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ABSTRACT: CK2 is a vital enzyme that phosphorylates a large
number of substrates and thereby controls many processes in the
body. Its upregulation was reported in many cancer types.
Inhibitors of CK2 might have anticancer activity, and two
compounds are currently under clinical trials. However, both
compounds are ATP-competitive inhibitors that may have off-
target side effects. The development of allosteric and dual
inhibitors can overcome this drawback. These inhibitors showed
higher selectivity and specificity for the CK2 enzyme compared to
the ATP-competitive inhibitors. The present review summarizes
the efforts exerted in the last five years in the design of CK2
inhibitors.

■ INTRODUCTION
The protein kinase CK2 is one of the most important
eukaryotic protein kinases (EPKs) that control many processes
in the human body. It was first named “casein kinase 2 CK-II”,
as it was formerly considered to be the kinase that
phosphorylates casein. Later on, it was found that the enzyme
does not phosphorylate casein but phosphorylates around 400
other substrates.1,2

CK2 is a constitutively active enzyme formed of two
catalytic and two regulatory subunits arranged to form a
tetramer. The catalytic subunits are identified as α and α′ and
are constitutively active, while only one regulatory subunit is
identified to date and is known as β. The β subunit aids in
maintaining the enzyme stability as well as substrate
selection.3,4 The structure of CK2 includes many acidic
amino acid residues like aspartic (D) and glutamic (E)
acids.5 The architecture of the CK2 α subunit consists of two
main lobes. The small lobe (N-terminal) is rich in β strands
and α-helix C, while the large lobe (C-terminal) is formed by
the α-helix and is involved in transmitting phosphorus atoms
during the phosphorylation process. These two lobes are
connected through a short loop, called the “hinge region”
which includes the ATP binding site.3,6−8

The unique property for the CK2 kinase family is the ability
to use both ATP and GTP as phosphor acceptor/donor
because it provides enough space for a hydrogen bonding
frame shift at the nucleotide-binding site. The ATP/GTP
binding site of CK2 contains at least four important amino acid
substitutions: Val66 and Trp176 in the catalytic site and Ile
174 and Met 163 in the hydrophobic region. The bulkiness of
these unique CK2α/α′ residues appears to be responsible for

the reduced size and the greater hydrophobicity of the
cavity.3,6−8

Another unique characteristic of CK2 is its N-terminal
region from Ser7 to Glu36 which plays important role in the
CK2 “always active conformation” through phosphorylation of
one or more residues (Ser/Thr or Tyr) which are present in
the activation loop.9 What is more important is the substrate
specificity of CK2 which can accept highly acidic protein
substrates owing to the presence of 10 basic amino acids in the
active site. On the contrary, most other Ser/Thr kinases are
basophilic in nature.3,6,10

CK2 enzyme regulates many major pathways such as NF-κB
and STAT3,11 PI3K/Akt,12 TNF-α,13 and Tyr-kinase
receptor.13,14 In addition, CK2 can regulate normal and
tumor cell proliferation through counteracting caspase
effects,15 potentiating DNA repair13 and inhibiting tumor
suppressors.16

Since CK2 phosphorylates a large number of substrates, it
can control many functions in the human body and affect
many diseases.17 However, its prominent role in controlling
cancer was well investigated. CK2 promotes cell survival,
proliferation, and angiogenesis and suppresses apoptosis.15,18,19

CK2 has a proven role in antitumor drug resistance.20 Indeed,
CK2 has proved to be effective in treating many types of
cancer including solid tumors and leukemia.21−24 CK2
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inhibitors also prevent metastasis and inhibit angiogenesis and
tumor cell invasion.25 In addition, CK2 plays a vital role in the
life cycles of bacteria and viruses.1,26

CK2 inhibitors can also be used to treat neurological and
psychiatric disorders since CK2 is highly expressed in the brain
and mutation of CK2 has been reported in many neuro-
degenerative disorders.27 These neurodegenerative disorders
include Alzheimer disease (AD), Parkinson disease (PD),
amyotrophic lateral sclerosis (ALS), and frontotemporal
dementia (FTD).28

Two CK2 inhibitors entered clinical trials as anticancer
agents named CX-4945 and CIGB-300. CX-4945 (silmitaser-
tib, Figure 1) was developed by Cylene Pharmaceutical in
2010.18,29 CX-4945 has Ki = 223 pM,30 and it showed
antiproliferative activity over a wide panel of cancer cell lines.31

CX-4945 was granted as an orphan drug by the U.S. Food and
Drug Administration.32 The drug is orally available with
acceptable safety and pharmacokinetic properties.33,34 Its
ability to cross the blood−brain barrier can makes it suitable
to treat brain tumors and other brain related diseases.35 This
compound entered clinical trials in phase I/II on patients with
cholangiocarcinoma (ClinicalTria ls .gov identifier:
NCT02128282), metastatic basal cell carcinoma (BCC;
ClinicalTrials.gov identifier: NCT03897036), recurrent SHH
(sonic hedgehog) medulloblastoma (ClinicalTrials.gov identi-
fier: NCT03904862), multiple myeloma (ClinicalTrials.gov
identifier: NCT01199718), and breast cancer (ClinicalTrials.
gov identifier: NCT00891280). During the corona virus
epidemic (SARS-CoV-2), silmitasertib emerged as a possible
treatment for severe acute respiratory syndrome
(ClinicalTrials.gov identifier: NCT04668209).36

