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Abstract: Protein kinase CK2 (formerly known as casein kinase 2 or II), a ubiquitous and constitutively
active enzyme, is widely recognized as one of the most pleiotropic serine/threonine kinases. It plays
a critical role in numerous signaling pathways, with hundreds of bona fide substrates. However,
despite considerable research efforts, our understanding of the entire CK2 substratome and its
functional associations with the majority of these substrates is far from being completely deciphered.
In this context, we aim to provide an overview of how CK2 recognizes its substrates. We will discuss
the pros and cons of the existing methods to manipulate CK2 activity in cells, as well as exploring the
dynamic response of substrate phosphorylation to CK2 modulation.

Keywords: protein kinase CK2; casein kinase 2; protein phosphorylation; kinase consensus sequence;
kinase inhibitors; kinase activity

1. Introduction

PhosphoSitePlus, the most up-to-date and most comprehensive database of post-
translational modifications, collects nearly 300,000 non-redundant Ser/Thr/Tyr phospho-
sites [1]. The majority of these phosphosites have been identified by large-scale mass
spectrometry analysis, but the kinases responsible for their generation have been deter-
mined only for a few of them. Protein kinase CK2 is one of the most pleiotropic kinases
(767 human bona fide phosphosite substrates identified to date according to the Phos-
phoSitePlus database—https://www.phosphosite.org, accessed on 1 May 2023). CK2’s
ubiquity and constitutive activity contribute to its versatility, allowing it to participate in a
wide range of cellular signaling events [2-9]. Consequently, CK2 has attracted significant
attention as a potential therapeutic target for various human pathologies [10-20]. In a
previous study, we proposed that CK2 might be responsible for generating at least 20%
of the total human phosphoproteome [21]. However, it is important to acknowledge that
this percentage may have been overestimated due to the promiscuity of the CK2 consensus
sequence, which may affect the accuracy of substrate prediction [22]. Nevertheless, it
is widely recognized that a significant number of CK2 substrates remain unidentified,
highlighting the fact that our understanding of CK2 functions is still incomplete.

CK2 is the acronym for casein kinase to denote its ability to efficiently phosphorylate
casein in vitro, but the true physiological kinase has been lately identified as Fam20C,
the kinase responsible for generating the majority of Ser/Thr phosphosites in secreted
proteins [23,24]. The term CK2 does not refer to a single enzyme but rather to a heterote-
trameric complex composed of two catalytic subunits (x and/or «’) and two regulatory
subunits (B). The two catalytic subunits « and « (encoded by the two different genes,
CSNK2A1 and CSNK2A2, respectively) may differ in tissue distribution but share a high
structural homology. These two isoforms share approximately 90% identity within their cat-
alytic domains differing mainly in the C-terminal domain. However, there is evidence that
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in addition to the tetrameric form, CK2 can also exist as monomeric catalytic enzymes and
regulatory proteins. Crystallographic analysis and cell experiments have suggested that
CK2 complex formation is a dynamic process, allowing for the presence of both tetrameric
and monomeric forms [25,26]. Furthermore, the expression levels of CK2 subunits may not
always be balanced [27-29], further supporting the existence of monomeric CK2 catalytic
and regulatory subunits. In addition, it has been proposed that the CK2f3 regulatory subunit
may have CK2-independent functions by acting as a partner of other kinases, potentially
contributing to diverse signaling pathways beyond CK2-mediated phosphorylation [30,31].

2. CK2 Consensus Sequence

The recognition mechanism by which kinases identify their substrates has been exten-
sively examined and discussed in previous reviews [32-34]. Briefly, successful phospho-
rylation depends on some key factors. First, the kinase and its substrate must come into
contact, which is only possible if they share the same subcellular localization. In addition,
the proximity of kinase and substrate can be facilitated by kinase docking motifs outside
the catalytic domain functioning by tethering enzyme and substrate. Secondly, the target
site on the substrate must interact with the catalytic domain of the kinase. This interaction
requires the presence of specific determinants surrounding the target site, which vary
depending on the structural characteristics of the catalytic fold. These specific determinants
are commonly referred to as “kinase consensus sequences”. Recent research has shown
that approximately 60% of the Ser/Thr kinases can be classified into three distinct motif
classes: proline-directed (requiring a Pro in the +1 position), basophilic and acidophilic
kinases [35]. The importance of specific determinants surrounding the target site varies
between different kinases, with serine/threonine kinases placing greater emphasis on these
determinants compared to tyrosine kinases. Indeed, for tyrosine kinases the presence of
docking sites that facilitate proximity between the substrate and the kinase is generally
considered to be the most critical factor [36].

