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Abstract: Casein Kinase ІІ (CK2) is one of the most versatile kinases. Its involvement in almost all cellular 

pathways makes it the Master Regulator of biochemical processes in a cell. This kinase is essential in regulating 

inflammation, cell differentiation, and cell cycle regulation. Often simultaneously. Its emerging role in 

senescence also indicates its function's centrality in cellular metabolism. The strategy to target this kinase to 

treat musculoskeletal disorders seems effective. These disorders often include a component of inflammation, 

dysregulated cell differentiation, and aging. This review focuses on CK2 target discovery and the diversity of 

its substrate interactions. We then transition toward the implication of CK2 in musculoskeletal disorders. 

Through a summary of current strategies for CK2 targeting with a new approach, we discuss the potential 

aspects that could be addressed in future drug research. 

Keywords: Casein Kinase II; musculoskeletal; Osteoarthritis; osteoporosis; CX-4945; CIBG-300; cell 

signaling; drug development; targeted therapy  

 

1. Introduction 

Protein kinase CK2 (formerly called “Casein Kinase 2”) is a ubiquitous serine/threonine kinase. 

The literature describes its involvement as a lateral player in many biochemical pathways [1,2]. The 

ubiquitous presence and simultaneous precision of regulation make this kinase an outlier. With two 

homogenous regulatory β subunits and two heterogenous catalytic subunits α and α’, the kinase can 

identify and phosphorylate its vast range of substrates, estimated to be more than 400 today [3,4]. 

CK2 is ubiquitously present, expressed in almost all types of cells and is always active. Its mechanism 

of exerting regulation is different than other kinases which activate in response to particular stimuli 

[5–7].  

The multiformity in mechanism of action of CK2 is essential for its myriad of functions. The 

factors which account to this property of the kinase are observed through studying the implication 

of CK2 in development and disease [5]. The factors are summarized here to explain the complexity 

CK2’s involvement in pathology. This is not an extensive list and with newer studies even more 

mechanisms are discovered. The kinase recognizes different types of substrates due to its β subunit 

which is not strictly a regulatory subunit. Requirement of the β subunit in only a part of CK2 substrate 

activation makes its mechanism of action enigmatic. The catalytic subunits α and α’ are almost same 

in structure but their involvement in catalytic activity is different. Each subunit has a set of substrates 

with which they interact individually. CK2 expression is under regulation of different growth factors 

and so is the expression of subunits. Also, the expression level of a single subunit affects expression 

and activity of other subunits. The localization of CK2 changes based on cell type and metabolic 

status. All these factors make targeting CK2 in diseases challenging [1,2,8]. However, efforts to unveil 

these complexities help design future therapeutics to overcome the past challenges. The implications 

of CK2 in diseases and disorders have been studied extensively. Expression and activity of CK2 is 

dysregulated in several diseases [1,2]. CK2 carries out signal transduction through – BMP signaling, 

Wnt signaling, Hedgehog signaling, ,PTEN/PI3K/Akt-PKB and NF-κB [9–13]. All these pathways 

have an interconnected regulation due to kinase like CK2 which functions as a “lateral player”. A 

pathological condition could arise if the function of the lateral player is disrupted [5]. 
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‘Bone and joint’ diseases are traditionally described as disorders of respective physiological 

structures. However, the link between these musculoskeletal diseases and metabolic dysregulation 

was recently investigated. Bone fracture is the most common musculoskeletal disorder. The 

implication of diet-induced obesity in fracture healing was studied [14]. The relation between bone 

homeostasis and metabolic disorders in Osteoporosis (OP) was studied [15–20]. Osteoarthritis, small 

molecular metabolites were assessed for biomarker identification and targeting [21]. More studies 

linking OA to metabolic pathology are performed [22,23]. Rheumatoid arthritis (RA) is an 

autoimmune disorder affecting joints. The role of metabolism in RA was studied in relation to 

immune response [24,25]. Deviation in metabolic processes affects tissue homeostasis, and response 

to endocrine regulation is established [26]. The role of the inflammatory system and senescence in 

these diseases is also linked with metabolic dysregulation [27,28]. The role of CK2 in modulating 

biochemical pathways in all of these processes is very well established [29–32]. Thus, CK2 is an ideal 

druggable target, being a Master regulator. Correction of several different pathways is possible by 

targeting this kinase alone.  

Targeting this kinase in musculoskeletal diseases is a lucrative strategy. Studies which explored 

the role of CK2 in bone differentiation and homeostasis help understand function of CK2. of CK2 was 

important for Osteoblastic differentiation through Ascorbic acid activation. It was activated in does 

dependent fashion with L-Ascorbic acid treatment and upregulated phosphorylation of transcription 

factor Ikaros. Ikaros is a bifunctional transcription factor for Osteoblast differentiation within the 

bone marrow niche[33].  Inhibition of CK2 is explored as a strategy to control loss of bone mass in 

relation to estrogen withdrawal [34].  

The only clinically approved inhibitor of CK2 Silmitasertib (CX-4945) is a first-in-class small 

molecule of its kind [35]. It is an ATP-competitive inhibitor. Its use in cancer therapies is under 

investigation. However, like most currently available CK2 inhibitors, its mechanism of action is 

generalized rather than disease specific. Thus, controlling its effect on CK2 activity under different 

circumstances is impossible. Also, complete inhibition of catalytic activity of CK2 causes cytotoxicity. 

This is due to the cells' dependence on the basal level of phosphorylation of CK2 substrates for 

survival [7]. Cytotoxicity is not always desirable in treating diseases, especially in musculoskeletal 

disorders. The concept of modulating phosphorylation of a few CK2 substrates rather than broad-

level blockade is emerging. This strategy will help take a pathology-tailored approach [36].  