CX-4945 inhibited other kinases with IC50 values less than
100 nM, such as DYRK1A, DYRK1B, DYRK3, CDK1, PIM1,
CLK1−CLK3, FLT3, DAPK3, TBK1, and HIPK3. This
resulted in unwanted off-target effects in the clinical
trials.30,37,38 It is postulated also that the anticancer activity
of CX-4945 is attributed to the off-target inhibition of these
enzymes.29

The peptide CIGB-300 was developed by Perea and
collaborators for treatment of cervical malignancies. This
compound selectively inhibits certain CK2 substrates and
cannot be considered as a global CK2 inhibitor. The results of
the clinical trials indicated that the compound had decreased
squamous intraepithelial lesion in 90% of the patients with
good tolerability and minor side effects, while in a phase I trial
on women with locally advanced cervical cancer the compound
induced histamine release.25,39−41 Another peptide-based CK2
inhibitor that was used for COVID-19 treatment was the
peptide derivative CIGB325, an anti-CK2 peptide.42

■ CK2 INHIBITORS
The present review summarizes the efforts done in the last five
years (2019−2023) in the drug design and discovery of CK2
inhibitors. The inhibitors can be classified as ATP-competitive,
allosteric, and dual inhibitors.
ATP-Competitive Inhibitors. The ATP pocket of CK2 is

small and narrow compared to other kinases due to the
presence of large amino acid residues around the pocket.
Therefore, CK2 can effectively bind small compounds in the
ATP binding site which are loosely fit in the ATP of other
kinases. This results in higher specificity and selectivity of the
CK2 ATP-competitive inhibitors over other kinases.43

Examples of this class include the polyhalogenated
benzimidazole derivatives: DRB,44 TBB,45 TBI (also called
K17), and DMAT (also called K25)46 (Figure 1). Some
natural compounds showed CK2 inhibition such as flavonoids
like apigenin and quercetin,47 anthraquinone like emodin and
quinalizarin,48 and curcumin.49 CX-4945 is the only ATP-
competitive inhibitor in clinical trials33,34 (Figure 1).
The ATP binding pocket of the CK2 enzyme includes three

main regions; the hinge region that connects the N-terminal
and C-terminal lobes of the enzyme and is formed of 114−120
amino acids, the phosphate binding region that contains the
Lys68 backbone, and the hydrophobic area. The latter is
centered between the hinge region and the phosphate binding

Figure 1. Structures of reported CK2 inhibitors.
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region and includes Val53, Val66, Ile95, Phe113, Met163, and
Ile174 residues.50

The crystal structure of human CK2 in complex with CX-
4945 was determined for the first time in 2011 by Battistutta et
al. (PDB ID 3PE1; Figure 2).30,51 The results indicated that

the compound fit in the CK2 active site and interacted with the
ATP cavity of both CK2α and CK2α′. The pyridine nitrogen
atom of CX-4945 made an H-bond with a Val116 residue of
the CK2 hinge region. Additionally, the carboxylate group
interacted via a water molecule with Lys68, Glu81 from
gatekeeper β3 and β4 of αC from the N lobe, Asp175, Ile174,
and Trp176 from DFG, and the activation segment of the C
lobe. Moreover, two H-bonds were observed between the
nitrogen of the benzo-naphthyridine scaffold and the His160
residue and between the amino group of chlorophenyl and
Asn118 through a water molecule. On the basis of these crystal
structures, it was recognized that the fundamental features of
an ATP-competitive CK2 inhibitor are appropriate hydro-
phobicity, excellent shape complementarity with the unique
and small active site for the presence of bulky residues such as
gatekeeper residue Phe113, and the unique Val66 and Ile174.
In 2023, Davis-Gilbert et al. optimized CX-4945 (silmita-

sertib) through replacement of a pyridine ring and the 3-
chlorophenyl ring with pyrimidine and a benzyl ring,
respectively, to afford a potent and selective naphthyridine-
based chemical probe for CK2, 1 (IC50 = 3 nM) (Figure 3).52

SAR study indicated that both pyridine and pyrimidine rings
can bind to the hinge region, resulting in potent CK2
inhibitors. In addition, pyrimidine derivatives showed better
cell permeability and selectivity than pyridine analogues. The
replacement of a phenylamino with a benzylamino group
enhanced the selectivity as well. On the other hand, the
removal of carboxylic acid at C-7 resulted in an inactive

compound. The binding mode of compound 1 within the
active site of CK2α (PDB ID 8BGC) revealed that a hydrogen
bond was formed between pyrimidine nitrogen and the
backbone NH between His115 and Val116. Additional
hydrogen bonds were formed between the carboxylic acid
and Lys68, a water mediated with Glu81 on the αC helix, and a
backbone NH adjacent to Asp175 from the DWG motif. The
π-stacking interaction between the phenyl ring and His160 was
observed (Figure 4).52

