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Abstract: CSNK2 tetrameric holoenzyme is composed of two subunits with catalytic activity 

(CSNK2A1 and/or CSNK2A2) and two regulatory subunits (CSNK2B) and is involved in skeletal 

muscle homeostasis. Up-to-date, constitutive Csnk2a2 knockout mice demonstrated mild regenera-

tive impairments in skeletal muscles, while conditional Csnk2b mice were linked to muscle weak-

ness, impaired neuromuscular transmission, and metabolic and autophagic compromises. Here, for 

the first time, skeletal muscle-specific conditional Csnk2a1 mice were generated and characterized. 

The ablation of Csnk2a1 expression was ensured using a human skeletal actin-driven Cre reporter. 

In comparison with control mice, first, conditional knockout of CSNK2A1 resulted in age-dependent 

reduced grip strength. Muscle weakness was accompanied by impaired neuromuscular transmis-

sion. Second, the protein amount of other CSNK2 subunits was aberrantly changed. Third, the num-

ber of central nuclei in muscle fibers indicative of regeneration increased. Fourth, oxidative metab-

olism was impaired, reflected by an increase in cytochrome oxidase and accumulation of mitochon-

drial enzyme activity underneath the sarcolemma. Fifth, autophagic processes were stimulated. 

Sixth, NMJs were fragmented and accompanied by increased synaptic gene expression levels. Alto-

gether, knockout of Csnk2a1 or Csnk2b results in diverse impairments of skeletal muscle biology. 

Keywords: CSNK2A1; CSNK2A2; CSNK2B; protein kinase CK2; skeletal muscle; myogenesis;  

neuromuscular junction 

 

1. Introduction 

The protein kinase CSNK2 (formerly CK2 or Casein kinase 2) is a tetramer composed 

of 2 catalytically active α- (CSNK2A1 or CK2α) and 2 β-subunits (CSNK2B or CK2β) and 

is important for cell proliferation, differentiation, and survival [1,2]. The catalytic α-sub-

units appear in cells with two different subtypes, either as α1- or α - or as α2- or α’- 

(CSNK2A2 or CK2α’). These two different catalytic subunits are encoded by different 

genes, either Csnk2a1 or Csnk2a2, respectively. The two β-subunits, encoded by Csnk2b, 

contribute to substrate specificity, implying the catalytic subunits are constitutively active 

in their absence. CSNK2 holoenzyme phosphorylates serine or threonine amino acid res-

idues embedded in the consensus sequence x-S/T-x-x-E/D/pS/pY-x [3–5]. Previous analy-

sis shows a more dynamic spatiotemporal organization of the individual CSNK2 subunits 

in living cells integrating into different multi-molecular assemblies [6]. Importantly, stoi-

chiometric expression of the CSNK2 subunits ensures their physiological function, as an 

excessive expression of catalytic activity containing CSNK2A1/2 subunits is linked to 

some malignant tumors such as human squamous cell carcinomas, adenocarcinomas, and 

other miscellaneous tumors [7,8]. 
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The role of CSNK2 in skeletal muscles has not been studied very extensively until 

now, but the current state of knowledge was recently reviewed [2]. Development of the 

muscle cells, defined as myogenesis, is a process that can be divided into several distinct 

phases, such as activation, proliferation, and differentiation of muscle stem cells up to the 

formation of mature multi-nucleated syncytia, called muscle fibers. Motor nerve ends cou-

ple to single muscle fibers and leads to the generation of a neuromuscular synapse, the 

so-called neuromuscular junction (NMJ) [2]. At the NMJ, several signaling pathways are 

responsible for ensuring the clustering of nicotinic acetylcholine receptors (AChRs, 

CHRN) at the postsynaptic apparatus [9]. A neural isoform of a large heparansulfate pro-

teoglycan, called AGRIN, is released by the nerve ending and is involved in both the sta-

bilization of clusters of existing acetylcholine receptors and the stimulation of synaptic 

gene expression. To this end, AGRIN interacts with its receptor, low-density lipoprotein 

receptor-related protein 4 (LRP4), and thereby activates the co-receptor MuSK, a muscle-

specific receptor tyrosine kinase. The clustering of AChRs serves as a hallmark for the 

presence of the postsynaptic apparatus within the endplate zone, the central part of each 

muscle fiber [9]. Activation of the MuSK-LRP4 complex is also involved in the regulation 

of the prepatterning step, before muscle innervation, during which AChRs begin to ag-

gregate in a central synaptic region of the muscle [10–12]. 

A number of in vitro studies using immortalized cultured C2C12 muscle cells were 

performed to better understand the role of CSNK2 in skeletal muscle biology [13–17]. 

Knockout of individual CSNK2 subunits in those cultured muscle cells enabled the per-

forming of proteome and phosphoproteome analysis. Overall, the phosphoproteome 

analysis of these knockout C2C12 cells suggests that CSNK2 pleiotropy is less pronounced 

than expected and supports the idea that the phosphoproteome produced by this kinase 

is flexible and not predetermined and rigid [15]. 

However, obtaining relevant in vivo data demands the use of animal models. Fortu-

nately, data about the characterization of the knockout mice for CSNK2A2 and CSNKB 

were reported. The investigation of constitutive Csnk2a2 knockout mice did not reveal 

any apparent skeletal muscle phenotype, but there was impairment and involvement of 

CSNK2A2 in muscle regeneration detected [18]. Characterization of the first conditional 

muscle-specific deletion of Csnk2b in mice helped to understand its role in muscle fibers 

and at NMJs [19–21]. In the absence of CSNK2B in skeletal muscle fibers, conditional 

Csnk2b knockout mice developed an age-dependent decrease in grip strength accompa-

nied by NMJ fragmentation and impairments of neuromuscular transmission [21,22]. A 

number of NMJ-linked proteins were identified, all interacting with CSNK2 subunits and 

partly being phosphorylated by CSNK2 [20,21]. Regarding the role of CSNK2 in adult 

skeletal muscles, early studies linked CSNK2 activity to metabolism [23]. Later, the con-

ditional CSNK2B mice were used to gain more understanding of the role of CSNK2B in 

muscle physiology [19,22,24]. A reduction in oxidative enzymatic activity was determined 

for conditional Csnk2b-deficient muscle fibers in comparison with controls [19,22,24]. Fur-

ther, analysis of human muscle biopsies points to an eventual involvement of CSNK2 in 

mitochondrial myopathies [25]. By looking for a mechanism, it turned out that CSNK2B 

mediated phosphorylation of TOMM22, the central component of the TOMM (translocase 

of outer mitochondrial membrane) receptor complex, changed its binding affinity for mi-

tochondrial precursor proteins [22] and is a critical switch for mitophagy with physiolog-

ical implications on metabolism, muscle integrity, and behavior [2]. 

Here, for the first time, skeletal muscle-specific conditional Csnk2a1 mice were gen-

erated and characterized to understand the role of CSNK2A1 in adult skeletal muscle fi-

bers and at NMJs. Conditional muscle-specific knockout of Csnk2a1 resulted in age-de-

pendent muscle weakness and impaired neuromuscular transmission, an aberrant change 

in protein amount of other CSNK2 subunits, stimulated autophagy processes and fiber 

regeneration, modulated fiber type distribution, and NMJ fragmentation accompanied by 

increased synaptic gene expression levels. 
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2. Materials and Methods 

2.1. Mouse Procedures and Genotyping 

Mouse experiments were performed in accordance with animal welfare laws and ap-

proved by the responsible local committees (animal protection officer, Sachgebiet Ti-

erschutzangelegenheiten, FAU Erlangen-Nürnberg, AZ: I/39/EE006 and TS-07/11) and gov-

ernment bodies (Regierung von Unterfranken). Floxed mice were kindly provided by Dr. 