A peptide drug inhibitor of CK2 named CIGB300 is a promising candidate for the pathology-

tailored approach. This synthetic peptide binds to the phsophoacceptor domain of CK2 [37]. It was 

discovered as an effective peptide in treating cervical cancer . The regulation of specific mediators 

was studied in Large Cell Lung Carcinoma (LCLC), Non-Small Cell Lung Cancer (NSCLC), advanced 

cervical cancer, Acute Myeloid Leukemia [38–41]. Due to its substrate-specific inhibition, it is highly 

effective and has mild side effects. This drug is under investigation in Phase 2 clinical trials, and 

studies about its effectiveness will soon be available [32]. The pathway-specific rather than global 

inhibitory effect of CIGB300 is thus emerging in cancer treatment.  

For new drugs, the success rate of candidate molecules to move from bench to bedside is only 

10%. This low rate exists despite the robustness of preclinical studies and excellent administration of 

clinical trials. A long processing time between drug discovery and commercial production may cause 

a candidate drug to be withdrawn despite being an excellent preclinical performer. Huge costs are 

involved with this process, and more importantly, the high failure rate delays the advances in better 

treatment for affected individuals. Lack of biomarker identification, off-target activity, and excess 

toxicity are a few of the challenges identified that can be addressed while designing newer 

candidates. This process can utilize advanced knowledge of the drug target's molecular interactions 

and biochemical activity [42].   

For the development of specific inhibitors of CK2 for musculoskeletal disorders, understanding 

the crucial interactions of CK2 in disease pathology is essential. In this review, we discuss methods 

of CK2-target identification and specific functions of individual subunits. Later, we discuss 

interactions and related deregulation for the diseases of the musculoskeletal system. We then 

describe currently available inhibitors of CK2 and their mechanism of action. Finally, we discuss an 
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example of CK2 activity modulation using synthetic peptides targeting specific interactions of CK2 

within signal transduction cascade.  

2. Targets of CK2 

CK2 is known and studied for its role in various biological processes for nearly 60 years. Yet, its 

functions are discovered in the latest research, expanding the versatility of mechanisms it is known 

to undertake.  

CK2 has two heterogenous alpha subunits, α and α’, and two homogenous β subunits. The 

enzyme functions as a holoenzyme, and each subunit can also work in isolation. Individual subunits 

of CK2 seem to play diverse roles exclusive to the holoenzyme form. The catalytic units of the kinase 

are acidophilic.  Substrates often have acidic amino acids near the phosphorylation site. The 

consensus sequence on the phosphorylation target ([pS/pT]-{P}-x-[E/D] or [pS/pT]-{P}-x-pS is 

identified as the minimum identification sequence required for target identification [3,43]. However, 

due to the short length of this sequence and flexibility for amino acids in positions second and third, 

the frequency of occurrence of this sequence across all proteins is high. With the consensus prediction 

software PrositePlus, the number of eukaryotic targets comes out to be 3,000. The number of 

predicted targets was much higher than the actual targets [4]. Also, there is a possible overlap 

between other kinases for the phosphorylation of the same consensus sequence. Thus, target 

validation is important in determining the real substrates of CK2.  It also helps target interactions 

where alternate kinases cannot nullify the drug's effect.  Approaches like phospho-proteomics have 

helped determine the number of targets this kinase affects.  

In this effort, Chojnowski et al. have developed a method for CK2 target validation. The co-

substrate specificity of CK2 was taken into advantage for developing this technique. Identification of 

CK2 substrates from complex biological can be performed. The co-substrate activity of CK2 is that it 

can use either Adenosine triphosphate (ATP) or Guanosine triphosphate (GTP) to phosphorylate 

substrates. An analog of GTP - guanosine 5'-[γ-thio]triphosphate (GTPγS) was incorporated into the 

cell suspension. Other endogenous kinases do not use this substrate. Substrates phosphorylated with 

CK2 were identified by the presence of ‘PγS’ using Mass Spectrometry. Further, validation of CK2 

targets with co-immunoprecipitation is possible with substrate-specific antibodies and pull-down 

assays. This method allows the use of versatile samples and helps capture phosphorylation reactions 

while the cells are still alive [5,44]. 

Being a highly pleiotropic kinase, it has numerous ways of regulating processes throughout the 

cell. One of the ways in which it functions as a pleiotropic kinase is by targeting substrates at different 

cellular localizations at different times during cellular processes. Targeting its kinase activity by 

inhibitors targeting the ATP binding site does not simultaneously alter the phosphorylation of all its 

targets. Changes in phosphorylation levels of CK2 targets two different CK2 inhibitors, CX4945 

(Silmitasertib) and GO289, were different. Both inhibitors have very low off-target activity and have 

an almost overlapping set of affected CK2 phosphorylation targets. However, the extent of reduction 

of phosphorylation is very different from these two. Both inhibitors are structurally unrelated. Yet 

they bind the same site on CK2α and cause very different effects. The difference could be attributed 

to the ability of CK2 to identify its targets under different conditions [5,32].  

For the identification of substrates that are non-redundant, CK2 inhibitor non-sensitive mutants 

were created. The kinase is known to phosphorylate only 20% of the substrates containing the 

minimal recognition motif. With the mutants and subsequent use of inhibitors, the expanse of 

substrates was estimated in cell lines. Studies using lysates do not consider the temporal and spatial 

factors for CK2-substrate interactions. Hence, these studies used the Stable Isotope Labeling Using 

Amino Acids in Cell culture (SILAC) approach. This allowed the study of interaction when the cells 

performed their normal function. The disparity was observed within popular CK2 inhibitors, with 

only a proportion of inhibitors showing dose-dependent inhibition of CK2 activity [45]. 

