Acadvl 

 
3.68 

23  
Gsn 

 
3.57 

24  
Fkbp3 

 
3.53 

25  
Ddx3x 

 
3.31 

26  
Stk38l 

 
3.24 

27  
Hspa8 

 
3.21 

28  
Ak1 

 
3.06 

29  
Epm2a 

 
2.94 

30  
Aco2 

 
2.67 

31  
Tmod3 

 
2.42 

32  
Stk38 

 
2.40 

33  
Ndufa4 

 
2.37 

34  
Slc25a3 

 
2.32 

35  
Rpl23a 

 
2.30 

36  
Csrp3 

 
2.20 

37  
Znf706 

 
2.04 

38  
Hist1h1e 

 
2.01 
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Figure 5. ALPK3 interacted with proteins essential for cardiac development and function. 
Gene Ontology (GO) analysis of FLAG-IP enriched proteins in Table 1. GO biological function 

terms and their respective significance (-log10 of false discovery rate (FDR)) were shown. 
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DISCUSSION 

Discussion 

ALPK3 is one of the six alpha kinases identified in human (Middelbeek et al., 2010), and 

its enriched expressions in heart and skeletal muscles (Fagerberg et al., 2014) suggest for its 

tissue specific function. Recently, clinical studies have revealed that the biallelic truncating 

mutations in ALPK3 are associated with pediatric cardiomyopathy (Çağlayan et al., 2017; 

Herkert et al., 2020; Jaouadi et al., 2018; Phelan et al., 2016), further implicating the cardiac 

specific function of ALPK3. Using ALPK3 global knockout and cardiac specific knockout mouse 

models, our data showed that ALPK3 was indispensable for cardiac function and development, 

and that the global and cardiac specific loss of ALPK3 led to dilated cardiomyopathy and 

premature lethality in mice (Figure 1&2). Intriguingly, by mutating the invariant lysine residue 

1420 to arginine in the alpha kinase domain of ALPK3 in mice, our data further suggested that 

the putative kinase activity of ALPK3 was dispensable for its cardiac function, as homozygous 

K1420R mutation knock in mice develop normally without observable cardiac defects (Figure 

3d-f). Hence, under normal physiological condition, ALPK3 likely exerts its cardiac function 

independently of its putative kinase activity, possibly via protein interactions similar to other 

pseudokinases.  

ALPK3 has been suggested to localize in cell nucleus (Hosoda et al., 2001), yet its exact 

subcellular localization in cardiomyocyte was elusive. Using in silico analysis, we predicted 4 

potential nucleus localization signals (NLS’s) in ALPK3 (Figure 4a). By transfecting full length 

and truncated ALPK3 plasmids containing different combinations of the 4 NLS’s into H9C2 cells, 

our data corroborated for the nuclear localization of ALPK3 in cardiomyocyte, and we further 

identified NLS’s R
224

KRR
227

, K
316

KKRK
320

, and R
626

KKT
629

 in ALPK3 to be responsible for its 

nucleus-localization (Figure 4c). Additionally, our subcellular fractionation assay on ALPK3-

3xFLAG tagged mice showed that ALPK3 was highly enriched in the nucleus fraction (Figure 

4d). Unfortunately, while we attempted to perform immunostaining using a FLAG antibody on 

ALPK3-3xFLAG tagged mouse cardiomyocytes for the direct observation of ALPK3 subcellular 
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localization in cardiomyocyte, our FLAG antibody yielded a low signal to noise ratio in 

fluorescent microscopy (data not shown). One possibility is that while the FLAG antibody is able 

to detect its ALPK3 epitope in the denaturalized peptide in western blot, the access to the 

epitope is obstructed in the native conformation of the ALPK3-3xFLAG protein. Alternatively, it is 

possible that the expression level of ALPK3 falls below the limit for detecting a positive 

fluorescent signal, making the direct observation of ALPK3 localization in mouse 

cardiomyocytes challenging. Nonetheless, our in silico prediction, transfection data, and 

subcellular fractionation data strongly suggest that ALPK3 localizes in the nucleus of 

cardiomyocyte. Since the kinase activity is dispensable for the cardiac function of ALPK3, the 

nuclear localization of ALPK3 suggests that ALPK3 functions via interacting with other protein 

factors in the nucleus and in turn regulates the gene expressions essential for cardiac 

development and function. 

To identify the potential protein interactors of ALPK3, we performed a co-

immunoprecipitation assay on the whole heart lysate from ALPK3-3xFLAG mice and identified 

the pulled-down proteins by mass spectrometry. The highly enriched proteins in the pulled-down 

fraction were involved in pathways of muscle cell differentiation, muscle structure development, 

and muscle function (Figure 5), suggesting that ALPK3 interacted with proteins essential for 

cardiac muscle function and development. While both our in vitro transfection data and 

subcellular fractionation data suggest that ALPK3 is a nucleus localized protein, interestingly, 

only a few of those pulled-down proteins (e.g., HMGB2, DDX3X, HIST1H1E) are localized in the 

nucleus; the majority of the other proteins are muscle specific structural proteins such as 

TMOD1, MYH9, MYH6, and MYH7. Two explanations are possible regarding the discrepancies 

between our co-IP data and localization data. First, in addition to the nucleus, ALPK3 might also 

co-localize with cardiac muscle structural proteins. In support of this possibility, we detected an 

ALPK3-3xFLAG signal in the cytoskeleton fraction in our subcellular fractionation assay (Figure 