The pyrazolopyrimidine inhibitor 3 (SGC-CK2-1, Figure 5)
was identified by Wells et al. in 2020 as a highly potent CK2
inhibitor.53,54 The amide group was responsible for the
effective binding to the enzyme. Compound 3 was identified
through structure modification of the lead compound 2. This
was achieved by replacing the cyclopropanecarboxamide group
with acetamide (compound 4) or propionamide (compound
3). On the other hand, it was observed that N-methylation as
in compound 5 reduced the inhibitory activity significantly.
Compound 3 represented a highly potent CK2 inhibitor with
specific selectivity for both human CK2 isoforms (IC50 = 36
and 16 nM on CK2α and CK2α′, respectively). However, this
compound was devoid of antitumor activity against a panel of
140 cancer cell lines. Only U937, the human myeloid leukemia
cell line, was sensitive to compound 3. Nevertheless, this
derivative could be good candidate for the treatment of
neurodegenerative diseases and viral infections that require
selective CK2 inhibitor.53,54

In another study, structure optimization of SGC-CK2-1
(compound 3) was achieved by replacing the methyl group
with a morpholine ring as a solubilizing moiety and changing
the propionamide group with an acetamide group to decrease
the lipophilicity. This optimization was aimed to improve
solubility and metabolic stability. These efforts led to the
identification of compound 6 (Figure 5), which exhibited
potent antiviral activity with moderate rates of clearance in
human primary hepatocytes.55

The X-ray crystal structure compound 3 in the ATP binding
site of CK2 [PDB ID 6Z83, Figure 6] indicated that the
pyrazolopyrimidine core and 7-cyclopropylamine bind to
Val116 in the hinge region. The propionamide group formed
two H-bonds with the amino acid residues Lys68 and Asp175.

Figure 2. X-ray cocrystal structure of CX-4945 with CK2 (PDB ID
3PE1; 1.60 Å). The figure was generated using PyMOL 2.4.0 with the
CK2α protein shown as a cartoon and CX-4945 shown as sticks
colored by the atom type: C, yellow; O, red; and N, blue. The H-
bonds are illustrated in yellow dashed lines. The bound water
molecules are shown as red spheres.

Figure 3. Structure modification of CX-4945 to afford compound 1.

Figure 4. X-ray cocrystal structure of compound 1 with CK2 (PDB
ID 8BGC; 2.80 Å). The figure was generated using PyMOL 2.4.0 with
the CK2α protein shown as a cartoon and compound 1 shown as
sticks colored by the atom type: C, yellow; O, red; and N, blue. The
H-bonds are illustrated in yellow dashed lines.
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Other water mediated H-bonds were formed between Asn118,
Ile95, and the phenylamino NH group.53,54 Insertion of the N-
methyl group at position 5 resulted in a steric clash with the
ATP site in the region of Met168, and that distorted the
orientation of the pyrazolopyrimidine core and prevented
effective binding to the hinge region.53,54

On the basis of this crystal structure, it was recognized that
the fundamental features of an ATP-competitive CK2 inhibitor
were appropriate hydrophobicity, excellent shape complemen-
tarity with the unique and small active site, and the ability to
establish polar interactions with both of the two main
anchoring sites: the Val116 backbone at the beginning of the
hinge region and the positive electrostatic area near the
conserved water W1 and Lys68.53,54

Kram̈er et al.56 also explored the pyrazolo[1,5-a]pyrimidine
hinge-binding moiety for the development of selective CK2
inhibitors. Optimization of this scaffold produced the acyclic 7
and the macrocycle 8 derivatives (Figure 7), which shared a
carboxylic acid group at the pendant aromatic ring as well as a

Boc group located at the amine attached to the 5 position of
the pyrazolo[1,5-a]pyrimidine. These variations were essential
for potent and selective binding to CK2α. The most potent
compound 7 had IC50 = 8 nM on CK2α, comparable to CX-
4945, and IC50 = 38 nM on CK2α′. Moreover, both
compounds were assessed for their selectivity against a larger
kinase panel at a concentration of 1 μM. Compound 7
exhibited POCs (percent of control) of less than 10% against
kinases CSNK2A2, CSNK2A1, and DAPK2, whereas com-
pound 8 gave POCs of less than 2% against kinases INSR,
PIM3, EGFR, CSNK2A2, and PIK3CA and gave POCs of 5−
10% against kinases BMPR2, BUB1, MAP3K12, and MAPK15.
However, compound 7 did not exhibit any significant effect on
60 cancer cell lines, probably due to its poor cell penetration.56

The presence of more polar functional groups in compounds
7 and 8 afforded better interactions with CK2 residues. The
presence of a carboxylic group was essential for the inhibitory
activity. The binding modes of the acyclic and macrocyclic
compounds were identical (Figure 8). The carboxylate group

Figure 5. Design of compounds 2−6.
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formed salt bridges to Lys68 and a water mediated H-bond
with Glu81. Another H-bond was formed with the nitrogen of
Asp175, which is a part of the degenerated DFG (DWG) motif
in CK2. The carbonyl group of the Boc group formed an
additional H-bond to the Asn118 at the hinge region which
accounted for the higher affinity observed with compounds
containing Boc groups. The orientations of the pyrazolo[1,5-
a]pyrimidine ring system and the pendant 3-phenyl ring were
similar in the open and cyclized compounds. This explained
the comparable inhibitory activity and selectivity profiles
noticed with compounds 7 and 8.56

In 2022, Urakov et al. described the design and structure−
activity relationship of 6-(tetrazol-5-yl)-7-aminoazolo[1,5-a]-
pyrimidines 9 and 10 as CK2 inhibitors (Figure 9). The SAR

study demonstrated that the 3-phenyl analogue 10 exhibited
potent inhibition against CK2 with an IC50 value of 45 nM.57