3. Subunits of CK2 and their diverse roles 
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There are many instances where individual subunits of CK2 perform distinct functions. 

Targeting those interactions during disease depends on individual subunit targeting rather than 

kinase activity inhibitors. Inhibition of a particular subunit or its depletion in cellular compartments 

affects the expression and activity of other subunits. These are explained using the following 

examples. 

A coordinated regulation mechanism between the three holoenzyme subunits was observed 

during skeletal muscle differentiation. The mechanism involved regulating early Myogenic 

Regulator Genes such as MyoD and myogenin, followed by the expression of muscle-specific genes 

such as caveolin -3, troponin, and myomixer. The holoenzyme's individual subunits and catalytic 

activity also coordinated plasma membrane fusion and the shutting of embedded proteins. In 

individual knockouts of subunits in C2C12 cells with CRISPR/Cas9, the deletion of one subunit 

affected the expression of other subunits, showing their interdependence. Deletion of the CK2α 

subunit downregulated CK2β expression. Deletion of CK2β subunit upregulated CK2α expression. 

Deletion of CK2α’ did not alter the levels of the other two units. In knockouts of CK2α and CK2β, 

MyoD expression was reduced and abrogated, respectively, whereas the deletion of CK2α’ did not 

have an effect.  The reduction of MyoD expression in CK2α deletion was attributed to the 

downregulation of CK2β in these mutants. In CK2β null mutants, the expression of this early MRF 

was not activated until the re-induction of the subunit in CK2β knockdown C2C12 cells already 

expressing low levels of MyoD. With increasing expression of CK2β in these cells, the level of MyoD 

increased, which was also reflected at transcription levels. This indicates the direct involvement of 

CK2β with other epigenetic modifiers for activating the expression of this early MRF. The level of 

MyoD expression was not affected by varying the catalytic activity of CK2 by pharmacological 

inhibition or changes in the expression of CK2α and CK2α’ subunits. During the later stages of 

myogenic differentiation, the levels of MyoD reduce, whereas the expression of muscle-specific genes 

increases in WT C2C12 cells. Here, pharmacological inhibition of kinase activity in CK2α’ knockout 

mutants reduced the expression of these markers, indicating the role of the CK2α subunit in the 

expression of muscle-specific markers. The role of CK2α’ during myotube formation was seen to be 

non-dispensable. With the deletion of this subunit, there was a reduction in the number and size of 

myotubes compared to WT. This subunit is also sufficient to rescue reduced fusogenic activity of 

muscle fibers [46]. The effects of kinase activity inhibition versus individual subunit knockout are 

depicted in Figure 1.  

Also, by performing subunit knockout, the extent of the contribution of individual subunits was 

determined. This approach is helpful in the creation of high-specificity drugs. In most cases, the 

inhibition of kinase activity in a broad sense does not impact the function of single subunits. In these 

cases, focusing on a single subunit is critical in making the therapeutic precise and effective. In 

skeletal muscle development and homeostasis, a CK2α subunit is required [47].  

The phosphoproteome of each subunit was studied with the help of catalytic and regulatory 

subunit knockout mutants using CRISPR/Cas9 technology. With the knockout of CK2α and α’ 

subunits, there was a substantial reduction in phosphorylation of predicted CK2 targets (18 out of 

24). Expression of the CK2β subunit was reduced with this deletion. An increased rate of degradation 

of CK2β was a possible explanation for this observation. There was upregulation in phosphorylation 

in some of the non-CK2 phosphorylation targets. This could be explained by changes in the 

expression and activity of other kinases in the absence of CK2 catalytic subunits. For the knockout of 

CK2β subunits, there was a proportion of reduction of phosphorylation that was slightly lower than 

that of the catalytic units (9 out of 15). Here, the catalytic subunit expression was increased compared 

to the wild type. For some of the CK2 substrates, like CDC37 (pS13), the knockout of CK2 did not 

affect phosphorylation. But for the substrate AKT S129, the phosphorylation was drastically reduced 

to the extent it was almost absent with the knockout of either the catalytic or regulatory subunit. 

These differential effects on substrates shed light on the function of CK2 subunits as compensatory 

to each other in some cases or the strict requirements of holoenzymes in others.  Changes in the 

phosphorylation status of predicted CK2 targets and non-targets based on sequence prediction 
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indicated that only the presence of the consensus sequence is not sufficient or essential for target 

identification and phosphorylation to occur [48]. 

Created with BioRender.com Created with BioRender.com

 

Created with BioRender.com 

Figure 1. Comparison of effect of inhibition of kinase activity and individual subunit knockout on 

mesenchymal stem cell line. Dysregulation of Wnt signaling pathway causes oncogenic activation in 

myogenic C2C12 cells. CK2 is a regulator of Wnt pathway. Individual subunits have other 

unidentified roles in myogenesis or regulation of Wnt pathway. Knockout of α ot β subunit causes 

complete suppression of myogenesis. Wheeras, inhibition of kinase activity causes partial 

suppression of myogenesis. 

4. Inhibitors of CK2 

The two most promising CK2 inhibitors include small molecule CX-4945 and peptide inhibitor 

CIBG-300. Both are under clinical investigation for their use in cancer treatment. There is a potential 

for developing CK2-targeting drugs for the treatment as well. The ATP-competitive CK2-specific 

small molecule inhibitor exploits the differences in this kinase's ATP-binding domain with others. 

The ATP-binding domain in the CK2α subunit is small compared to other kinases of this family.  