How does CK2 recognize its substrates? CK2 localizes in a variety of subcellular com-
partments, including the nucleus, cytosol, and plasma membrane. The two (3-regulatory
subunits present in the tetrameric CK2 complex play an important role in substrate re-
cruitment and phosphorylation. As the catalytic subunits of CK2 are constitutively active,
as mentioned above, the -subunits do not function to switch the activity on/off. In-
stead, the primary function of the (3-subunits is to act as a docking protein, facilitating
the interaction between the kinase and its substrate [37]. Based on the dependence on the
[-subunit, a classification of CK2 substrates as 3-dependent or 3-independent has been
proposed [38]. For example, the downregulation or knockout of the 3-subunit is sufficient
to completely inhibit the endogenous phosphorylation of S129 Akt and a wide range of
other CK2 substrates [39].

CK?2 is widely recognized as an acidophilic kinase, indicating a preference for phos-
phorylation sites surrounded by acidic residues at both the N- and C-termini. The crystal
structure of protein kinase CK2« shown in Figure 1A highlights its substrate-binding
region, which is characterized by a positively charged electrostatic surface (blue zone).
Interestingly, the presence of a proline residue in the +1 position, typically associated with
proline-directed kinases, inhibits CK2 activity [33]. In general, a detailed analysis of the
kinase consensus sequence can be obtained by analyzing the phosphorylation sites of a
peptide library or, better still, by analyzing the bona fide substrates of the kinase once a
sufficient number has been identified. In the case of CK2, 767 substrates have been identi-
fied in humans according to the PhosphoSitePlus database (https://www.phosphosite.org,
accessed on 1 May 2023). Online tools such as WebLogo [40] or Two-Sample Logo [41] can
help analyze the primary structure of peptide substrates and identify the most recurrent
residues around the target amino acid. These tools are graphical representations of an
amino acid multiple sequence alignment that provide an informative representation of se-
quence motifs, where the height of the stack represents the degree of sequence conservation,
and the height of the individual residue within the stack represents its relative frequency
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at that position. The Weblogo analysis of CK2 phosphosites presented in Figure 1B is the
graphical representation of the amino acids surrounding 767 CK2 phosphorylation sites. A
closer examination of the selected frame (+7, —7) reveals that acidic residues are favored at
all positions, with particular significance at position +3 (69% of substrates containing it)
and at position +1 (51% of substrates containing it), confirming the general CK2 consensus
sequence as S/T[E/D]x[E/D]. The CK2 substrate logo generated in 2009 [21] with a lower
number of substrates (433) shows significant similarity to the logo generated in this study.
In fact, the most frequent residues are the same in all positions between —7 and +7 in
the two logos. This similarity suggests that the identified sequence motifs and conserva-
tion patterns are robust and consistent, and the generated logo represents the definitive
fingerprint of the CK2 kinase. How useful are these considerations? In our work from
2009 [21], by analyzing the entire human phosphoproteome we assigned a certain number
of substrates to CK2 only according to this CK2 fingerprint. We also demonstrated in vitro
and, in some cases, in cell phosphorylation by CK2 for some of these putative substrates,
confirming the reliability of the approach. Based on this observation, we proposed that
approximately 20% of the phosphoproteome could be attributed to CK2 [21]. However,
a more recent analysis suggests that a significative proportion of the phosphopeptides
that have the CK2 consensus sequence also have consensus sequences for other kinases,
suggesting that these sites could be phosphorylated by multiple kinases or by kinases other
than CK2, thus revising the conclusion of our previous analysis [22].