Chojnacki et al. designed and synthesized 1H-triazolo[4,5-
b]pyridines and 1H-imidazo[4,5-b]pyridines as analogues of
two potent CK2 inhibitors, namely 4,5,6,7-tetrabromo-1H-
benzimidazole (TBBi) with IC50 = 1.3 μM and 4,5,6,7-
tetrabromo-1H-benzotriazole (TBBt) with IC50 = 0.3 μM.58

Previously published studies on the role of halogen atoms,
especially the bromine atom in TBBt, on the inhibitory activity
revealed that the bromine atoms at the C5 and C6 positions
were essential for CK2 binding, while modifications at
positions C4 and C7 of TBBt can lead to more effective
inhibitors of CK2.59 Similarly, the removal of one bromine
atom from the structure of TBBi reduced the affinity to the
CK2 enzyme.60

Chojnacki et al. modified the structure by adding the
pyridine nitrogen atom instead of the bromine atom at
position 4 in both compounds. Then, the bromine atom at
position 7 was removed and that at position 5 was replaced
with a chlorine atom to examine the effect of the number and
position of halogens on the CK2 inhibitory activity and
selectivity.58 These modification afforded the 1H-triazolo[4,5-
b]pyridine derivatives (11−13, Figure 10) which were more
active than the 1H-imidazo[4,5-b]pyridine derivatives (14−16,
Figure 10). Interestingly, the 1H-triazolo[4,5-b]pyridines
containing two halogen atoms, either two bromine (compound
12) or chlorine and bromine (compound 13), were the most
potent CK2α inhibitors with IC50 = 2.56 and 3.26 μM,
respectively. Compound 11 with three bromine atoms showed
CK2α inhibition with IC50 = 3.82 μM.58 In addition, some
differences could be observed in the inhibition of PIM1 kinase.
Compounds bearing two halogen atoms (12 and 13) did not
inhibit the activity of PIM1. On the contrary, compounds
having three bromine atoms (11 and 14) showed moderate
inhibitory activity against PIM1. This might be explained in the
view of the sizes of the molecules and active site dimensions of
the two different kinases. However, all the compounds did not
exhibit any cytotoxic effect upon testing on MCF-7 and CCRF-
CEM cell lines.58

Figure 11 displays the main interactions of TBBt and TBBi
inside the CK2 active site. The bromine atoms at positions 5
and 6 of both compounds interact with Glu114 and Val116.
Meanwhile, the nitrogen atom of imidazole or triazole formed
an H-bond to the backbone of Lys68 or a water mediated H-
bond with Glu81.58

Another study based on heterocyclic halogenated com-
pounds was conducted by Winiewska-Szajewska et al., who
studied six halogenated ligands derived from commercial 4,5-
dihalobenzene-1,2-diamines. The tested compounds included
the benzothiadiazole, benzimidazole, and quinoxaline deriva-
tives.61 Docking study and low-volume differential scanning
fluorimetry (nanoDSF) methods were initially done to select

Figure 6. X-ray cocrystal structure of compound 3 with CK2α (PDB
ID 6Z83; 2.17 Å). The figure was generated using PyMOL 2.4.0 with
the CK2α protein shown as a cartoon and compound 3 shown as
sticks colored by the atom type: C, yellow; O, red; and N, blue. The
H-bonds are illustrated in yellow dashed lines. The bound water
molecules are shown as red spheres.

Figure 7. Structures of compounds 7 and 8.

Figure 8. Key interactions between compound 7 and CK2 residue
inside active site.

Figure 9. Design of compounds 9 and 10.
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the most active scaffold that can fit well in the ATP binding
site of CK2. The major factors that control the scaffold binding
were the steric hindrance, the electrostatic effects, and the
hydrophobic effects. The docking studies suggested that the
iodinated ligands preferably adopted the orientation in which
both halogen atoms were solvent-protected and were close to
the hinge region. The heterocyclic ring pointed toward the
polar region of the ATP binding site formed by side chains of
Lys68, Glu81, and Asp175.61 Among the tested compounds,
the iodinated derivatives 5,6-diiodo-2-trifluoromethyl-1H-
benzimidazole (compound 17) and 6,7-diiodoquinoxaline-
2,3-diol (compound 18, Figure 12) exhibited the highest

CK2α inhibitory activity with IC50 = 7 and 2 μM,
respectively.61 Compound 17 showed higher anticancer
activity on four cancer cell lines, epidermoid carcinoma A-
431, colorectal carcinoma HCT116, HCT116p53−/−, and
normal fibroblasts BJ, than compound 18. The anticancer
activity was correlated to the compound hydrophobicity rather
than to its inhibitory activity.61