Undesirable effects are seen while using CX-4945. The inhibition of Cdc2-like kinases (Clks) was 

due to off-target effects of CX-4945. It also affected alternating splicing of several genes, including 

CK2 [49]. In Cholangiocarcinoma, the drug induced methuosis and caused cell death in CK2 

independent manner. These effects indicate the uncontrolled consequences of using generalized CK2 

inhibitors [50]. The effectivity of CX4945 in cancer is also lower than a few other inhibitors of CK2, 

and it is ascribed to its unspecific action [51]. Recently a more specific molecule based on the structure 

of CX-4945 is getting developed [52]  

The utility of CK2 inhibition as a strategy to target bone marrow stromal cells and the effect of 

the inhibition on other cell types generated from the same stem cell niche was studied. The effect of 

pharmacological inhibition of CK2 with CX-4945 on osteoblast and osteoclast viability was tested. It 

was found that for osteoblasts, cell viability was only slightly affected at higher concentrations. Only 

one-fifth of the concentration was required for osteoclast generation to reduce the viability 4. The off-

target activity of this type of inhibitor is reported in literature [53]. Further studies are required for 

clinical translation. Other examples of ATP competitive inhibitors are included in Table 1 and Table 

2, along with their effectiveness in clinical application.  

Table 1. Small molecular inhibitors of CK2 and their Clinical utility. 
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Name 
Status for Clinical

Application 
Reference 

Silmitasertib (CX-4945) The most selective CK2

inhibitor. Promotes apoptosis

while inhibiting the PI3K/Akt

signaling pathway and the

cell cycle progression. It has

little toxicity. It is in Clinical

use.  

[54,55] 

dimethylamino-4,5,6,7-1H-

tetrabromobenzimidazole 

(DMAT) 

Permeates cell membranes

and induces apoptosis in the

Jerkat cell line.  

[29,56] 

Emodin It’s a natural anthraquinone

derivative extracted from

rhubarb. Inhibits CK2.  

[57,58,59] 

Quinalizarin One of the most selective CK2

inhibitors. Polar interactions

are established with CK2 in at

least three hydroxyl groups.

Inhibits CK2 and promotes

apoptosis in HEK-293 and 

Jurkat cells. 

[60] 

IC20 Extremely high selectivity for

CK2alpha. It doesn’t show

cytotoxicity in cancer cells.

Binds at multiple sites with

CK2.  

[61] 

[62,63] 

SGC-CK2-1 High selectivity and cell-

membrane permeable CK2

inhibitor. Used as a cellular

probe to investigate how CK2

functions in the cell. It has

little inhibitory effect on the

proliferation of most cancer

cells, and it is only effective 

against a small subset of

cancer cells. 

[64,65] 

Tetrabromocinnamic Acid 

(TBCA) 

Promotes apoptosis in Jurkat

cancer cells. Suppresses

platelet aggregation/secretion

and the cell cycle progression

in prostate cancer cells. 

[66] 

4-(6,8-Dibromo-3-hydroxy-4-

oxo-4H-chromo-2-yl)-benzoic 

acid (FLC26) 

Mild increase in selectivity

over the predecessor

compound FLC21. Permeable

to cell membranes and caused

a significant increase in

apoptosis in PANC-1 cells. 

[67,68] 

3,8-dibromo-7-hydroxy-4-

methylchromen-2-one (DBC) 

Cell permeable and induces 

apoptosis in Jurkat cells. [69,70] 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 November 2023                   doi:10.20944/preprints202311.0094.v1

https://doi.org/10.20944/preprints202311.0094.v1


 7 

 

CAM4066 Poor cell membrane

permeability. However, a

synthetic methyl ester

derivative, pro-CAM4066, 

increases its cell permeability,

making it effective against

cancerous tumors. Similar to

KN2, but less selective and

therefore less optimal as an

inhibitor of CK2. Acts on the 

αD region and ATP-binding 

sites of CK2. The moiety

bound to the ATP binding site

forms a hydrogen bond with

Lys68 and two water

molecules. The moiety in the

αD site interacts with Pro159

and a conserved water

molecule. The linker forms a

network of hydrogen bonds. 

[71–73] 

 

CAM4712 Has high cell permeability

and anti-proliferation effects. [74,73] 

GO289 High selectivity for CK2, with

little inhibitory effect on other

kinases. Extremely selective,

ideal for clinical use.

Inhibition of the

phosphorylation sites of

multiple clock proteins and

suppressed the

growth/proliferation of cells

of a diverse array of cancers.

CK2α and CK2α′ are the

primary targets of.  

[75] 

 

HY1-Pt Derived from CX-4945. 

Extremely high selectivity,

ideal for clinical use.

Reversed cisplatin-induced 

drug resistance. Suppresses

DNA damage repair in cancer

cells. It also inhibited the

Wnt/beta-catenin signaling

pathway while activating the

mitochondrial apoptosis

pathway. Displayed no

toxicity to healthy

hepatocytes and could be

used as a therapeutic for

NSCLC. 

[52] 

Allosteric inhibitors of CK2 can bind to three different sites. Most effective inhibitors bind at the 

α and β unit interface. This approach retains the catalytic activity of the kinase and hence only affects 

the phosphorylation of CK2β dependent substrates [32]. The regulatory β subunits act as docking 
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sites for a few CK2 substrates and protect the catalytic subunits from degradation.  The other two 

sites where allosteric inhibitors can bind are the αD pocket, the linker region in the ATP binding site 

[73], and the αC helix region, which is rich in glycine. Examples of these are listed in Table 1 and 

Table 2. Detailed descriptions of various CK2 inhibitors and strategies they undertake can be found 

in current literature [76]. The structure-activity relation of CK2 inhibitors can also be found in 

literature [74,77]. Many of these are either not highly specific or have low cell permeability. Some 

compounds known to inhibit CK2 do not show cytotoxicity in cancer cell lines. However, their utility 

in treating diseases such as the musculoskeletal system is worth investigating. In these diseases, re-

directing pathways involving deregulated CK2 is more critical than causing general cytotoxicity.  