Marc Flajolet [26]. Cre reporter mice were described before [21,27]. Mice were housed in 

cages that were maintained in a room with a temperature of 22 ± 1 °C and relative humidity 

of 50–60% on a 12-h light/dark cycle. Water and food were provided ad libitum. Mouse 

mating and genotyping were performed as previously described [28]. Mice were genotyped 

using PCR analysis of ear biopsy DNA [21]. The muscle force of the mice was measured 

with all four limbs using a Grip Strength Test Meter (Bioseb, Chaville, France) [19] and an 

upside-down grid test [19]. 

2.2. RNA Extraction, Reverse Transcription, PCR 

Total RNA was extracted from the hind limb muscle of mice with TRIzol reagent 

(Thermo Fisher Scientific, Schwerte, Germany, 15596026) [21] and reverse transcribed 

with M-MuLV Reverse Transcriptase (New England Biolabs, Frankfurt am Main, Ger-

mandy, M0253) according to the manufacturer’s instructions. cDNAs were used with 

mouse-specific primers (Supplementary Table S1) for quantitative PCR reactions using 

the PowerUp SYBR Green Master Mix (Thermo Fisher Scientific, A25743) and the C1000 

Thermal Cycler with the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories 

GmbH, Feldkirchen, Germany) according to the manufacturer’s instructions. After the 

PCR run, the sizes of amplified DNA products were verified using agarose gel electro-

phoresis. Ct values of the genes of interest were normalized to Ct values of the internal 

control (Rpl8 gene) (normalized expression = 2−ΔCT) [29,30]. 

2.3. Protein Lysates, SDS-PAGE, Western Blot 

For the preparation of muscle tissue extract, mouse gastrocnemius and tibialis ante-

rior muscles were dissected, frozen in liquid nitrogen, mashed, and homogenized in ice-

cold lysis buffer (10 mM Hepes at pH 7.9, 0.2 mM EDTA, 2 mM DTT, 1% Nonidet P-40, 2 

μg/μL Leupeptin and Aprotinin) for 10 min. Protein lysates were diluted with Laemmli 

buffer, boiled at 95 °C for 5 min, and separated by sodium dodecyl sulfate (SDS) 

polyacrylamide gel electrophoresis with the Biometra Minigel Twin system. Separated 

proteins were blotted onto a nitrocellulose membrane (Sigma Aldrich, Taufkirchen, 

Germany, Protran BA 85), blocked in 5% BSA or 5% non-fat dry milk in TBS with 0.1% 

Tween20, slowly shaking for 1 h at room temperature. After blocking, the membranes 

were incubated with primary antibodies at 1:3000 dilution, slowly shaking overnight at 4 

°C: CSNK2A1 (Thermo Fisher Scientific, Schwerte, Germany), CSNK2A2, and CSNK2B 

(generated in the lab of Olaf Issinger, Odense, Denmark), AKT (Cell Signaling, Leiden, 

The Netherlands, 9272), p-AKT S129 (Sigma Aldrich Chemie, Taufkirchen, Germany), p-

AKT S473 (Cell Signaling Technology, Leiden, The Netherlands, 9271), SQSTM1 (Abcam, 

Berlin, Germany, ab56416), OPTN (Proteintech Germany, Planegg-Martinsried, Germany, 

10837-1-AP), MAP1LC3B (Cell Signaling Technology, Leiden, The Netherlands,, 2775), 

GAPDH (Santa Cruz Biotechnology Inc., Heidelberg, Germany, sc-101199). 

Corresponding HRP-linked secondary antibodies against rabbit (Cell Signaling 

Technology, Leiden, The Netherlands, 7074) at a 1:3000 dilution were bound for 2 h at 

room temperature. Protein bands were detected with a chemiluminescence reagent 

solution, and protein bands were exposed on RXSuper X-Ray films (FUJIFILM Europe 

GmbH, Ratingen, Germany). The chemiluminescence reagent consisted of 3 ml of 0.25 

mg/mL Luminol (Sigma Aldrich, A-4685) in 0.1 M Tris pH 8.6 solution and 40 μL of 1.1 

mg/mL Para-hydroxy-cumarinic acid (Sigma Aldrich, C-9008) in DMSO, mixed with 1.2 

μL of 30% H2O2. Western blot results were quantified by densitometric analysis using Fiji 
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software (Vers. 1.53t, 2022) [31]. Films were scanned with an Epson Expression 1600 Pro 

Scanner (Epson Deutschland GmbH, Meerbusch, Germany) at 800 dpi. After background 

subtraction, protein bands of interest were labeled and measured. For quantification, the 

protein band intensity was normalized to the intensity of the GAPDH protein band of the 

respective sample. 

2.4. Histochemical Stainings, Immunofluorescence Staining, Fluorescence Microscopy, 

Quantitative 3D Morphometrical Imaging 

Histochemical and immunofluorescence analysis was essentially performed as 

described [22]; gastrocnemius and soleus muscles were quick-frozen in prechilled 

isopentane. Cryotome dissected muscles were either used for histochemical or for 

immunofluorescence stainings. Sections were embedded in DPX or mowiol. Hematoxylin 

and eosin (H&E) staining: sections were incubated for 15 min in Mayer hemalum solution 

(Merck, Darmstadt, Germany, 109249), washed 10 min in tap water, dipped 6 times in a 

solution containing 96% ethanol and 4% HCl, 10 min in tap water, 1 min in 70% ethanol, 

2 min in Eosin (Merck, 115935), 1 min in 100% ethanol. Cytochrome oxidase (COX): 

Sections were incubated for 60 min at 37 °C in a solution containing 50 mM phosphate 

buffer, pH 7.4, 3,3-di-aminobenzidinetetrahydrochloride (DAB; Sigma Aldrich, D8001), 

catalase (20 mg/mL; Sigma Aldrich, S41168), sucrose, and CYCS/cytochrome c (Sigma-

Aldrich, C2037). Afterward, they were washed in H2O and embedded. For 

immunofluorescence stainings, muscles were fixed in 2% PFA (paraformaldehyde), 

permeabilized for 15 min in 0.1% Triton X-100 and 100 mM Glycin, and blocked with 

MOM for 1 h. The following antibodies were used for staining: anti-myosin heavy chain 

type I (Sigma-Aldrich, M8421, 1:3.000) and anti-myosin heavy chain type II (Sigma-

Aldrich, M4276, 1:3000). Secondary antibodies conjugated to Alexa Fluor 546 (A-21123, 

Invitrogen; 1:1000) were used for detection [22]. Stainings were documented using a Zeiss 

Axio Examiner Z1 microscope (Carl Zeiss MicroImaging, Göttingen, Germany) equipped 

with an AxioCam MRm camera (Carl Zeiss MicroImaging) and ZEISS AxioVision Release 

4.8 (Carl Zeiss MicroImaging) [19]. 

For quantitative 3D morphometrical imaging, mouse soleus muscle was dissected 

and fixed in 2% PFA for 2 h at 4 °C. For detection of AChRs, muscle bundles containing 

5–10 fibers were prepared and stained with rhodamine-α-bungarotoxin (BTX) (1:2.500, 

Invitrogen) for 1 h at room temperature. Stained bundles were washed 3 times for 5 min 

in PBS, pre-last washing step with PBS and DAPI (Dilution 1:10,000), and embedded in 

mowiol. Then, 3D images of NMJs were taken with a 63× oil objective (Zeiss Examiner E1, 

Carl Zeiss MicroImaging) at 55 ms exposure time. Images were deconvoluted and 

analyzed using different modules in AxioVision software (ZEISS AxioVision Release 4.9, 

Carl Zeiss MicroImaging). The following parameters were determined for each NMJ: 

volume, surface, grey sum, grey mean, number of fragments, and number of synaptic 

nuclei. For each genotype, more than 50 NMJs were analyzed [19]. 