Dalle Vedove et al.50 reported the synthesis and evaluation
of CK2 inhibitors containing the 2-cyano-2-propenamide
scaffold. The compounds were designed based on the structure
of 6-methylene-5-imino-1,3,4-thiadiazolopyrimidin-7-one
(SRPIN803, compound 19, Figure 13), which was previously
reported as a dual inhibitor of SRPK1 and CK2 enzymes with
IC50 values of 2.4 and 203 nM, respectively.62 However, careful
examination of the X-ray crystal structure indicated that its
correct structure was the open form (SRPIN803-rev,
compound 20). Further structure optimization of the latter
compound was done by varying the substituents on the
thiadiazole ring to afford compound 21 with an IC50 of 280
nM against CK2α. Compound 21 was quite selective to CK2
and CK2α′ over 320 kinases. Compound 21 exhibited an
anticancer effect on the human leukemia T-cell line named
Jurkat cells which could be related to the compound’s good cell
permeability.50 The X-ray crystallographic data of compound
20 revealed the CK2 open hinge conformation which is rare in
kinases and showed that the side chain bound to the CK2α
hinge region.50

The binding mode of compound 21 is displayed in Figure
14. The compound was bound to the hinge region through
water mediated H-bonds between the propenamide carbonyl
oxygen and Glu114 and Val116. Meanwhile, the guaiacol
moiety formed H-bonds with the Lys68 side chain, with
Asp175, and with a conserved water molecule that was held in
position by the Trp176 main chain amide nitrogen and the
Glu81 side chain. The central 2-cyano-2-propenamide moiety
formed van der Waals and hydrophobic interactions with the
apolar residues lining the cavity. Finally, the thiadiazole ring
was sandwiched between the side chains of Leu45 and Asn118,
while the bromine group was held in between the hinge region
and the N-terminal lobe.50

In 2023, new purine derivatives were identified as CK2α
inhibitors based on the solvent dipole ordering based method
for virtual screening.63 Docking and SAR studies of the
prepared compounds indicated that three groups on the purine
scaffold were essential for the inhibitory activity. These groups
were the 4-carboxyphenyl group at position 2, the carboxamide
group at position 6, and the electron-rich phenyl group at
position 9. Compound 22 (Figure 15) was initially identified as
a lead compound with IC50 = 12 μM. The most potent
compound in this work was derivative 23, which exhibited
CK2α inhibition with IC50 = 4.3 μM.63 The binding mode of
compound 23 (Figure 16) indicated that the carboxamide at
the 6 position of the purine scaffold was expected to form H-

Figure 10. Design of compounds 11−16.

Figure 11. Key interactions of tetrabromo-1H-benzimidazole (TBBi)
and tetrabromo-1H-benzotriazole (TBBt) within CK2 pocket.

Figure 12. Structures of compounds 17 and 18.
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bonds with Glu114 and Val116 in the hinge region, while the
carboxyphenyl group at the 2 position of compound 23 was
located near Lys68 and Glu81. Finally, the phenyl ring at the 9
position formed a CH−π interaction with hydrophobic
residues, such as Leu45, Gly46, and Val53, which accounted
for the higher inhibitory activity of this compound.63

The natural anthraquinone derivative endocrocin (Figure
17), which is structurally similar to emodin, was investigated as
a CK2 inhibitor. Endocrocin displayed moderate CK2
inhibitory activity with an IC50 value of 6 μM, whereas that
of emodin was 2 μM. This might be attributed to the presence
of the carboxylic group in endocrocin that prevented efficient
binding to Lys68. Structure modification of endocrocin was
performed by Loṕez-Rojas and co-workers64 leading to the
development of 1-amino-6-methylanthracene-9,10-dione
(compound 24, Figure 17) as a potent CK2 inhibitor with
an IC50 value of 1.45 μM. However, the cellular effect of
compound 24 on the MCF7 cell line was weak. SAR study of
this series of compounds indicated that the hydroxy groups on
ring A were essential for the inhibitory activity.64

In 2019, Bestgen et al.65 identified the mechanism of action
of aryl 2-aminothiazoles (Figure 18) as a novel class of CK2

Figure 13. Design of compound 21.

Figure 14. Main interaction between compound 21 and CK2 pocket.

Figure 15. Structures of compounds 22 and 23.

Figure 16. Main interaction between compound 23 and CK2 pocket.

Figure 17. Structures of emodin, endocrocin, and compound 24.

Figure 18. Design of compounds 26−29.
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inhibitors. The authors reported that these compounds bound
in an allosteric pocket outside the ATP binding site. The
combination of alanine scan mutational analysis, the native
mass spectrometry based detection and enzyme kinetics (STD-
NMR), and molecular docking studies confirmed the finding of
a new binding site (allosteric site) of CK2 according to the
authors’ suggestions. Preliminary SAR study was done to
optimize the 2-aminothiazole scaffold 25 (IC50 = 28 μM). The
SAR studies demonstrated that the carboxylic acid group (ring
A) was very important for ionic bonding with the basic amino
acid residue in CK2 and had to be located in the para position
for optimum activity as with compound 26 (Ki = 1.6 μM, IC50
= 7 μM). Modulation of both the electron density and
lipophilicity of substituents on aromatic ring B was studied.
The electron density did not affect the activity (compound 27
had IC50 = 9 μM), whereas the lipophilicity significantly
enhanced the binding affinity (Ki = 0.7 μM) and the inhibitory
activity (compound 28 had IC50 = 3.4 μM). It was suggested
that this lipophilic moiety formed a hydrophobic interaction
with the lipophilic pocket of CK2.65 The authors used a
structure optimization strategy for compound 25 to generate
the allosteric CK2 inhibitor 29 (Figure 18). Compound 29
exhibited good potency against CK2α (IC50 = 0.6 μM, Kd = 0.6
μM) and induced apoptosis and cell death in 786-O renal cell
carcinoma cells (EC50 = 5 μM). Moreover, it displayed higher
inhibitory activity (EC50 = 1.6 μM) against STAT3 than
silmitasertib, CX-4945 (EC50 = 5.3 μM).66