The synthetic peptide CIBG-300 was discovered for its effective treatment of Cervical cancer. It 

was also found to be anti-angiogenic [78]. The drug is derived from a cyclic nine-mer peptide. This 

peptide inhibited phosphorylation of human papillomavirus type-16 E7 (HPV-16 E7) oncoprotein 

phosphorylation in a phage display assay. Upon conjugating with cell-penetrating peptide Tat 

(amino acids 48-68) to increase the cell permeability of the peptide, it inhibited phosphorylation of 

the HPV-16 E7 oncoprotein by CK2 and induced apoptosis in cell cultures [37]. This peptide was then 

studied in different types of cancer. Substrates of CK2 interacted differently with CIGB-300. It reacted 

more with catalytic subunits and interacted less with the regulatory subunit. Also, it reacted with the 

CK2α’ more than the CK2α subunit [38]. The target of this peptide was B23/nucleophosmin, a 

nucleolar protein where that selectively modulated processes specific genes. It affected protein 

synthesis, energetic metabolism, and biogenesis of ribosomes [79]. These findings have led to a 

change in the defining mechanism of action of CIBG-300. Previously termed as CK2 inhibitor, its 

specificity in targeting selected phosphosites rather than generalized inhibition is getting attention. 

It is an effective strategy to target CK2 with other kinases that are either phosphorylated by it or 

act on the same substrate. Here, BRD4 is a kinase that, along with CK2, is highly expressed in Breast 

Cancer and is phosphorylated by CK2. A dual inhibitor for C2 and BRD4 was more effective than 

targeting CK2 alone. Similarly, PIM kinases, along with CK2, interact with MYC. Pathways involved 

are non-redundant. In diseases with high expression of PIM and CK2, it was more effective to target 

both kinases. Kinase SRPK1 is involved in angiogenesis and overexpressed in several cancers. 

SRPIN803 was found to inhibit SRPK1 and CK2 together. Its ophthalmic application was also studied. 

TNIK and DYRK1are help maintain the phosphorylation of key regulators in cancer stem cells. 

Compound 108600 inhibited the TNIK, DYRK1, and CK2. But there was also an allosteric change in 

the CK2 α subunit to inhibit holoenzyme formation [77]. 

Table 2. Multitarget inhibitors of CK2. 

Name 
Status for Clinical Applica-

tion 
Reference 

Compound 58 Able to overcome drug

resistance in cancer

treatment. Targets CK2 and

BRD4.  

[79,80] 

Compound 60 Highly selective. Reduces

tumor growth and lessens

cancer symptoms in vivo and

in vitro, with no apparent

side effects. It is considered a

potential therapeutic in

triple-negative breast cancer. 

Targets CK2 and BRD4. Has

potent and balanced activity

against BRD4 and CK2. 

[79,80] 
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Naphtho[2,1-b:7,6-b′]difuran-

2,8-dicarboxylic acid hydrate 

(CPA), CPB, AMR 

High selectivity for CK2 and

the kinase PIM. Lack of cell

permeability; hence, it cannot

be used clinically. 

[81] 

8-hydroxy-4-methyl-9-

nitrobenzol(g)chrome-2-one 

(NBC) 

High selectivity for CK2 and

PIM. Induces apoptosis. [69,82] 

1-β-D-2′-deoxyribofuranosyl-

4,5,6,7- tetrabromo-1H-

benzimidazole (TDB) 

High selectivity for CK2 and

PIM. Extremely high

selectivity indicates it has

clinical potential. 

[83] 

Compound 66 Cytotoxic against cancer cells

but not healthy cells. Inhibits

the proliferation of various

cancer cell lines. Reduces the

viability of cancer cells more

effectively than CX-4945. It is 

membrane-permeable and

targets CK2 and PIM.  

[82] 

 6-(4-Hydroxy-3-

methoxybenzylidene)-5-

imino-2-(trifluoromethyl)-

5H-[1,3,4]thiadiazolo[3,2-

a]pyrimidin-7(6H)-one 

(SRPIN803; CK2 inhibitor 

XIII). 

Inhibits both CK2 and SRPK1,

which causes aberrant

angiogenesis. Significantly

inhibits cell viability in Jurkat

cell lines. In vivo studies

suggest it prevents the

formation of intraocular

neovascularization. 

[84] 

108600 Inhibitory effect on 

CK2/TNIK/DYRK1. The

inhibitory effect on CK2α’ is

ten times stronger than on

CK2α. Inhibits tumor growth

in breast cancer cells and

overcomes chemical

resistance. In vitro and in

vivo studies suggest it is an

optimal inhibitor in clinical

settings. 

[85] 

   

Inhibitors with a higher specificity can target specific subunits or forms of the CK2 holoenzyme. 

Some of them, like CIBG-300, are capable of inhibiting selective phosphosites. They are tested for 

their use in cancer treatment as well as treatment of other diseases. These are listed in Table 3. 

Table 3. CK2 inhibitors with pathway or subunit specific mechanism of action. 

Name 
Status for Clinical Applica-

tion 
Reference 

CIGB-300  
Cell-permeable. Inhibits

angiogenesis and metastasis.

Used in early clinical trials in

combination with

chemoradiotherapy as a

therapeutic against cervical

[37]  
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cancer. Administered by

injection into the tumor.

Targets the phosphoacceptor

domain. Releases histamine

from the cells, possibly due to

higher intracellular calcium

levels in the cell. 