2.5. Nerve Muscle Preparation and Electrophysiological Recordings 

Electrophysiological recordings were performed as already reported [19]. 

Diaphragm–phrenic nerve preparations were maintained ex vivo in Liley’s solution 

gassed with 95% O2 and 5% CO2 at room temperature [32]. The recording chamber had a 

volume of approximately 1 mL and was perfused at a rate of 1 mL/min. The nerve was 

drawn up into a suction electrode for stimulation with pulses of 0.1 ms duration (4). The 

preparation was placed on the stage of a Zeiss Axio Examiner Z1 microscope (Carl Zeiss 

MicroImaging) fitted with incident light fluorescence illumination with filters for 547 

nm/red (Zeiss filter set 20) fluorescing fluorophore (Carl Zeiss MicroImaging). The 

compound muscle action potential (CMAP) was recorded using a micropipette with a tip 

diameter of approximately 10 μm filled with bathing solution. The electrode was 

positioned so that the latency of the major negative peak was minimized. The electrode 

was then positioned 100 μm above the surface of the muscle, and CMAP was recorded. 
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Trains of repetitive nerve stimulations (5 Hz) were performed at 2 min intervals, and the 

ratio of CMAP amplitudes (mean (20th–25th)/2nd) was calculated [19,33]. To block muscle 

action potentials so that EPPs (endplate potentials) and EPCs (endplate currents) could be 

recorded at 1 Hz for 40 s [34,35], μ-conotoxin GIIIB (μ-CTX, 2 μM; Peptide Institute) was 

added to Lilly’s solution. EPPs were recorded at 5 Hz for 5 s and at 20 Hz for 10 s. 

Decrements in EPPs were calculated employing the mean of the first and the last five 

recordings. Concurrently, clustered AChRs at NMJs were labeled by adding 0.5 × 10−8 M 

of BTX (Life Technologies, Darmstadt, Germany) to the same Lilly solution. In some 

experiments, the effect of the toxin wore off after 1–2 h, and contractions resumed in 

response to nerve stimulation. These preparations were then exposed a second time to the 

toxin. Two intracellular electrodes (resistance 10–15 MΩ) were inserted within 50 μm of 

the NMJs under visual inspection [36]. Current was passed through one electrode to 

maintain the membrane potential within 2 mV of −75 mV, while voltage transients were 

recorded with the other. Signals were amplified by an Axoclamp 900 A and digitized at 

40 kHz by a Digidata 1440 A under the control of pCLAMP 10 (Molecular Devices, Sunny 

Vale, USA). Voltage records were filtered at 3 kHz, and current records at 1 kHz (8-pole 

Bessel filter). Current transients were recorded using the two-electrode voltage-clamp 

facility of the Axoclamp 900 A. Clamp gains were usually 300–1000, reducing the voltage 

transients to <3% of their unclamped amplitudes. At most NMJs, 50–100 spontaneous 

quantal events were recorded during a period of 1 min. Records were analyzed using 

pCLAMP 10. Spontaneous events were extracted using the “template search” facility and 

edited by eye to remove obvious artifacts. Events recorded from each NMJ were averaged, 

and the amplitude and frequency were determined [19]. 

2.6. Statistical Analysis 

Statistical analysis was performed in GraphPad Prism 9 (GraphPad Software, San 

Diego, USA) as indicated. Data are presented as mean values, and the error bars indicate 

S.D. The number of biological replicates per experimental variable (n) is usually n > 5 or 

as indicated in the figure legends. For all data with mice, a minimum of 3 mice were 

studied. The significance is calculated by unpaired 2-tailed Student’s t-test, or as indicated 

by the figure legends, and provided as real p-values that are believed to be categorized for 

different significance levels, **** p < 0.0001, *** p < 0.001, ** p < 0.01, or * p < 0.05. 

3. Results 

3.1. Age-Dependent Impairment of Muscle Grip Strength in Conditional Skeletal  

Muscle-Specific Csnk2a1 Knockout Mice 

Previously, conditional Csnk2b skeletal muscle knockout mice were generated by 

breeding floxed mice with human skeletal actin (HSA) Cre reporter mice [37] and were 

shown to have less muscle grip strength [21]. We started generating conditional Csnk2a1 

knockout mice using the same HSA-Cre reporter mice. Genotyping PCRs using genomic 

DNA from tissue biopsies of mice confirmed Csnk2a1 alleles being floxed in hetero- or 

homozygous fashion (Figure 1A). Genome editing of the Csnk2a1 locus was paralleled by 

the ablation of CSNK2A1 protein analyzing two different skeletal muscles, gastrocnemius 

and tibialis anterior (Figure 1B,C). Calculation of offspring numbers demonstrated 

mendelian distribution frequencies and neither lethality nor haploinsufficiency at this 

level (Figure 1D). Characterizing conditional Csnk2a1 knockout mice in comparison with 

control mice, we did not detect any change in body weight, regardless of age (Figure 1E). 

Interestingly, grip strength, measured by a Newton meter and by measuring the time mice 

were able to hang upside-down on a grid, gradually decreased depending on their age in 

conditional Csnk2a1 knockout mice (Figure 1F,G). These data demonstrate CSNK2A1 

being important for muscle grip strength. 
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Figure 1. Phenotype of conditional Csnk2a1 knockout mice. (A) Agarose gel image shows amplified 

DNA fragments detected by PCR genotyping of the heterozygous and homozygous floxed alleles 

of Csnk2a1. Representative images of Western blot membranes reflect the amount of CSNK2A1 and 

GAPDH protein in gastrocnemius (B) or tibialis anterior (C) muscle lysates of conditional Csnk2a1 

knockout and control mice. (D) Expected and observed distribution frequencies of breedings with 

conditional Csnk2a1 knockout mice are presented. (E) Graph presents the body weight of control 

and conditional Csnk2a1 knockout mice at indicated ages. (F) Muscle force is presented by a graph 

summarizing grip strength for control and conditional Csnk2a1 knockout mice. Note, in comparison 

with controls, the grip strength of conditional Csnk2a1 knockout mice is gradually reduced starting 

by the age of 4 months. (G) Graph presents muscle force as reflected by the clinging time of mice 

upside-down on a grid. All labeling of graph bars represents the genotype of mice as indicated in 

(E). Data are represented as mean ± S.D.; n ≥ 3 mice per genotype. **** p < 0.0001, *** p < 0.001, ** p < 

0.01, * p < 0.05. 

3.2. Modulated Transcript and Protein Amounts of Csnk2a2 and Csnk2b, and CSNK2 Target 

Protein AKT1, in the Absence of Csnk2a1 in Hind Limb Muscles of Conditional Knockout Mice 

Previous reports suggest a different response of individual CSNK2 subunit protein 

amount after the knockout of one of the CSNK2 subunits [14,17,22]. First, we performed 

quantitative PCR studies and confirmed significantly lower Csnk2a1 mRNA amounts in 

conditional Csnk2a1 knockout mice (Figure 2A). The transcript amount for Csnk2a2 and 

Csnk2b was not affected (Figure 2A). In parallel, looking for protein amounts after 

normalization, a significantly lower CSNK2B level was detected in gastrocnemius and 

tibialis anterior muscles (Figure 2B,C). The protein amount of CSNK2A2 was only slightly, 

but not significantly, reduced in the absence of CSNK2A1 in the same two muscles (Figure 

2D,E). The Rho family-alpha serine/threonine-protein kinase AKT1 is believed to be a 

typical target of CSNK2 and is mainly phosphorylated at serine 129 in several 

immortalized cultured cell lines [38]. Serine 473 of AKT1 was reported to be not 

phosphorylated by CSNK2 [38]. Unexpectedly, phospho-AKT1 serine 129 and 473 protein 
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are both upregulated in conditional Csnk2a1 knockout gastrocnemius and tibialis anterior 

muscles (Figure 2B,C). Total AKT1 protein amount was also significantly upregulated in 

muscle tissues of conditional Csnk2a1 knockout mice in comparison with controls (Figure 

2D,E). 