However, two later studies published by Lindenblatt et al.67

and Brear et al.68 in 2020 revealed that compound 29 did not
bind to the allosteric site of CK2 and instead it performed its
inhibitory activity by occupying the ATP cavity. Lindenblatt et
al. examined the crystal structure of CK2α with compound 29
(PDB ID 6TEW) and performed a kinetic study to prove the
exact binding mode.67 Brear et al.68 also reported the crystal
structures of CK2α with compound 29 (PDB ID 6YPG and
6YPH) and performed competitive isothermal titration
calorimetry (ITC) and NMR, hydrogen−deuterium exchange
(HDX) mass spectrometry, and chemoinformatic analyses. All
these experiments showed that the compound occupied the
ATP binding site and not an allosteric site.68

Figure 19 illustrates the X-ray data of compound 29 bound
to CK2α (PDB ID 6YPG). The carboxylic acid and the OH
group formed H-bonds with the amino group of Lys68 and
with Asp175. Another water mediated H-bond was seen
between the carboxylic group and Glu81 and Trp176. The π−
H interaction could be observed between the five-membered
ring and Met163 and between the naphthyl group and
His160.68

In 2019, Oshima et al. identified the guaiacol derivative 30
(Figure 20) as a period-lengthening (circadian clock
modulating) compound that inhibited CK2α with IC50 = 7
nM.69 The compound was identified using the affinity-based
proteomics approach. The structure is formed of a triazole ring
linked to bromoguaiacol and substituted with methyl thioether
and a phenyl moiety. SAR study indicated the importance of
triazole and bromoguaiacol rings for the enzyme inhibitory
activity. The removal of substituents on the bromoguaiacol
ring resulted in a complete loss of activity. Removal of the
methyl thioether group or the phenyl moiety retained the
inhibitory activity, and modifications could be done at the para
position of the phenyl group.69 The authors determined the X-
ray crystal structure of human CK2α in complex with
compound 30 at a resolution of 1.68 Å (Figure 21). The

oxygen atoms in the hydroxy and methoxy groups of
bromoguaiacol formed H-bonds with Lys68 from gatekeeper
β, whereas the bromine atom of the bromoguaiacol interacted
through water mediated H-bonds with the backbone C�O of
Glu114 and NH of Val116 at the hinge region. The methyl of
the methyl thioether group made hydrophobic interactions
with Val66 and Met163 from the top and bottom of the cavity,
respectively. The phenyl group made a π−π interaction with
His160. The results showed that the compound fit deeply in
the ATP binding site at the interface of the N- and C-terminal
domains, indicating that the compound is an ATP-competitive
inhibitor of CK2α. However, the X-ray crystal structure of this
compound with CK2α showed no interaction with the hinge
region in the ATP binding site.69 Compound 30 showed
anticancer activity correlated with cellular clock function.69

Allosteric Inhibitors. In spite of the potency of ATP-
competitive inhibitors, they suffer from off-target side effects
owing to their nonselectivity. This drawback can be overcome
using allosteric inhibitors.
Allosteric inhibitors bind to a different site adjacent to the

ATP active site and thereby inhibit the binding of ATP to the
enzyme. Three major CK2 allosteric sites were identified in the
literature. These are the α/β interface, the αD pocket, and the
interface between the αC helix and the glycine-rich loop.70,71

The α/β interface has a small size (832 Å2) and contains a
small binding pocket on the CK2α side that can be occupied
by small molecules. Binding to the α/β interface prevents the
assembly of the CK2 tetramer by preventing the association of
the β subunit while it preserves the CK2 monomer catalytic
activity.72,73 Examples of such inhibitors include the ATP-
competitive inhibitor DRB (Figure 1) that binds also to the α/
β interface,72 a peptide named Pc that was derived from the
CK2β carboxy-terminal domain74 and its derivatives.75,76

However, all these derivatives are not cell permeable except
for a derivative named TAT-Pc.77 Other small compounds that
target the CK2α/CK2β interface include CAM187 (Figure 22)
with an IC50 of 44 μM.78

Figure 19. X-ray cocrystal structure of compound 29 with CK2α
(PDB ID 6YPG; 1.51 Å). The figure was generated using PyMOL
2.4.0 with the CK2α protein shown as a cartoon and compound 29
shown as sticks colored by the atom type: C, yellow; O, red; and N,
blue. The H-bonds are illustrated in yellow dashed lines, π−π
interaction in red color. The bound water molecules are shown as red
spheres.
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Examples of inhibitors that bind to the αD pocket include
CAM4066 (IC50 = 0.370 μM) and CAM4712 (IC50 = 7 μM)
(Figure 22).79−81

The main drawback of this type of inhibitor is their poor cell
permeability. This problem can be solved by the preparation of
a prodrug that can cross the cell membrane and then hydrolyze
inside the cell to release the active drug.82

In 2020, Li et al.83 used the structural based pharmacophore
modeling and Alloscore website for screening the ChemBridge
fragment library to identify the potent allosteric CK2 inhibitor,
31 (Figure 22). The latter displayed non-ATP-competitive
CK2 inhibition (IC50 = 13.0 μM) with noticeable antiprolifer-
ative activity on A549 cancer cells (IC50 = 23.1 μM). The MD
simulation results indicated that the compound skeleton
occupied the αD pocket and the uracil formed polar
interactions with Val162 and Asn118. Additionally, the NH
linker bound with Val162 and Pro159 as well as the phenyl
ring buried in the hydrophobic pocket formed by Tyr136,
Ile133, Met221, and Met225 (Figure 23).83

Figure 20. SAR study of compound 30.