Figure 1. CK2 substrate recognition. (A) Electrostatic potential mapped onto the molecular surface
of CK2x (PDB ID: 6SPW) and the binding of a peptide substrate (DgK derived from ARC3140
inhibitor). The image was generated with PyMol 2.5 Software (Schrodinger, LLC., New York, NY,
USA). The electrostatic surface has been calculated with APBS [42]. (B) Web logo analysis of CK2-
validated phosphosites. A total of 767 non-redundant phosphosites have been collected from the
PhosphoSitePlus database (https:/ /www.phosphosite.org, accessed on 1 May 2023) and analyzed.
Weblogo was generated using WebLogo 3: Public Beta.

Despite this, the identification of the CK2 consensus sequence in a substrate remains
the first approach to understanding whether a site could be a direct substrate of CK2.
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3. Is a Phosphopeptide Containing the CK2 Consensus Sequence a True
CK2 Substrate?

While the consensus sequence is important for substrate recognition by CK2, ex-
perimental verification of CK2 phosphorylation is necessary. The first step in verifying
direct CK2 phosphorylation of a substrate is to perform in vitro phosphorylation. In vitro
phosphorylation is usually performed with the single recombinant catalytic subunit. How-
ever, the outcome of in vitro phosphorylation could differ in the presence or absence of
the regulatory CK2p subunits, which play an important role in facilitating the correct
binding of the substrate to the catalytic domain. The requirement for the 3-subunit is
not universal and previous studies have classified CK2 substrates into 3-dependent and
-independent categories based on their reliance on CK2p for efficient phosphorylation
(see [38] for details).

Identifying CK2 as the kinase responsible for phosphorylating a specific site on a
protein in the cell and understanding the functional significance of this phosphorylation
event require the ability to detect the phosphorylation site and assess the changes following
manipulation of CK2 activity in the cell. The assessment of site-specific phosphorylation
in a protein in cells typically requires the development of specific tools. One potential
approach to detecting and quantifying the phosphorylation state of the protein is to generate
phosphospecific antibodies that specifically recognize and bind to the phosphorylated
site of interest for use in immunoblotting and /or immunofluorescence. Another method
involves the use of Phos-tag, a chemical compound that binds selectively to phosphorylated
residues and can be incorporated into polyacrylamide gels allowing the visualization of
the phosphorylation states of a protein by Western blotting [43], the reliability of which,
however, appears to be substrate-specific. In some cases, radioactive orthophosphate
incorporation or phosphostaining molecules such as ProQdiamond [44] can be used to
study the changes in phosphorylation of the whole protein after immunoprecipitation and
Western blotting. In addition to these approaches, mass spectrometry plays a crucial role
in the identification and quantification of phosphorylation sites in a single protein or in
whole-cell lysate after phosphosite enrichment [45]. However, a comprehensive discussion
of these techniques and their applications is beyond the scope of this review.

Here, we will describe and critically discuss the methods available to modulate the
activity of protein kinase CK2 in the cell.

4. CK2 Knockdown, Knockout and Inhibition: Advantages and Disadvantages

Modulating CK2 activity in cells is crucial to establish the link between CK2 and the
regulation of physiological functions of a target protein. Transient overexpression of the
catalytic or regulatory subunits is readily achievable, subject to limitations in transfection
efficiency that depend on the cell line. However, as CK2 is constitutively active [37], re-
ducing its activity is likely to be the most effective approach to identify the functional
consequences of protein phosphorylation. Furthermore, although transient kinase over-
expression provides some information, it can be misleading as it generally results in the
expression of a large amount of kinases, which may be mislocalized and phosphorylate
substrates that are not typically phosphorylated at physiological levels.

Two different and complementary approaches can be used to reduce kinase activity:
inhibition of the catalytic activity or knockdown/knockout of the protein kinase expression.
Although both lead to a reduction in total kinase activity in the cell, these approaches are
not equivalent and can give different results, as in the second case kinase-independent
effects are still possible due to the binding interactions of the inactive kinase.