 

Figure 2. mRNA and protein amounts of other subunits of CSNK2 and a typical target of CSNK2, 

AKT1, both in conditional Csnk2a1 knockout mice. (A) Graph summarizes transcript amounts as 

detected by qPCR experiment using extracted RNA from tibialis anterior muscle of conditional 

Csnk2a1 knockout and control mice. (B,C) Images of typical Western blot membranes using muscle 

lysates from gastrocnemius or tibialis anterior muscles. While CSNK2A1 protein is absent in 

conditional Csnk2a1 knockout muscle lysates as expected, the total amount of CSNK2B is very low. 

CSNK2A2 protein amount appears only slightly reduced. Surprisingly, the amount of AKT1 is 

higher in conditional Csnk2a1 knockout muscle lysates in comparison with controls, and even the 

amount of phospho-AKT(S129) protein, a typical CSNK2 target, is significantly increased. (D,E) 

Graphs present densitometrical quantifications of protein amounts as detected by Western blot 

images, as shown in (B,C). All labeling of graph bars represents the genotype of mice as indicated 

in (A). Data are represented as mean ± S.D.; n ≥ 5 mice per genotype. **** p < 0.0001, *** p < 0.001, ** 

p < 0.01, * p < 0.05. 

3.3. Increased Regeneration, More Oxidative Metabolism, and Modified Fiber Type Distribution 

and Cross-Sectional Area in Conditional Csnk2a1 Knockout Mice 

In conditional CSNK2B muscle-specific knockout mice, there is reduced oxidative 

metabolism activity and accelerated mitophagy [22,24]. To determine whether similar 

changes happen in the absence of CSNK2A1 in skeletal muscle, gastrocnemius and soleus 

were cross-sectioned, and different histochemical stainings were performed. Using 

hematoxylin and eosin staining, no obvious changes in histology were visible (Figure 3A), 

but after counting the number of central nuclei, indicating regenerated muscle fibers, a 

significantly higher number of central nuclei was detected in gastrocnemius and soleus 

muscle of conditional CSNK2A1 knockout mice in comparison with controls (Figure 3B). 
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We wondered whether this indicated regeneration is associated with a higher number of 

muscle satellite cells. Indeed, transcript amounts of myogenic markers, such as Pax7, 

Myog, and Myf5, were upregulated in conditional Csnk2a1 knockout mice (Figure 3C). 

After employing cytochrome oxidase (COX) staining, several changes were evident 

(Figure 3A). Subcellular COX staining was different in conditional CSNK2A1 knockout 

mice; it appears the subsarcolemmal staining pattern is strongly increased (Figure 3A), 

and this correlated with a significantly higher amount of cytochrome oxidase detected by 

Western blot using muscle lysates of conditional Csnk2a1 knockout and control mice 

(Figure 3D,E). Next, we wanted to know whether conditional Csnk2a1 knockout mice 

fiber type distribution or fiber type-dependent cross-sectional areas (CSA) were 

compromised. Interestingly, soleus fibers contained a significantly lower number of slow 

type I fibers but an increased number of fast type II in conditional Csnk2a1 knockout mice 

in comparison with control mice (Figure 3F,G). Moreover, type I fiber CSA was 

significantly increased in conditional Csnk2a1 knockout mice (Figure 3F,H). In sum, these 

data indicate a role of CSNK2A1 in apoptotic events resulting in skeletal muscle fiber 

regeneration because HSA-Cre mediated Csnk2a1 knockout occurs in myotubes during 

development, not in muscle satellite cells. CSNK2A1 also appears involved in oxidative 

metabolism and fiber-type cross-sectional area and distribution. 
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Figure 3. Increased number of central nuclei, cytochrome oxidase, and several myogenic markers 

are accompanied by changes in muscle fiber distribution and cross-sectional areas in conditional 

Csnk2a1 knockout mice. (A) Hematoxylin/eosin (H&E) and cytochrome oxidase (COX) stains of 

hind limb muscle cross-sections of control and conditional Csnk2a1 knockout mice. (B) Graph 

presents the number of central nuclei as counted in a representative number of cross-sections of 

control and conditional Csnk2a1 knockout mice. (C) Graph summarizes transcript amounts of 

myogenic markers Myod1, Myog, Pax7, and Myf5 in tibialis anterior muscle of control and 

conditional Csnk2a1 knockout mice. (D) Image of Western blot ascertains a higher amount of 

cytochrome oxidase in conditional Csnk2a1 knockout gastrocnemius muscle lysates in comparison 

with controls. (E) Graph presents densitometrical quantification of representative images of 
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Western blots as shown in (D). (F) Immunofluorescence stainings of soleus muscle cross sections for 

detection of myosin heavy chain stained fibers. (G) Graph summarizes distribution of type I and 

type II fibers in soleus muscles of conditional Csnk2a1 knockout and control mice. (H) Cross-

sectional areas (CSA) were measured and are presented against muscle fiber types I and II. All 

labeling of graph bars represents the genotype of mice as indicated in (C). Data are represented as 

mean ± S.D.; n ≥ 5 mice per genotype. **** p < 0.0001, ** p < 0.01, * p < 0.05. 

3.4. Muscle Weakness of Conditional Csnk2a1 Mice Is Linked to NMJ Fragmentation and 

Increased Synaptic Gene Expression 

In order to find out whether conditional Csnk2a1 knockout mice are accompanied by 

compromised neuromuscular structure and function, typical pretzel-shaped NMJs of the 

soleus muscle of control and conditional Csnk2a1 knockout mice were dissected and 

stained using BTX. During aging or due to pathologies, pretzel-shaped NMJs might be 

fragmented [9]. Of note, NMJs of conditional Csnk2a1 knockout soleus muscles are 

significantly fragmented (Figure 4A,F). After quantitative 3D imaging of NMJs of soleus 

fibers, volume, surface area, and grey sum of fluorescence intensity were significantly 

increased in conditional Csnk2a1 knockout mice in comparison with controls (Figure 4B–

D). Grey mean values of NMJs were not changed between conditional Csnk2a1 knockout 

mice and control NMJs (Figure 4E). To find out whether these structural changes are 

linked to different amounts of synaptic mRNA, qPCR was employed to compare mRNA 

levels of conditional Csnk2a1 knockout mice and control. Acetylcholine receptor mRNA 

levels were detected being increased for Chrna1, Chrnb, Chrng, and Chnrd, but Chrne 

was much lower in conditional Csnk2a1 knockout mice in comparison with controls 

(Figure 4G). Moreover, synaptic mRNA levels were not changed for Rapsn and Dok7 but 

for the muscle-specific receptor tyrosine kinase, Musk (Figure 4H). These data 

demonstrate a role for CSNK2A1 regarding the structural integrity of the postsynaptic 

part of NMJs. 
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Figure 4. NMJs of conditional Csnk2a1 knockout mice are heavily fragmented and accompanied by 

modulated synaptic expression of all Chrn transcripts and receptor tyrosine kinase MuSK. (A) 

Typical 3D images from an individual NMJ of a control and a conditional Csnk2a1 knockout soleus 

muscle fiber are presented. (B–E) Graphs summarize quantitative 3D imaging parameters of NMJs 

of soleus muscle fibers of conditional Csnk2a1 knockout mice in comparison with controls. Note, 

NMJ volume, surface area, and grey sum are increased in conditional Csnk2a1 knockout mice. (F) 

NMJ fragmentation grade is presented by a graph subgrouping three different ranges of NMJ 

fragment numbers. (G,H) Total RNA was extracted, 1st cDNA generated, and qPCR experiment 

performed. Graphs summarize changes in transcription levels of myogenic and synaptic genes as 

indicated. Note, Chrne is significantly downregulated, while all other Chrn genes and Musk are 

upregulated in conditional Csnk2a1 knockout hindlimb muscles. All labeling of graph bars 

represents the genotype of mice as indicated in (E). Data are represented as mean ± S.D.; n ≥ 5 mice 

per genotype and analysis of >150 individual NMJs per muscle. **** p < 0.0001, *** p < 0.001, ** p < 

0.01, * p < 0.05. 