Figure 21. X-ray cocrystal structure of compound 30 with CK2α
(PDB ID 6A1C; 1.68 Å). The figure was generated using PyMOL
2.4.0 with the CK2α protein shown as a cartoon and compound 30
shown as sticks colored by the atom type: C, yellow; O, red; N, blue;
and Br, magenta. The H-bonds are illustrated in yellow dashed lines.

Figure 22. Structures of CK2 allosteric inhibitors.

Figure 23. Interactions of compound 31 with residues in CK2α active
site.
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In an attempt to prepare a selective CK2, the αD pocket of
CK2α was targeted by linking 4-(4,5,6,7-tetrabromo-1H-
benzo[d]-imidazol-1-yl)butan-1-amine (TBIa) and 3,4-dichlor-
ophenethylamine (PDA) using a tailor-made linker. TBIa is a
potent ATP-competitive inhibitor but has low selectivity, while
PDA has high selectivity toward the αD pocket but with low
affinity. The design of the linker was based upon the atomic
resolution of the CK2α′ structure in complex with an ATP site
and an αD pocket fragment. These efforts resulted in the
identification of the bivalent compound KN2 (compound 32,
Figure 24) with IC50 values of 19.3 ± 6.4 nM and 15.6 ± 5.5
nM for the CK2α2β2 and the CK2α′2β2 isoforms,
respectively. The kinase profiling of this compound proved
its high selectivity for CK2.84

Figure 25 illustrates the binding of KN2 (32) to the CK2
active site. The four bromine atoms participated via two

halogen bonds with Glu115 and Ile117 in the hinge region and
via hydrophobic interactions with Val67, Met164, and Ile175.

Other hydrophobic interactions were observed with Phe122,
Try125, and Ile140. The two carbonyl groups of the linker
made two H-bonds with Asn119 and Try126, while the two
amino groups of the linker shared two H-bonds with His161
and Val163. Finally, the dichlorophenyl ring was buried in the
αD pocket and surrounded by hydrophobic residue Ile165,
Met226, Leu126, and Met222.
The tetrabromo benzimidazole ARC-1502 (compound 33,

Figure 26) was a bisubstrate inhibitor with a Ki value of 0.56
nM that bound to the CK2α/CK2β interface. Its structure
consisted of an ATP-competitive head and a peptide tail linked
by a specific linker to enable the peptide to fill a substrate cleft
in the CK2 catalytic subunit.82 In 2020, Pietsch et al.85

reported the preparation of its isostere tetraiodobenzimidazole
ARC-3140 (compound 34, Figure 26) that exhibited an
extraordinary affinity to the CK2 enzyme with a Ki value of 84
nM. This derivative bound to both the ATP binding site and
the substrate binding site, probably the CK2β interface of
CK2α. The incorporation of an amide linkage not only
enhanced the affinity for the enzyme but also enhanced the cell
permeability of the compound, a problem that accounted for
the poor cellular activity of most CK2 inhibitors.85

Kufareva et al. used the interface fumigation modeling
protocol followed by druggable pocket selection and virtual
screening to identify the exosite lead compound 35 (CK2, IC50
= 50 μM) that can bind to the CK2α/CK2β interface. Further
development and SAR studies were done to identify novel
CK2 inhibitors that act selectively on the CK2α/CK2β
interface.86 This study explored some structural modifications
including the removal of the 2-methoxy group and 5-fluorine
atom of the indole ring, as well as the replacing the
methylsulfonamide with a phenylsulfonamide group to afford
the compound 36 (IC50 = 45 μM) and the most active
compound 37 (IC50 = 22 μM) (Figure 27). Compound 37
induced apoptosis in breast cancer cells (MBA-MB-231) with
good cell permeability. The crystal structures of 36 and 37
demonstrated that they bound at the CK2α/CK2β interface,
which accounted for the specific inhibition of CK2β dependent
substrates. In addition, they showed allosteric effects that

Figure 24. Design of compound 32.

Figure 25. Main interactions of compound 32 in CK2 pocket.