4,5,6,7-

tetrabromobenzotriazole 

(TBBt) 

Moderately effective as an

anti-cancer drug. Induces

apoptosis in tumor cells.

Inhibits CK2α subunit. Used

in Sepsis-Induced Acute

Kidney Injury.  

[86,87] 

4,5,6,7-

tetrabromobenzimidazole 

(TBBz) 

Able to target specific 

molecular forms of CK2. It is

more effective in inducing

apoptosis and necrosis in

tumor cells compared to

TBBt. Inhibits CK2α subunit

activity. Tested in

Glioblastoma Cell lines.  

[86,88] 

5. Implication of CK2 in musculoskeletal disorders 

5.1. Rheumatoid arthritis: Rheumatoid arthritis (RA) is an autoimmune condition that affects 

the joints. CK2 is overexpressed in RA, so inhibiting the kinase is a potential therapeutic strategy. 

Human primary CD4+T lymphocytes isolated from patients with RA were stimulated with the CK2 

inhibitor CX-4945, which caused the suppression of cellular responses in Th1 and Th17 cells 

compared to controls but caused Th2 cellular activity to be enhanced. In vivo, studies using collagen-

induced RA were conducted by treating the mice with CX-4945 via ingestion. Mice who had received 

CX-4945 were found to have inhibited Th1 and Th17 cell responses and subsequently reduced RA 

symptoms [89,90]. Primary Fibroblast-Like Synoviocytes (FLS) from patients diagnosed with RA 

showed higher levels of CK2 expression and activity than primary FLS patients diagnosed with OA. 

Stimulation of the RA primary cells with CX-4945 suppressed the cell cycle, which CK2 regulates. 

The inhibition of CK2 and the ensuing suppression of the cell cycle resulted in the decreased 

migration and proliferation of RA-FLSs. They attenuated the symptoms of RA, such as inflammation 

and joint pain The suppression of CK2 activity by CX-4945 has been shown through both in vivo and 

in vitro studies to be a novel therapeutic approach for RA. (Figure 2, 3, 4) 
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Figure 2. Implication of CK2 in RA and effect of inhibition of CK2 kinase activity. Expression of CK2 

is upregulated in RA. Increase in CK2 activity increases inflammation by various mechanisms. a) 

Inhibition of CK2 in Fibloblast like synovyocytes reduced their proliferation and hence reduced the 

synovial inflammation. b) In RA, CD4+ cells treated with CK2 inhibitors, had reduction in activation 

of Th1 and Th17 T cell response and it activated Th2 type cell response. Inhibition of CK2 in CD4+ 

cells reduced their proliferation and hence Th1 and Th17 T cell response was activated. These effects 

were seen in in-vivo conditions as well. 
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Created with BioRender.com 

Figure 3. Implication of CK2 in Osteosarcoma and effect of inhibition of CK2 kinase activity. 

Inhibition of CK2 makes the cells more sensitive to Apoptotic signals. 
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Figure 4. Inhibition of the interaction between CK2 and BMPRIa is effective strategy for the treatment 

of Osteoarthtis and Osteoporosis. a) Stimulation with BMP2 ligand causes heterodimerization of 

BMPRIa receptor with BMPRII. Release of CK2 from BMPRIa and its phosphorylation by BMPRII 

activates BMP signaling pathway. b) BMPRIa receptor has three phosphosites on the 

cytoplasmic/intracellular domain. These phosphosites were validated using CK2 mutants. c) BMPRIa 

mimetic peptides containing phosphosites sequence corresponding to ‘SYED’ activates articular 

chondrocytes to repair Osteoarthtic lesions in knee articular cartilage. The BMPRIa mimetic peptide 

containing phosphosite sequence corresponding to ‘SLKD’ corrects the BMP pathway in senile mice. 

Thereby it helps regain balance between Osteoblastogenesis and Osteoclastic activity, which is 

affected in Osteoporosis. . 

5.2. Osteoarthritis (OA) is a degenerative disease of the articular cartilage that becomes 

increasingly common with advanced age, especially for women. Specifically, OA is caused by the 

loss of number and activity of chondrocytes. Induction of apoptosis in chondrocytes is observed 
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during OA. Reduced activity of chondrocytes causes increased breakdown of the collagen matrix and 

structural damage of the cartilage. CK2 is important for the inhibition of apoptosis. Parathyroid 

hormone-related protein (PTHrP) exerts its protective activity against mitochondria-dependent pro-

apoptotic activity via CK2. Its nuclear localization causes increased expression of CK2 with increased 

nuclear retention and activity [91]. Expression of CK2 is reduced in chondrocytes of patients 

diagnosed with OA, and its inhibition sensitizes chondrocytes to TNFα mediated cell death [92]. CK2 

is also involved in oxidative stress response. CK2 signaling is important for activating transcription 

factor NF-E2-related factor 2 (Nrf2), leading to the expression of Heme oxygenase-1 (HO-1). This 

enzyme is activated in chondrocytes in response to peroxynitrite-induced oxidative stress [93]. Also, 

inhibition of catalytic activity of CK2 with 4,5,6,7-terabromo-2-azabenzimidazole (TBB), 5,6-

dichlorobenzimidazole 1-β-D-ribofuranoside (DRB) induced senescence and apoptosis in 

chondrocytes. Overexpression of HO-1 reduced the TBB-induced senescence. Chondrocytes 

overexpressing HO-1 had reduced sensitivity towards TBB-induced senescence. Knockdown of CK2 

led to reduced type II collagen and increased β catenin expression [94]. Chondrocytes treated with 

CK2 inhibitors and αB-crystallin siRNA were sensitized for apoptosis. However, αB-crystallin had a 

protective effect. Its expression was modulated, and cellular localization was changed after CK2 

inhibition [92]. The role of αB-crystallin in aiding CK2 to prevent chondrocyte apoptosis should be 

explored further. Thus, CK2 protects chondrocytes from the effects of oxidative stress and apoptosis.  