Cells 2022, 11, 3962 12 of 19 
 

 

3.5. Electrophysiological Recordings of Csnk2a1 Diaphragms Reveal Impaired Amplitudes of 

Miniature Endplate Potentials, Endplate Potentials, and Decreased Decrements of Endplate 

Potentials and Compound Muscle Action Potential Amplitudes 

Previously, decreased miniature endplate current amplitudes were recorded by 

comparing diaphragm muscle fibers of conditional CSNK2B knockout mice with control 

mice [21,22]. Here, we addressed whether neuromuscular transmission is impaired in 

fragmented NMJs of conditional CSNK2A1 knockout mice. We recorded extra- and intra-

cellular potentials and currents in muscles of conditional Csnk2a1 knockout mice in 

comparison with controls to analyze the physiology of neuromuscular transmission at 

their NMJs (Figure 5). By recording CMAPs, compound muscle action potentials that are 

triggered by consecutive nerve stimuli, we did not detect a difference between control and 

conditional Csnk2a1 knockout mice with CMAP amplitude (Figure 5A). Membrane 

resistance values were comparable between conditional Csnk2a1 knockout and control 

diaphragms, arguing for non-affected membrane integrity (Figure 5B). Recording of 

miniature endplate potentials and currents (mEPP, mEPC) revealed a small but significant 

decrease in their frequency (Figure 5F,J). Moreover, mEPP and mEPC amplitudes slightly 

decreased in conditional Csnk2a1 knockout mice, arguing for affected local 

depolarizations around endplates in response to spontaneous acetylcholine release 

(Figure 5C,G). However, mEPP and mEPC rise time and decay time constants were not 

changed in conditional Csnk2a1 knockout mice in comparison to controls (Figure 

5D,E,H,I). EPP and EPC amplitudes, local responses at NMJs to nerve stimulation, were 

decreased in conditional CSNK2A1 knockout mice (Figure 5K–M). Quantal content, the 

mean number of quanta that are released to generate an EPP or EPC, was increased in 

conditional Csnk2a1 knockout mice in comparison with controls (Figure 5N,O). To 

measure muscle fatigability in more detail, run-down experiments were performed, as 

described before [36], and significantly reduced decrement of EPP amplitude recorded in 

CSNK2A1 diaphragm fibers in comparison to controls (Figure 5P). In agreement, the 

decrement in CMAP amplitudes was measured after incubation of diaphragms with 

tubocurare in a dose-dependent fashion (Figure 5Q), as described before [19,39], and were 

significantly reduced in diaphragms of conditional CSNK2A1 knockout mice. In sum, 

these results indicate an impaired neuromuscular transmission for conditional CSNK2a1 

knockout mice compared to controls, including a significantly higher fatigability. 
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Figure 5. Characterization of neural transmission recording of conditional Csnk2a1 knockout mice. 

Diaphragms of adult mice of indicated genotypes were employed for electrophysiological 

recordings. Graphs present the analysis of the following parameters, (A) decrement of compound 

muscle action potential (CMAP) amplitude at 5 Hz, (B) membrane resistance, (C) miniature 

endplate potential (mEPP) amplitude, (D) mEPP rise time, (E) mEPP decay time constant, (F) mEPP 
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frequency, (G) miniature endplate current (mEPC) amplitude, (H) mEPC rise time, (I) mEPC decay 

time constant, (J) mEPC frequency, (K) endplate potential (EPP) amplitude at 1 Hz, (L) decrement 

of EPP amplitude at 5 Hz, (M) endplate current (EPC) amplitude, (N,O) quantal content (EPP/mEPP 

or EPC/mEPC). Note, quantal content is increased in conditional Csnk2a1 knockout mice because 

of impaired amplitudes of end plate and miniature end plate potentials/currents. (P) Run-down 

experiments (decrement of EPP amplitudes) demonstrate a significant decrease in conditional 

Csnk2a1 knockout mice in comparison with control mice. (Q) CMAP measurements in control and 

conditional Csnk2a1 knockout diaphragms under untreated conditions and in the presence of 

increasing concentrations of d-tubocurarine. Conditional Csnk2a1 knockout mice showed a 

significantly higher decrease in CMAP, which is already displayed at 300 nM d-tubocurarine, thus 

unmasking a reduced safety factor in the absence of Csnk2a1. Data are represented as mean ± S.D.; 

n ≥ 5 mice per genotype and analysis of >20 individual NMJs per muscle. All labeling of graph bars 

represents the genotype of mice as indicated in (P). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05. 

3.6. Mitophagy Appears Upregulated in Conditional Csnk2a1 Diaphragms and Is Accompanied 

by Increased Amount of General Autophagy Marker SQTM1 

Mitophagy is impaired in conditional Csnk2b muscle-specific knockout mice due to 

a lack of CSNK2-dependent phosphorylation of members of the outer membrane 

mitochondrial import machinery apparently regulating mitochondrial homeostasis [22]. 

We used muscle lysates of either gastrocnemius or tibialis anterior to analyze whether a 

similar phenotype is detectable in conditional Csnk2a1 knockout mice (Figure 6). We 

looked for the number of markers, such as P62/SQSTM1, an autophagic receptor protein 

that is a well-known substrate of the autophagolysosome system, Optineurin/OPTN, 

involved in the removal of impaired mitochondria, and LC3/MAP1LC3B/LC3B 

(microtubule-associated protein 1 light chain 3 beta), which is involved during 

autophagosome formation and recruited to phagophore membranes [40]. MAP1LC3B 

exists in 2 forms, the non-lipidated form I and the lipidated form II; the latter is anchored 

in phagophore and autophagosomal membranes. We analyzed in both muscles an 

increase of SQSTM1, OPTN, and MAP1LC3B-II in conditional Csnk2a1 knockout muscles 

in comparison with control muscles (Figure 6A-D). The increased amounts of these 

markers in conditional Csnk2a1 knockout mice fed ad libitum suggested impaired 

autophagy eventually due to a block of the autophagic flux. This hypothesis is further 

evidenced by decreased amounts of mitochondrial genomic DNA, quantified by qPCR, in 

conditional Csnk2a1 knockout mice in comparison with controls (Figure 6E). 



Cells 2022, 11, 3962 15 of 19 
 

 

 

Figure 6. Autophagy is impaired in conditional Csnk2a1 knockout mice. (A) Gastrocnemius muscle 

lysates were used for SDS-PAGE and Western blot; membranes were probed with antibodies 

labeling proteins implicated in autophagy, namely MAP1LC3B-I/II, SQSTM1, OPTN, and for 

normalization, GAPDH. (B) Graph summarizes quantification of protein bands as seen in (A) using 

Fiji. (C) Similar to in (A) with muscle lysates of tibialis anterior. (D) Graph quantitates protein 

amounts as shown in (C). (E) Graph shows the result of qPCR approach to compare the amount of 

mitochondrial DNA between conditional Csnk2a1 knockout and control tibialis anterior and 

extensor digitorum longus muscle. Note, the increased amount of MAP1-LC3BII, SQSTM1, and 

OPTN refers to impaired mitophagy. All labeling of graph bars represents the genotype of mice as 

indicated in (B). Data are represented as mean ± S.D.; n ≥ 5 mice per genotype. *** p < 0.001, ** p < 

0.01, * p < 0.05. 