Inhibition of CK2 using small chemical molecules is the simplest and most efficient
method of reducing CK2 activity in cells. Several inhibitors targeting CK2 have been
identified over the years and Table 1 lists the most important compounds with their K; /ICsg
(for a comprehensive list of CK2 inhibitors please refer to [46,47]). The most commonly used
inhibitors in the past, such as 4,5,6,7-tetrabromobenzotriazole (TBB) or 2-dimethylamino-
4,5,6,7-tetrabromo-benzimidazole (DMAT), exhibited numerous off-target effects and have
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largely been discarded. The discovery of CX-4945 [48] (also known as Silmitasertib) has
represented a breakthrough for its potency and specificity compared to previous molecules
and has until recently been considered the inhibitor of choice for targeting CK2 in cells.
However, over the years it has been shown that this molecule also inhibits other kinases
with high potency including PIM-1 [49], GSK3f [50] and DYRK1A [50,51]. It is also worth
mentioning other off-target effects of CX4945: it acts as a splicing regulator [52] and as an
inducer of methuosis [53,54], which are two phenomena independent of CK2 activity.

Table 1. Most commonly used CK2 inhibitors. For a comprehensive list of CK2 inhibitors please refer
to [46,47].

ATP-Competitive

Inhibitors K; or IC5 References

DRB K; =23 uM [55]
. TBB ICs0 = 1.6 UM [56]
Poéy}igzalogengtedl b;’lnz'zmzdazole TDB ICsp = 0.032 UM [57]
and benzotriazole derivates TBI ICs = 0.5 M [58]
DMAT IC50 =0.14 uM [58]
Quercetin 1Csp = 0.55 uM [59]
Flavonoids Apigenin 1C59 = 0.8 uM [59]
Fisetin IC59 = 0.35 uM [59]
Coumarins Ellagic acid 1C59 =40 nM [60]
Emodin K; =1.85 uM [61]
) MNX K; =0.8 uM [62]
Antraquinones MNA K; = 078 uM [62]
Quinalizarin K; =0.06 uM [63]

Pyrazolo[1,5-alpyrimidine ICs5p = 36 nM (CK2x)
derivatives SGC-CK21 ICs9 = 16 nM (CK2) [64]
IQA 1Cs59 = 0.39 uM [65]
. o TBCA ICsp =110 nM [66]
Carboxyl acid derivatives CX-5011 ICag = 2.3 nM [67]
CX-4945 1IC50 =1 nM [48]
Other compounds G0O289 IC59 =7 nM [68]

Recently, new specific CK2 inhibitors have been developed, such as GO289 [68] and
SGC-CK2-1 [64]. The latter is the most specific CK2 inhibitor to date and the compound
of choice for dissecting the cellular functions of CK2. The superior efficacy of SGC-CK2-1
compared to CX4945 has been highlighted in a recent comparative phosphoproteomic
analysis [69]. However, it should be emphasized that no inhibitor is completely free of
off-target effects. Therefore, the use of at least two different structurally unrelated inhibitors
is always recommended [70]. The use of the two inhibitors CX-4945 and GO289, in addition
to SGC-CK2-1, seems to be one of the best options. These three inhibitors are structurally
unrelated (see structure in Figure 2A), and even if they bind to the same regions of CK2
(the catalytic pocket), they interact with different residues (Figure 2A). Another general
consideration supporting the use of different inhibitors is that despite their in vitro efficacy,
the inhibitors may have different subcellular distributions, preferentially affecting specific
pools of the kinase (see, for example, the recent study in ref. [71]), suggesting that the
potency of each inhibitor may differ depending on the type of substrate.

How do we know when treatment with a small molecule inhibitor has reached its
effect in the cell? Determining the endpoint of small molecule inhibitor treatment depends
on the desired outcome, such as inhibition efficiency of kinase activity or downstream
signaling events.