5.3. Bone fractures: Often associated with osteoporosis, bone fractures can be induced or 

aggravated by various conditions, often relating to a weakening of bone or a loss in bone mass. Casein 

Kinase Interacting Protein-1 (CKIP-1) interacts with CK2α subunit and regulates signaling between 

CK2α and effector molecules of BMP signaling [95,96]. The CKIP-1 knockout mice had abnormally 

high levels of bone mass. The effects of CKIp-1 on bone growth and repair were age-dependent, with 

CKIp-1 having a more substantial effect on the bone mass of 18-month-old mice and comparatively 

little effect on 2-month-old mice. CKIp-1 is a negative regulator of osteogenic differentiation, and age-

related inflammation causes an upregulation of CKIp-1, although the exact mechanisms of this 

upregulation remain unclear [97,98]. Inhibition of interaction between CK2α and CKIp-1 is a possible 

therapeutic strategy for bone fractures.  

5.4. Osteoporosis (OP) is a degenerative disease that, as of 2023, affects more than 200 million 

people. Incidence rate of OP is 1.7% of men and 26% of women over age 50 worldwide [99]. OP is 

associated with loss in bone mass and mineral density, which weakens the bones and predisposes 

them to fractures. Glucocorticoid-induced osteoporosis (GIO) is a form of osteoporosis in patients 

undergoing treatment for various inflammatory or auto-immune diseases via glucocorticoid 

medications. Primary cells from human patients and mice with GIO were found to have elevated 

levels of Casein kinase 2-interacting protein 1 (CKIP-1) and reduced levels of Smad1/5 compared to 

controls. In vitro, elevated expression and activity of CKIp-1 in osteoblasts inhibited Smad-dependent 

BMP signaling. CKIp-1 regulates BMP signaling and can recruit CK2α to the plasma membrane. 

Hence, its overexpression can affect the activation of BMP signaling of Osteoblasts and Osteoclasts. 

It increased the ubiquitination of Smad1 and suppressed BMP signaling. This affected the 

Differentiation of MSCs into Osteoblasts. These alterations could have contributed to lesser 

mineralization. Suppressing CKIp-1 interaction with CK2 could be a novel therapeutic strategy for 

treating GIO. It would help promote BMP signaling and thereby induce bone formation and repair 

[100]. A challenge in creating therapeutics for osteoporosis is maintaining the optimal balance 

between osteoblasts and osteoclasts, cells that create bone and cells that degrade bone, respectively. 

Ideally, a therapeutic for OP would increase osteoblast activity while decreasing osteoclast activity, 

inducing bone formation and repair. 

6. Implications of CK2 in Musculoskeletal Cancers 

6.1. Rhabdomyosarcoma is a cancer initiated in the skeletal muscle and can metastasize to other 

tissues. CK2 is found to be upregulated in rhabdomyosarcoma cells, so the inhibition of CK2 and the 

subsequent promotion of apoptosis among tumor cells is a primary goal of research. Research into 

possible therapeutics has included using the cloned human tumor cell lines JR1 and Rh30 cells. When 
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these cells were stimulated with the CK2 inhibitor 5,6-dichlorobenzimidazole (DRB), the proliferation 

of pro-apoptotic signals commenced, such as cytochrome c and Smad/DIABLO, which predictably 

led to widespread cell death. JR1 and Rh30 cells transfected with either short hairpin RNA targeted 

to CK2α or kinase-inactive CK2aα/CK2α’ led to heightened sensitivity to pro-apoptotic signals, 

suggesting that they further suppressed CK2 activity. Inhibitors of CK2 have the potential as 

therapeutics to prevent the growth and metastasis of rhabdomyosarcoma cells [101]. Here, inhibition 

of kinase activity and knockdown of α/α’ subunit increased apoptosis (Figure 5).  

 

Created with BioRender.com 

Figure 5. Current CK2 inhibitors are evolved for increased specificity for CK2, reducing off-target 

effects and better cell permeability. In the case of anti-cancer drugs, higher cytotoxicity is achieved in 

CK2 inhibitors. Future CK2 inhibitors could potentially target pathology-specific substrate 

interactions with CK2 using the knowledge of validated phosphosites of CK2 and the role of subunits 

or molecular forms of CK2 in processes. 

6.2. Osteosarcoma is a bone malignancy originating in the osteoblasts. CK2 is overexpressed 

in osteosarcoma, with CK2α and CK2β being upregulated in cloned human osteosarcoma cells, 

compared to healthy osteoblasts and mesenchymal stem cells. The osteosarcoma cells were cultured 

and stimulated with the CK2 inhibitor CX-4945, which was found to suppress the growth and 

proliferation of the tumor cells and increase the apoptosis rate. Interestingly, the proliferation and 

differentiation of mesenchymal stem cells was unaffected. The siRNA-induced knockdown of the 

CK2α and CK2β subunits in vitro suppressed the growth and proliferation of osteosarcoma cells. In 

vivo studies included the xenografting of 143B osteosarcoma cells into mice, which were then treated 

with CX-4945. Like the in vitro findings, CX-4945 inhibited the proliferation of the tumor cells and, 

therefore, constrained the growth of the tumor. CX-4945 has potential as a therapeutic for 

osteosarcoma because its inhibition of CK2 induces the apoptosis of sarcoma cells while having little 

to no effect on mesenchymal stem cells [102]. 