4. Discussion 

Protein kinase CSNK2 plays a fundamental role in the biology of tissues and cells, 

which is evident from the phenotype of knockout mice. The tetrameric holoenzyme is 

composed of catalytic activity containing CSNK2A1 or CSNK2A2 subunits and so-called 

CSNK2B regulatory subunits [2]. Csnk2a1 knockout mice are lethal during early 

development [41]. Csnk2a2 knockout mice are infertile due to globozoospermia [42]. 

Csnk2b knockout mice are lethal because the development of the embryos ends at the 

blastocyst stage [43]. Indeed, only Csnk2a2 knockout mice were viable, but their analysis 

revealed perturbation of skeletal muscle regeneration, probably due to compromised cell 

cycle kinetics [18]. Accordingly, CSNK2A2 appears to have a less important role in adult 

skeletal muscle fibers. Understanding the role of individual CSNK2 subunits in skeletal 

muscle cells demanded the analysis of conditional muscle-specific knockout mice using 

corresponding skeletal muscle lineage-specific Cre reporters. A few years ago, the first 

conditional Csnk2 subunit skeletal muscle-specific knockout mice were generated with 

the help of HSA-Cre reporter mice [21]. These conditional Csnk2b knockout mice have 

significantly less grip strength for many reasons. At least two of the causes were reported. 

First, disturbed mitochondrial protein import and mitophagy were detected as a cause of 

the oxidative metabolic disorder in the absence of CSNK2B in vivo in adult muscle fibers 



Cells 2022, 11, 3962 16 of 19 
 

 

[22,24,25], and second, CSNK2B interacts with and also phosphorylates several synaptic 

proteins at NMJs thereby being involved in the formation and/or maintenance of NMJs 

[19–21]. 

Here, we generated and investigated for the first time skeletal muscle-specific 

CSNK2A1 knockout mice using the same HSA-Cre reporter, which was previously used 

for muscle-specific knockout of CSNK2B [21]. Importantly, these conditional Csnk2a1 

knockout mice still are able to express CSNK2A2, which is also known to harbor CSNK2-

specific catalytic activity [44,45]. Whether CSNK2A2 catalytic activity replaces CSNK2A1 

activity of conditional Csnk2a1 knockout mice cannot be answered here, but several 

pieces of evidence argue against that. In vitro data obtained by using cultured muscle cells 

always point to significantly less protein amount of CSNK2B subunits through accelerated 

proteasomal degradation once CSNK2A1 or CSNK2A2 are knocked out [13,14,17]. 

Moreover, the knockout of CSNK2B resulted in the complete absence of CSNK2A2 [13,14]. 

In vivo data are partly contradictory, as in the absence of CSNK2B in adult muscle fibers, 

more or less CSNK2A subunits are detectable in age-dependent fashion [22]. Interestingly, 

if the absence of CSNK2A1 consequences in proteasomal removal of CSNK2B, then 

eventually, available CSNK2A2 activity cannot be part of a tetrameric CSNK2B containing 

holoenzyme. However, the CSNK2A2 protein amount looks only slightly, but not 

significantly, reduced in the absence of CSNK2A1 (Figure 2B–E). The CSNK2B protein 

amount was almost gone in conditional CSNK2A1 knockout mice (Figure 2B–E). Some in 

vitro evidence suggest that CSNK2A1 monomers or CSNK2B dimers might exist 

independent from CSNK2 holoenzyme and may possess physiological roles [46,47]. In 

vitro, it was also shown that CSNK2A1 alone is strongly less efficient in phosphorylating 

its target proteins in the absence of CSNK2B [21,48]. Whether monomeric or dimeric 

CSNK2A2 is, in vivo, under physiological conditions, able to phosphorylate its targets in 

the absence of CSNK2B is completely unknown. 

In this context, one might wonder about the phosphorylation status of typical CSNK2 

target proteins in the absence of CSNK2A1 in adult muscle fibers. Surprisingly, 

phosphorylation of AKT at serine 129, described as a typical target of CSNK2 [38], is not 

downregulated in conditional Csnk2a1 knockout mice (Figure 2B,E). Even if one assumes 

that CSNK2A2 is responsible for the phosphorylation of AKT at serine 129, it is difficult 

to explain how this happens in the absence of CSNK2B (Figure 2B,E). It would be 

interesting to know whether AKT phosphorylation status is different in conditional 

Csnk2b knockout mice. 

The phenotype of conditional Csnk2a1 knockout mice is related to muscle weakness 

and less muscle grip strength (Figure 1F,G). Interestingly, grip strength was much more 

strongly reduced in conditional Csnk2b knockout mice [21] in comparison with 

conditional Csnk2a1 mice. Reduction in grip strength is in both conditional knockout mice 

linked to fragmented NMJs (Figure 4A F) [21] and impaired neuromuscular transmission 

(Figure 5) [19,21]. Moreover, fiber type distribution (Figure 3G) and cross-sectional areas 

(Figure 3H) are also affected in conditional Csnk2a1 mice; similar changes were detected 

in conditional Csnk2b knockout mice (data not shown). Histological staining using 

hematoxyline and eosin demonstrated interstitial fibrosis and fibers being split in Csnk2b 

mutant mice [22]; these kinds of changes were not detected in Csnk2a1 mutant mice 

(Figure 3A). Similar to conditional Csnk2b knockout mice, conditional Csnk2a1 knockout 

mice are associated with compromised oxidative metabolism and mitophagy (Figure 3A 

and 6A–D). Interestingly, oxidative metabolism appears to be differently impaired in 

conditional Csnk2a1 knockout mice in comparison with conditional Csnk2b knockout 

mice. While oxidative metabolism appeared to be replaced by glycolytic metabolism and 

oxidative fibers were less COX stained in conditional Csnk2b knockout mice [22], more 

COX stained fibers are still visible in soleus muscles of conditional Csnk2a1 knockout mice 

(Figure 3A). Of note, positive COX staining is different in comparison with Csnk2b mutant 

mice [22] regarding subcellular localization, pointing to mitochondrial oxidative activity 

being accumulated underneath the sarcolemma (Figure 3A). It remains to be investigated 
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by high-resolution electron microscopy whether and how mitochondrial morphology and 

subcellular localization are affected in conditional Csnk2a1 knockout mice, especially in 

comparison to conditional Csnk2b knockout mice. 

Altogether, the phenotype of conditional muscle-specific Csnk2a1 knockout mice is 

not simply similar to conditional Csnk2b knockout mice. However, how muscle 

impairments of conditional Csnk2a1 knockout mice fit to unchanged phosphorylation of 

Csnk2 target AKT at serine 129 requires further research and might indicate that AKT is 

not a typical Csnk2 target in adult skeletal muscle fibers. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/cells11243962/s1, Table S1: Tabular presentation of 

oligonucleotide sequences. 

Author Contributions: M.M., Y.J., J.W. and L.G. performed experiments and analyzed data. S.H. 

designed the study, directed the research, and revised the experimental data. S.H. wrote the 

manuscript. All authors have read and agreed to the published version of the manuscript.  

Funding: This research was funded by the German Research Council (DFG). Grants HA3309/3-1, 

HA3309/6-1, and HA3309/7-1, all to S.H. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: We are grateful to Marc Flajolet (Rockefeller University, New York, NY, USA) 

for making floxed Csnk2a1 mice available to us. We also thank Christian Grimm for his technical 

support. The present work was performed in partial fulfillment of the requirements for obtaining 

the degree “Dr. med.”. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Litchfield, D.W. Protein kinase CK2: Structure, regulation and role in cellular decisions of life and death. Biochem. J. 2003, 369, 

1–15. 