The degree of CK2 inhibition can be measured by incubating the cell lysate with
radioactive ATP and a specific peptide substrate (such as R3BAD2SD5, which is phospho-
rylated by both the tetrameric and monomeric forms of CK2 [72]) or a protein substrate
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(such as casein). This assay has also been used for non-covalent inhibitors demonstrating
the persistence of inhibition in diluted cell extracts [73]. However, a successful inhibition
of most of the kinase’s activity in cells does not necessarily reflect an immediate effect on
the phosphorylation of specific substrates. Indeed, it should be emphasized that CK2 is a
constitutively active kinase [37] and its signaling involves both phosphorylation and de-
phosphorylation events. The dephosphorylation rate at a given phosphosite is not constant.
Some phosphosites may have a rapid turnover, while others may have a longer half-life,
resulting in variable rates of dephosphorylation when CK2 activity is reduced.

In addition, different phosphosites may respond differently to the same level of CK2
inhibition. Some phosphosites may be more sensitive to changes in CK2 activity, while
others may require a stronger inhibition. For example, in lymphoblastic cells, treatment with
the CK2 inhibitor CX-5011 can lead to a more pronounced dephosphorylation of pS129Akt
compared to pS13 Cdc37 [74]. Furthermore, the same concentration of a CK2 inhibitor,
CX-4945 or GO289, can differentially affect the phosphorylation of CK2 substrates in C2C12
cells, as demonstrated using an antibody specific for p-CK2 substrates [75]. Similarly, in
genetically engineered C2C12 cells with less than 10% of total CK2 activity [76,77], the
phosphorylation of 5529 NF-kBp65 and 5129 Akt is reduced to a much greater extent
than the phosphorylation of pS13 Cdc37 [78]. This phenomenon is further illustrated
in Figure 2B,C, which display a similar scenario in human bronchial 16-HBE cells that
were treated with increasing doses of the CK2 inhibitor SGC-CK2-1 (Figure 2B). p-S129
Akt, disappears completely at the lower concentration of the inhibitor, whereas 513 Cdc-
37 phosphorylation [79] is more resistant to CK2 inhibition exhibiting a dose-dependent
response. This observation can also be applied to other substrates. Indeed, it is possible
to detect phosphosites that display different responses to the same concentration of CK2
inhibitor by using a mixture of phospho-CK2 substrate-specific antibodies that recognize
endogenous proteins containing the CK2 pS/pTDXE motif (Figure 2C). These findings
imply that the optimal dosage of inhibitor is substrate-specific and not uniform within the
same cellular context.

The second approach to reducing CK2 activity is to target the expression of the protein.
Two methods can be used to modulate CK2 protein expression: RNA interference (RNAi)
(gene knockdown) or CRISPR tools (gene knockout). RNAi for gene silencing can be
achieved using several RNAi platforms, including small interfering RNA (siRNA), short
hairpin RNA (shRNA), miRNA, and antisense oligonucleotides (ASO).

Several miRNAs have been identified that target the mRNA of CK2 subunits and
may provide insight into the mechanisms behind altered CK2 expression in conditions
including cancer [80], ischemia [81] and cell senescence [82,83]. For a comprehensive list of
all identified miRNAs that affect CK2 subunits, please refer to [37]. A recent study revealed
that the long non-coding RNA KCNQ1OT1 regulates CK2c expression in senescence and
caloric restriction by targeting miR-760 [84]. Manipulation of miRNA expression could
theoretically be an approach to modulate cellular CK2 expression. However, the limitations
of this approach are as follows: (i) this type of regulation is cell-specific, (ii) each miRNA
generally has several different targets [85], and (iii) a single mRNA can be targeted by a
variety of miRNAs [85], indicating that a single miRNA often has a limited effect on a
specific target. For instance, a 50% downregulation of CK2« in colon cancer cells requires
the simultaneous transfection of four different miRNAs [86].