7. Targeting CK2-Substrate interaction 

One of the most integral ways in which CK2 regulates the function of the musculoskeletal system 

is through the Bone Morphogenetic Protein (BMP) Signaling Pathway. The BMP signaling pathway 

regulates chondrogenesis and osteogenesis and is significant in treating various musculoskeletal 

conditions. More specifically, CK2 interacts with the BMPRIa-BMPRII receptor complex in a manner 
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that mimics that of the growth factor BMP2. The binding of factor BMP2 to the receptor complex 

causes the release of CK2 from three specific locations on the receptor. The release of CK2 initiates 

the subsequent phosphorylation of downstream signaling, which causes the differentiation of 

mesenchymal stem cells into adipocytes, osteoblasts, and chondrocytes, depending on the pathway 

initiated. However, initiating the signaling cascade via BMP2 induces various harmful side effects; 

therefore, finding a similar ligand that does not facilitate such consequences is optimal [103]. Three 

mimetic peptides were synthesized to initiate the BMP signaling pathway without BMP2. These 

peptides contained one of three CK2 phosphorylation sites on BMPRIa (SLKD, SYED, or SLYD). At 

the N-terminus, there is the Antennapedia Homeodomain sequence for cellular uptake. Flanking the 

CK2 phosphorylation motif, there is a BMPRIa homologous sequence. These peptides are named 

CK2.1, CK2.2, and CK2.3 based on the phosphorylation site they contain [9]. CK2.1 was found to 

initiate chondrogenesis both in vivo and in vitro in mouse models, suggesting it has potential as a 

therapeutic for OA and other conditions characterized by cartilage degradation. CK2.1 increased 

proteoglycan synthesis and elevated levels of collagen type II without causing chondrocyte 

hypertrophy, a frequent occurrence with BMP2-induced signaling[104,105]. Rabbit mesenchymal 

stem cells were treated with a bilayer peptide-loaded scaffold consisting of CK2.1 coated β-

glycerophosphate/chitosan, which resulted in chondrogenesis and Osteoblastogenesis. This 

technique could be beneficial for treating articular osteochondral defects, common in OA patients, 

involving damage to both the cartilage and underlying bone [100]. CK2.2 induced both adipogenesis 

and Osteogenesis, while CK2.3 induced Osteogenesis. In treating OP and other disorders that reduce 

bone mass and mineral density, CK2.3 would be preferred because its use does not simultaneously 

induce adipogenesis, as does CK2.2 [105]. CK2.3 has been tested on mouse models in vitro and in 

vivo and activates ERK phosphorylation by preventing CK2 binding to the BMRPIa-BMPRII receptor 

complex. CK2.3 induces greater bone area, bone mass, and mineral density [103]. C2C12 cloned 

mouse myoblast cells were treated with the synthetic peptide CK2.3 and were found to have 

decreased Osteoclastogenesis, increased osteoblastogenesis, and increased mineralization compared 

to controls. In vivo, injections of CK2.3 via calvarial injection in mice increased bone area, density, 

and growth [9]. In vivo, studies of 6 to 9-day-old C57BL/6J mice injected with CK2.3 via the calvaria 

and 8-week-0old mice injected via the tail vein found that the mice showed increased bone formation 

and increased bone mineral density. At the same time, osteoclast activity appeared to be suppressed, 

indicating CK2.3 has the potential to alleviate the symptoms of OP by simultaneously enhancing 

osteoblast activity and inhibiting osteoclast activity, inducing bone growth and repair [106–108]. 

8. Discussion  

The evolution of small molecular inhibitors of CK2 is focused on improving specificity and 

reducing general toxicity. Improved cell permeability is also an essential factor. The specificity 

concerns inhibiting kinase activity of CK2 catalytic activity, and the inhibitors are primarily tested 

for their anti-oncogenic activity. These inhibitors are commonly used in combination with targeted 

therapy. However, their use in other diseases is not common. Also, targeting the kinase activity is not 

always the most effective method. The entire phosphor-kinome of CK2 is still undergoing 

experimental validation. Targeting of redundant interactions and false positive substrates hence 

stands as a possibility. The peptide drugs target the identified interaction between CK2 and BMPRIa. 

These are also seen to be highly cell-permeable. More investigation into their tissue-specific drug 

delivery and toxicity needs to be done. Evidence of their ability to drive the differentiation of 

mesenchymal stem cells into different lineages opens many possibilities. Drugs highly specific to 

kinase substrate interaction can potentially act as a molecular engineering tool. It can direct the 

molecular pathways towards the desired lineage. Targeting the pleiotropic kinase CK2 in this manner 

is an emerging prospect for designing a new generation of drugs. 

The evolution of small molecular inhibitors of CK2 is focused on improving specificity and 

reducing general toxicity. Improved cell permeability is also an essential factor. The specificity 

concerns inhibiting kinase activity of CK2 catalytic activity, and the inhibitors are primarily tested 

for their anti-oncogenic activity. These inhibitors are commonly used in combination with targeted 
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therapy. However, their use in other diseases is not common. Also, targeting the kinase activity is not 

always the most effective method. The entire phosphor-kinome of CK2 is still undergoing 

experimental validation. Targeting of redundant interactions and false positive substrates hence 

stands as a possibility. The peptide drugs target the identified interaction between CK2 and BMPRIa. 

These are also seen to be highly cell-permeable. More investigation into their tissue-specific drug 

delivery and toxicity needs to be done. Evidence of their ability to drive the differentiation of 

mesenchymal stem cells into different lineages opens many possibilities. Drugs highly specific to 

kinase substrate interaction can potentially act as a molecular engineering tool. It can direct the 

molecular pathways towards the desired lineage. Targeting the pleiotropic kinase CK2 in this manner 

is an emerging prospect for designing a new generation of drugs. 
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