2. Hashemolhosseini, S. The role of protein kinase CK2 in skeletal muscle: Myogenesis, neuromuscular junctions, and 

rhabdomyosarcoma. Neurosci. Lett. 2020, 729, 135001. https://doi.org/10.1016/j.neulet.2020.135001. 

3. Hathaway, G.M.; Traugh, J.A. Cyclic nucleotide-independent protein kinases from rabbit reticulocytes. Purification of casein 

kinases. J. Biol. Chem. 1979, 254, 762–768. 

4. Meggio, F.; Perich, J.W.; Meyer, H.E.; Hoffmann-Posorske, E.; Lennon, D.P.; Johns, R.B.; Pinna, L.A. Synthetic fragments of beta-

casein as model substrates for liver and mammary gland casein kinases. Eur. J. Biochem. 1989, 186, 459–464. 

https://doi.org/10.1111/j.1432-1033.1989.tb15229.x. 

5. Meggio, F.; Boulton, A.P.; Marchiori, F.; Borin, G.; Lennon, D.P.; Calderan, A.; Pinna, L.A. Substrate-specificity determinants 

for a membrane-bound casein kinase of lactating mammary gland. A study with synthetic peptides. Eur. J. Biochem. 1988, 177, 

281–284. https://doi.org/10.1111/j.1432-1033.1988.tb14374.x. 

6. Filhol, O.; Martiel, J.L.; Cochet, C. Protein kinase CK2: A new view of an old molecular complex. EMBO Rep. 2004, 5, 351–355. 

7. Deshiere, A.; Duchemin-Pelletier, E.; Spreux, E.; Ciais, D.; Combes, F.; Vandenbrouck, Y.; Coute, Y.; Mikaelian, I.; Giusiano, S.; 

Charpin, C.; et al. Unbalanced expression of CK2 kinase subunits is sufficient to drive epithelial-to-mesenchymal transition by 

Snail1 induction. Oncogene 2013, 32, 1373–1383. https://doi.org/10.1038/onc.2012.165. 

8. Guerra, B.; Issinger, O.G. Protein kinase CK2 in human diseases. Curr. Med. Chem. 2008, 15, 1870–1886. 

https://doi.org/10.2174/092986708785132933. 

9. Li, L.; Xiong, W.C.; Mei, L. Neuromuscular Junction Formation, Aging, and Disorders. Annu. Rev. Physiol. 2018, 80, 159–188. 

https://doi.org/10.1146/annurev-physiol-022516-034255. 

10. Lin, W.; Burgess, R.W.; Dominguez, B.; Pfaff, S.L.; Sanes, J.R.; Lee, K.F. Distinct roles of nerve and muscle in postsynaptic 

differentiation of the neuromuscular synapse. Nature 2001, 410, 1057–1064. https://doi.org/10.1038/35074025. 

11. Yang, X.; Arber, S.; William, C.; Li, L.; Tanabe, Y.; Jessell, T.M.; Birchmeier, C.; Burden, S.J. Patterning of muscle acetylcholine 

receptor gene expression in the absence of motor innervation. Neuron 2001, 30, 399–410. 

12. Weatherbee, S.D.; Anderson, K.V.; Niswander, L.A. LDL-receptor-related protein 4 is crucial for formation of the 

neuromuscular junction. Development 2006, 133, 4993–5000. https://doi.org/10.1242/dev.02696. 



Cells 2022, 11, 3962 18 of 19 
 

 

13. Salizzato, V.; Zanin, S.; Borgo, C.; Lidron, E.; Salvi, M.; Rizzuto, R.; Pallafacchina, G.; Donella-Deana, A. Protein kinase CK2 

subunits exert specific and coordinated functions in skeletal muscle differentiation and fusogenic activity. FASEB J. 2019, 33, 

10648-10667. https://doi.org/10.1096/fj.201801833RR. 

14. Borgo, C.; Franchin, C.; Cesaro, L.; Zaramella, S.; Arrigoni, G.; Salvi, M.; Pinna, L.A. A proteomics analysis of CK2beta((-/-)) 

C2C12 cells provides novel insights into the biological functions of the non-catalytic beta subunit. FEBS J. 2019, 286, 1561–1575. 

https://doi.org/10.1111/febs.14799. 

15. Franchin, C.; Borgo, C.; Zaramella, S.; Cesaro, L.; Arrigoni, G.; Salvi, M.; Pinna, L.A. Exploring the CK2 Paradox: Restless, 

Dangerous, Dispensable. Pharmaceuticals 2017, 10, 11. https://doi.org/10.3390/ph10010011. 

16. Franchin, C.; Borgo, C.; Cesaro, L.; Zaramella, S.; Vilardell, J.; Salvi, M.; Arrigoni, G.; Pinna, L.A. Re-evaluation of protein kinase 

CK2 pleiotropy: New insights provided by a phosphoproteomics analysis of CK2 knockout cells. Cell. Mol. Life Sci. 2018, 75, 

2011–2026. https://doi.org/10.1007/s00018-017-2705-8. 

17. Borgo, C.; Franchin, C.; Scalco, S.; Bosello-Travain, V.; Donella-Deana, A.; Arrigoni, G.; Salvi, M.; Pinna, L.A. Generation and 

quantitative proteomics analysis of CK2alpha/alpha’(-/-) cells. Sci. Rep. 2017, 7, 42409. https://doi.org/10.1038/srep42409. 

18. Shi, X.; Seldin, D.C.; Garry, D.J. Foxk1 recruits the Sds3 complex and represses gene expression in myogenic progenitors. 

Biochem. J. 2012, 446, 349–357. https://doi.org/10.1042/bj20120563. 

19. Eiber, N.; Rehman, M.; Kravic, B.; Rudolf, R.; Sandri, M.; Hashemolhosseini, S. Loss of Protein Kinase Csnk2b/CK2beta at 

Neuromuscular Junctions Affects Morphology and Dynamics of Aggregated Nicotinic Acetylcholine Receptors, 

Neuromuscular Transmission, and Synaptic Gene Expression. Cells 2019, 8, 940. https://doi.org/10.3390/cells8080940. 

20. Herrmann, D.; Straubinger, M.; Hashemolhosseini, S. Protein kinase CK2 interacts at the neuromuscular synapse with Rapsyn, 

Rac1, 14-3-3gamma, and Dok-7 proteins and phosphorylates the latter two. J. Biol. Chem. 2015, 290, 22370–22384. 

https://doi.org/10.1074/jbc.M115.647610. 

21. Cheusova, T.; Khan, M.A.; Schubert, S.W.; Gavin, A.C.; Buchou, T.; Jacob, G.; Sticht, H.; Allende, J.; Boldyreff, B.; Brenner, H.R.; 

et al. Casein kinase 2-dependent serine phosphorylation of MuSK regulates acetylcholine receptor aggregation at the 

neuromuscular junction. Genes Dev. 2006, 20, 1800–1816. https://doi.org/10.1101/gad.375206. 

22. Kravic, B.; Harbauer, A.B.; Romanello, V.; Simeone, L.; Vogtle, F.N.; Kaiser, T.; Straubinger, M.; Huraskin, D.; Bottcher, M.; 

Cerqua, C.; et al. In mammalian skeletal muscle, phosphorylation of TOMM22 by protein kinase CSNK2/CK2 controls 

mitophagy. Autophagy 2018, 14, 311–335. https://doi.org/10.1080/15548627.2017.1403716. 