The most common method for gene silencing is the transient transfection of specific
siRNA oligo targeting the mRNA of one of the three subunits. Downregulation of CK2«,
o/, B is easily achieved, and several siRNAs that effectively work have been described in
the literature. The advantage of this method is its ease of use, adaptability to different
cell types, and efficacy even in hard-to-transfect cells (as siRNAs are smaller and easier to
transfect than plasmids). This method leads to a reduction in mRNA expression or a block
in its translation, so the effect of a siRNA on the cellular amount of protein is closely linked
to its stability.
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Figure 2. Recent CK2-specific inhibitors. (A) Molecular structure of the latest CK2-specific inhibitors
and their binding to the CK2 ATP-binding pocket. (B,C) Effect of increasing doses of SGC-CK2-
1 on CK2 substrates. 16-HBE cells have been treated with crescent doses of SGC-CK2-1 or with
vehicle (DMSO) for 24 h. Cells have been lysed as described in [87] and loaded in SDS-PAGE. The
phosphorylation of CK2 substrates (5129-Akt and S13-Cdc37 in panel (B), proteins containing the
CK2 S/TDXE motif in panel (C)) have been assessed using Western blotting. The following antibodies
have been used: anti-p-S129-Akt (ab133458), anti-Akt (sc-5298), anti-p-S13-Cdc37 (ab108360), anti-
cdc-37 (sc-13129), anti-CK2p (ab76025), anti-CK2a/ o’ (MCA3031Z), anti CK2-p-substrates (CS#
8738). Calnexin (sc-46669) and GAPDH (ABS16) are the loading controls. The graph in panel
(B) represents the densitometric quantification of the immunostained bands p-5129-Akt and p-513-
Cdc37 (mean =+ SD, n = 3; * p < 0.05).

The choice of which subunit to target depends on the specific research question and
the desired outcome. siRNA could be designed to target one or both catalytic subunits and
the 3-regulatory subunit. Downregulation of a single catalytic subunit typically abolishes
no more than 40-60% of the total CK2 activity [28,88]. It is worth noting that CK2 catalytic
subunits may be highly redundant, and knockdown of a single catalytic subunit may
do not guarantee the inhibition of the phosphorylation of the protein of interest. The
situation is different when a substrate is specifically recognized by one or the other catalytic
subunit (see below). The downregulation of the only -regulatory subunit could instead
have a dramatic effect on the phosphorylation of the substrate, but again the effect is
substrate-dependent.

Despite the potential efficacy of siRNA downregulation, it is important to note that the
downregulation is never complete, and a variable residual amount of the targeted protein
is still present.
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Complete abolition of protein expression is possible by gene editing (CRISPR tools).
We generated for the first time CK2 knockout clonal cells [76]. However, although knockout
of the single CK2 subunit is generally achievable in different cell types [76,88-91], to our
knowledge, a double knockout of the catalytic subunits has never been achieved. Despite
our efforts, we have only been able to obtain clones with minimal CK2 activity (less than 10%
of the total) in C2C12 cells expressing a truncated form of CK2«’ and without CK2« [77].
We have hypothesized that a minimal level of activity is required for cell viability [77,87],
meaning that it may not be possible to generate clones that are completely devoid of CK2
activity.

Even though CRISPR tools allow the complete abolition of the protein expression,
there are two major drawbacks to this approach. First, it is more labor-intensive, because it
requires the selection of the gene-edited clones, which takes about 1-3 months depending
on the cell proliferation rate. Another important limitation is that a clonal cell population is
generated, and not all clones show the same phenotype. This variability is due to the clonal
selection starting from a single cell and the potential impact of the selection procedures,
especially when the kinase the expression of which has been knocked out has key roles in
cell functions. Cells can overcome the lack of protein in a stochastic manner. Therefore, it is
necessary to test different clones to validate the involvement of the knocked-out protein in
a specific biological phenomenon.