4d). However, the methodology of the fractionation assay, in which the cytoskeletal fraction 
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proteins were lysed from the pellet remained after the extraction of all other fractions, might 

introduce contaminants in this fraction. Hence, protocols specifically designed for cytoskeletal 

protein extraction are required to verify whether ALPK3 might indeed also co-localize with 

cytoskeleton. Second, the co-IP approach might not be able to detect the protein interactions of 

ALPK3 under native physiological condition with high sensitivity. Due to the nuclear localization 

of ALPK3, RIPA buffer, which contains sodium dodecyl sulfate, was necessary to disrupt the 

nuclear membrane and to lyse the tissue for ALPK3 protein. The presence of a strong detergent 

leads to the possibility of disrupting protein-protein interactions (PPIs), especially the ones that 

are weak or transient (Gingras et al., 2019). Hence, while ALPK3 might still interact with nuclear 

proteins, those interactions are not able to be captured by the biochemical approach of co-IP. 

To bypass the limitation of co-IP in identifying PPIs with ALPK3, an alternative approach 

by proximity biotinylation can be utilized (Gingras et al., 2019). By inserting a biotin ligase to the 

N or C terminal of a protein of interest, the fusion protein can serve as a bait to promiscuously 

biotinylate the proteins in its close proximity; the biotinylated proteins can then be affinity-

captured by streptavidin and identified by mass spectrometry (Roux et al., 2012). This approach 

allows for the in vivo labeling of proteins in close proximity (about 10nm) of the bait, which can 

then be statistically filtered for potential protein interactors of the bait (Gingras et al., 2019). 

Recently, we have knocked in a BioID2 cassette into the cardiac dyad protein JPH2 and used 

proximity biotinylation to identify cardiac dyad proteome (Feng et al., 2020), providing a proof of 

concept for using this approach to identify PPIs in the hearts of live mice. To bypass the 

limitation of co-IP, we have knocked in a BioID2 cassette to the C terminal of the endogenous 

ALPK3 protein in mice. Once the knock in of BioID2 is verified, in vivo biotinylation followed by 

streptavidin pull-down and mass spectrometry for peptide identification will be used to identify 

the proteins in proximity of ALPK3-BioID2 fusion protein. Potential PPIs will be analyzed by 

computational programs such as Significance Analysis of INTeractome (SAINT) (Choi et al., 

2012) and CompPASS (Sowa et al., 2009), and high-confidence interacting proteins from the 
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proximity biotinylation approach will be compared with the co-IP data to identify the proteins 

most likely to interact with ALPK3. Those potential ALPK3-interacting proteins will then be 

analyzed by Gene Ontology of cellular components and biological functions to reveal whether 

they are nucleus-localized proteins regulating gene expression.  

To note, the protein structure of ALPK3 hints at its unique mechanism of protein 

interaction. ALPK3 contains one Ig-like domain at its N terminal, one Ig-like domain at its C 

terminal, and an alpha protein kinase domain at its C terminal (Middelbeek et al., 2010). The 

long region between the two Ig like domains does not contain any known secondary structures 

and is predicted to be disordered (Supplemental Figure 1). Biophysically, intrinsically disordered 

regions (IDRs) were shown to undergo phase separation via multivalent interaction, leading to 

the formation of biomolecular condensates (Banani et al., 2017). Biomolecular condensates 

have been proposed as models for transcriptional regulation (Daneshvar et al., 2020; Sabari et 

al., 2018) in the nucleus of human and mouse embryonic stem cells as well as oncogenic 

signaling in cytoplasm of cancer cells (Tulpule et al., 2021; Zhang et al., 2020). One way by 

which biomolecular condensates function is to accelerate reaction rates by concentrating 

molecules, similar to scaffold proteins (Banani et al., 2017). Interestingly, pseudokinases, while 

lacking catalytic activities, can serve as scaffold proteins and facilitate the biological functions of 

their interactors (Mace and Murphy, 2021). Hence, it is possible that while the putative kinase 

activity of ALPK3 is dispensable for its cardiac function, ALPK3 might promote the formation of 

biomolecular condensates via its IDRs, and those condensates in turn serve as hubs for 

biological processes necessary for cardiac function to occur. Considering for the nuclear 

localization of ALPK3, those condensates might recruit protein factors for gene regulation 

(Sabari et al., 2018). By performing a streptavidin immunostaining on isolated cardiomyocyte 

from biotin-treated ALPK3-BioID2 knock in mice, we will be able to test whether ALPK3 along 

with the proteins in its proximity indeed form distinct puncta structures in cell nucleus, a 

preliminary evidence for the ability of ALPK3 to form biomolecular condensates (Patel et al., 



 32 

2015). Furthermore, a previous study has utilized proximity biotinylation to identify proteins in 

biomolecular condensates (Yu et al., 2021). Hence, if ALPK3 does undergo biomolecular 

condensate formation in vivo, we anticipate that our proximity biotinylation approach proposed 

above will be able to capture the protein factors within the condensates. Those protein factors 

could be further analyzed to determine whether they play a role in gene regulation, contributing 

to the mechanistic basis of ALPK3 cardiac function. 
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APPENDIX 

Appendix 

Appendix 1: Supplemental Figure 1  
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Supplemental Figure 1. ALPK3 contains intrinsically disordered regions (IDRs). IDRs 

were predicted by Database of Disordered Protein Predictions (D2P2). Algorithms used to 

predict IDRs were listed under “Disorder”, with their corresponding results colored in the 

schematic diagram. The amino acid locations as well as the Ig-like domains (red) and alpha 

kinase domain (yellow) of ALPK3 were shown for reference. 
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