23. DePaoli-Roach, A.A.; Ahmad, Z.; Roach, P.J. Characterization of a rabbit skeletal muscle protein kinase (PC0.7) able to 

phosphorylate glycogen synthase and phosvitin. J. Biol. Chem. 1981, 256, 8955–8962. 

24. Eiber, N.; Simeone, L.; Hashemolhosseini, S. Ablation of Protein Kinase CK2beta in Skeletal Muscle Fibers Interferes with Their 

Oxidative Capacity. Pharmaceuticals 2017, 10, 13. https://doi.org/10.3390/ph10010013. 

25. Heuss, D.; Klascinski, J.; Schubert, S.W.; Moriabadi, T.; Lochmuller, H.; Hashemolhosseini, S. Examination of transcript amounts 

and activity of protein kinase CK2 in muscle lysates of different types of human muscle pathologies. Mol. Cell. Biochem. 2008, 

316, 135–140. https://doi.org/10.1007/s11010-008-9819-0. 

26. Rebholz, H.; Zhou, M.; Nairn, A.C.; Greengard, P.; Flajolet, M. Selective knockout of the casein kinase 2 in d1 medium spiny 

neurons controls dopaminergic function. Biological Psychiatry 2013, 74, 113–121. https://doi.org/10.1016/j.biopsych.2012.11.013. 

27. Murphy, M.M.; Lawson, J.A.; Mathew, S.J.; Hutcheson, D.A.; Kardon, G. Satellite cells, connective tissue fibroblasts and their 

interactions are crucial for muscle regeneration. Development 2011, 138, 3625–3637. https://doi.org/10.1242/dev.064162. 

28. Yu, H.M.; Jerchow, B.; Sheu, T.J.; Liu, B.; Costantini, F.; Puzas, J.E.; Birchmeier, W.; Hsu, W. The role of Axin2 in calvarial 

morphogenesis and craniosynostosis. Development 2005, 132, 1995–2005. https://doi.org/10.1242/dev.01786. 

29. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta 

C(T)) Method. Methods 2001, 25, 402–408. https://doi.org/10.1006/meth.2001.1262. 

30. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 2008, 3, 1101–1108. 

31. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, 

B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. 

https://doi.org/10.1038/nmeth.2019. 

32. Liley, A.W. An investigation of spontaneous activity at the neuromuscular junction of the rat. J. Physiol. 1956, 132, 650–666. 

33. Sandrock, A.W., Jr.; Dryer, S.E.; Rosen, K.M.; Gozani, S.N.; Kramer, R.; Theill, L.E.; Fischbach, G.D. Maintenance of acetylcholine 

receptor number by neuregulins at the neuromuscular junction in vivo. Science 1997, 276, 599–603. 

34. Plomp, J.J.; van Kempen, G.T.; Molenaar, P.C. Adaptation of quantal content to decreased postsynaptic sensitivity at single 

endplates in alpha-bungarotoxin-treated rats. J. Physiol. 1992, 458, 487–499. 

35. Rogozhin, A.A.; Pang, K.K.; Bukharaeva, E.; Young, C.; Slater, C.R. Recovery of mouse neuromuscular junctions from single 

and repeated injections of botulinum neurotoxin A. J. Physiol. 2008, 586, 3163–3182. https://doi.org/10.1113/jphysiol.2008.153569. 

36. Kravic, B.; Huraskin, D.; Frick, A.D.; Jung, J.; Redai, V.; Palmisano, R.; Marchetto, S.; Borg, J.P.; Mei, L.; Hashemolhosseini, S. 

LAP proteins are localized at the post-synaptic membrane of neuromuscular junctions and appear to modulate synaptic 

morphology and transmission. J. Neurochem. 2016, 139, 381–395. https://doi.org/10.1111/jnc.13710. 

37. Leu, M.; Bellmunt, E.; Schwander, M.; Farinas, I.; Brenner, H.R.; Muller, U. Erbb2 regulates neuromuscular synapse formation 

and is essential for muscle spindle development. Development 2003, 130, 2291–2301. 



Cells 2022, 11, 3962 19 of 19 
 

 

38. Di Maira, G.; Salvi, M.; Arrigoni, G.; Marin, O.; Sarno, S.; Brustolon, F.; Pinna, L.A.; Ruzzene, M. Protein kinase CK2 

phosphorylates and upregulates Akt/PKB. Cell Death Differ. 2005, 12, 668–677. 

39. Cescon, M.; Gregorio, I.; Eiber, N.; Borgia, D.; Fusto, A.; Sabatelli, P.; Scorzeto, M.; Megighian, A.; Pegoraro, E.; 

Hashemolhosseini, S.; et al. Collagen VI is required for the structural and functional integrity of the neuromuscular junction. 

Acta Neuropathol. 2018, 136, 483–499. https://doi.org/10.1007/s00401-018-1860-9. 

40. Kabeya, Y.; Mizushima, N.; Ueno, T.; Yamamoto, A.; Kirisako, T.; Noda, T.; Kominami, E.; Ohsumi, Y.; Yoshimori, T. LC3, a 

mammalian homologue of yeast Apg8p, is localized in autophagosome membranes after processing. EMBO J. 2000, 19, 5720–

5728. https://doi.org/10.1093/emboj/19.21.5720. 

41. Lou, D.Y.; Dominguez, I.; Toselli, P.; Landesman-Bollag, E.; O’Brien, C.; Seldin, D.C. The alpha catalytic subunit of protein 

kinase CK2 is required for mouse embryonic development. Mol. Cell. Biol. 2008, 28, 131–139. https://doi.org/10.1128/MCB.01119-

07. 

42. Escalier, D.; Silvius, D.; Xu, X. Spermatogenesis of mice lacking CK2alpha’: Failure of germ cell survival and characteristic 

modifications of the spermatid nucleus. Mol. Reprod. Dev. 2003, 66, 190–201. 

43. Buchou, T.; Vernet, M.; Blond, O.; Jensen, H.H.; Pointu, H.; Olsen, B.B.; Cochet, C.; Issinger, O.G.; Boldyreff, B. Disruption of 

the regulatory beta subunit of protein kinase CK2 in mice leads to a cell-autonomous defect and early embryonic lethality. Mol. 

Cell. Biol. 2003, 23, 908–915. 

44. Xu, X.; Toselli, P.A.; Russell, L.D.; Seldin, D.C. Globozoospermia in mice lacking the casein kinase II alpha’ catalytic subunit. 

Nat. Genet. 1999, 23, 118–121. 

45. Xu, X.; Rich, E.S., Jr.; Seldin, D.C. Murine protein kinase CK2 alpha’: cDNA and genomic cloning and chromosomal mapping. 

Genomics 1998, 48, 79–86. https://doi.org/10.1006/geno.1997.5154. 

46. Ermakova, I.; Boldyreff, B.; Issinger, O.G.; Niefind, K. Crystal structure of a C-terminal deletion mutant of human protein kinase 

CK2 catalytic subunit. J. Mol. Biol. 2003, 330, 925–934. 

47. Heriche, J.K.; Lebrin, F.; Rabilloud, T.; Leroy, D.; Chambaz, E.M.; Goldberg, Y. Regulation of protein phosphatase 2A by direct 

interaction with casein kinase 2alpha. Science 1997, 276, 952–955. https://doi.org/10.1126/science.276.5314.952. 

48. Vilmont, V.; Filhol, O.; Hesse, A.M.; Coute, Y.; Hue, C.; Remy-Tourneur, L.; Mistou, S.; Cochet, C.; Chiocchia, G. Modulatory 

role of the anti-apoptotic protein kinase CK2 in the sub-cellular localization of Fas associated death domain protein (FADD). 

Biochim. Biophys. Acta 2015, 1853, 2885–2896. https://doi.org/10.1016/j.bbamcr.2015.08.001. 

 