The advantage of the knockdown/knockout methods over inhibitor treatments is the
ability to uncover the distinct biological roles of each CK2 subunit. Indeed, if in some cases
CK2 catalytic subunits are highly redundant, as discussed above, isoform-specific roles
have also been described [92-94]. It has also been shown that knockout of a specific subunit
may have a greater effect on the phosphorylation level of some CK2 substrates [76,88]. The
same is observed with siRNA downregulation of individual CK2 subunits, as shown in
Figure 3. Indeed, the phosphorylation level of CK2 substrates changes not as a consequence
of the overall reduction in the kinase but depending on which subunit is downregulated
(Figure 3). For example, p-5129-AKT is reduced by CK2x or CK23 downregulation, but it
is not affected by CK2«’ downregulation. On the contrary, p-S13-Cdc37 is only reduced by
CK2p downregulation (Figure 3A). Moreover, the Western blotting experiments performed
on the p-CK2 substrates provide compelling evidence that the phosphorylation of specific
phosphosites is generated by different CK2 isoforms (Figure 3B). However, it is important
to consider the interrelated expression of individual CK2 subunits, as shown in Figure 3A.
In the context of 16-HBE cells, the knockdown of CK2« leads to the downregulation of
CK2p expression, and conversely, the downregulation of CK2f3 leads to the downregulation
of CK2¢/. This interdependence between CK2 subunits has been observed in different cell
types, both with knockdown and knockout experiments [76,88]. Interestingly, some of the
effects are cell-specific. For example, in C2C12 cells, the downregulation of CK2f3 increases
the expression of CK2« [76]. These findings highlight the complexity of CK2 regulation and
of the interactions between subunits, which can vary depending on the cellular context.
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Figure 3. Silencing of CK2 subunits. 16-HBE cells have been treated for 72h with siRNA targeting
CK2a, CK2o/, CK2p or scramble siRNA as control (siRNA sequences are reported in [88]). After
incubation, cells have been lysed as described in [87] and loaded in SDS-PAGE. The CK2 protein
amount and the phosphorylation of CK2 substrates have been assessed by Western blotting. The
antibodies have been described in Figure 2. The graph in panel (A) represents the densitometric
quantification of the immunostained bands p-S129-Akt and p-S13-Cdc37 (mean + SD, n = 3; * p < 0.05).
Calnexin (sc-46669) are the loading controls.

5. Conclusions

The exploration of the entire CK2 substratome and the functional implications of
CK2 phosphorylation events remains an active area of research. Several tools have been
developed to establish the relationship between substrates and CK2, which is crucial for
unraveling the physiological functions of this kinase. The use of CK2-specific inhibitors
is probably the most feasible approach to improve our understanding of the functions of
this kinase. Recently, the use of specific inhibitors in combination with the expression of
inhibitor-resistant CK2 mutants has been shown to be a valuable tool for the identification of
CK2 substrates [69]. Ongoing research and development efforts are focused on improving
the potency and specificity of CK2 inhibitors. Currently the most effective inhibitors
are ATP-competitive molecules, with SGC-CK2-1 being the most specific one available
to date. An intensive line of research is also working on the development of inhibitors
targeting different domains of CK2, including allosteric inhibitors [95,96]. Nevertheless,
we emphasize the need for cautious interpretation when using kinase inhibitors. It is
important to note that the dephosphorylation of different substrates may have different
time courses and/or require different inhibitor concentrations. Simply demonstrating that
a kinase inhibitor reduces the phosphorylation of a single substrate may not be sufficient to
suggest the block of the entire CK2 signaling.

Furthermore, knockdown/knockout tools serve as valuable complementary approaches
that offer significant advantages in elucidating the isoform-specific effects of the catalytic
isoforms (CK2« and CK2«') and the regulatory CK2f on the phosphorylation of CK2
substrates. Although some evidence has been generated over the years, a clear under-
standing of the redundancy and specificity of each catalytic isoform and the definition of
the entire CK23-dependent substratome still remain elusive. This aspect becomes even
more critical in light of the recent discovery of specific mutations in the CSNK2A1 gene
associated with Okur-Chung Neurodevelopmental Syndrome (OCNDS) and mutations
in the CSNK2B gene associated with Poirier-Bienvenu Neurodevelopmental Syndrome
(POBINDS) [19,97]. A predictive analysis of OCNDS and POBINDS variants suggests that
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mutations in CK2« and CK2 have functional and structural implications [68]. Fifteen
distinct OCNDS missense mutations in CK2«x result in varying degrees of loss of kinase
activity when expressed as recombinant purified proteins [98], while the most common
mutation (K198R) is responsible for altered substrate specificity of CK2x [99,100]. To gain
deeper insights into disease mechanisms, further investigations are warranted to com-
prehensively characterize the CK2 subunit-specific effects and their implications in these
neurodevelopmental syndromes.
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