Figure 26. Structure of compounds 33 and 34.
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caused the transition of the αD loop from the open to the
closed conformation. Moreover, the fluorinated indole ring in
compound 37 was buried in the hydrophobic part of the
binding pocket formed by Ala110, Leu41, Ile69, Val67, Val101,
Val105, Val112, and Pro104 (Figure 28). In addition, the

methoxy ether oxygen and the NH of the indole ring form
polar interactions with Tyr39 and Gln36. Furthermore, the
carbonyl of the Asp103 kinase P-loop formed a salt bridge
interaction with the nitrogen of piperidine. Additionally, the
amino group of phenylsulfonamide was engaged by a direct
hydrogen bond with Ser106, while carbonyls of sulfonamide
formed hydrogen bonds with the amino acid residue Thr108

and Pro72 of the β4−β5 loop. Meanwhile, the phenyl group
occupied the shallow pocket formed by Arg47, Glu52, and
Lys71.86

Dual Inhibitors or Multitarget Inhibitors. This type of
inhibitor is formed of two conjugated or hybridized
compounds that can affect two or more enzymes inside the
body. This strategy avoids the use of two drugs and could
overcome the resistance developed against one of the drugs.
This can be exemplified by the work done by Martinez et al.,
who prepared conjugated molecules of TBB or DMAT and a
zinc binding group.87 The authors applied a pharmacophoric
hybridization strategy of DMAT (CK2 inhibitor, IC50 = 0.14
μM) and SAHA (HDAC1 inhibitor, IC50 = 10 nM) to prepare
dual CK2/HDAC inhibitors (Figure 29). Compound 38 was
the most active among this series as an HDAC1 (IC50 = 1.46
μM), HDAC6 (IC50 = 0.66 μM), and CK2 (IC50 = 3.67 μM)
inhibitor and exhibited promising antproliferative activity
against Jurkat, MCF-7, HCT-116, and HL-60 cell lines.87

The pharmacophoric hybridization and linker chain
extension strategies of the CK2 inhibitor CX-4945 and the
hydroxamic acid of HDAC1 inhibitor SAHA led to the
development of new dual CK2/HDAC1 inhibitors (Figure
30). The most potent inhibitor was compound 39, in which
the seven-carbon linker was important for balanced and
optimal inhibition of both HDAC1 and CK2. Remarkably,
compound 39 showed higher activity than SAHA (HDAC1)
and CX-4945 (CK2) by 3.5 and 3.0 times, respectively.
Compound 39 showed micromolar activity in cell-based
cytotoxic assays against PC3, LNCaP, and MCF-7 cell lines.88

Similarly, the conjugation of cisplatin and CK2 inhibitor
(CX-4945) resulted in a compound with promising antitumor
activity in vitro and in vivo that can overcome the resistance
developed versus cisplatin and reduce the side effects of
cisplatin and related platinum drugs.89,90 In 2020, Chen et al.
reported the preparation of two conjugated platinum prodrugs
named Cx-platin-Cl and Cx-DN604-Cl (Figure 31).89 The in
vitro and in vivo studies revealed that both prodrugs were

Figure 27. Design of compounds 36 and 37.

Figure 28. X-ray cocrystal structure of compound 37 with CK2α
(PDB ID 6FVF; 1.47 Å). The figure was generated using PyMOL
2.4.0 with the CK2α protein shown as a cartoon and compound 37
shown as sticks colored by the atom type: C, yellow; O, red; and N,
blue. The H-bonds are illustrated in yellow dashed lines. The bound
water molecules are shown as red spheres.

Figure 29. Design of dual HDAC/CK2 inhibitor 38.
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superior to cisplatin and DN604 in suppressing cancer cell
growth. They exerted their antitumor effects through
suppression of JWA-XRCC1 mediated single-strand-break

repair. The JWA gene is activated in response to DNA
damage, and it has a vital role in cell differentiation. However,

Figure 30. Design of dual HDAC/CK2 inhibitor 39.

Figure 31. Design of cisplatin and CK2 inhibitor conjugate.

Figure 32. Design of cisplatin and CK2 inhibitor conjugate 40.
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improper DNA repair may trigger tumor cells. Therefore,
suppression of this gene inhibits the formation of tumor cells.89

One year later, a hydrazide derivative (HY1) of CX-4945
was developed by the same research group to enhance the
antitumor efficacy and overcome the cisplatin-induced
resistance in A549/cDDP cells.90 The new compound, 40
(Figure 32), was developed by molecular hybridization of HY1
and an active Pt(II) derivative. Derivative 40 (HY1-Pt)
exhibited cytotoxicity nearly as potent as cisplatin in A549
cells and strong inhibitory activity against these cancer cells,
especially cisplatin mediated drug-resistant cancer cells.90

Compound 40 also arrested the cell cycle in the S phase;
similar to cisplatin. Meanwhile, both A549 and A549/cDDP
cells were highly sensitive to compound 40 with apoptotic
percentages from 66.9 to 85.5% compared to cisplatin, which
showed apoptotic percentages from 46.1 to 19.2%. The
compound exerted this action by inhibition of CK2, enhancing
cellular accumulation of platinum and inhibition of DNA
repair.90

Recently, in 2021, Wang and his group reported structure
modification of silmitasertib (CX-4945) to increase the CK2
selectivity, improve the physicochemical properties, and
enhance the anticancer activity especially on cancer stem
cells (CSCs).91 The modification was done by replacing the
carboxylic group in CX-4945 with the bioisosteric amidic
group that can act as an H-bond donor and/or acceptor similar
to the carboxylic group. Their efforts resulted in the
identification of compound 41 (Figure 33) containing a 2-

hydroxyethyl side chain attached to the CX-4945 scaffold. The
inhibitory activity of compound 41 against CK2 was 0.66 nM
with a high selectivity for Clk2/CK2 (142 times higher than
that of CX-4945). This can overcome the off-target side effects
of CX-4945.91 Furthermore, compound 41 exhibited potent
antiproliferative activities against five different CK2-overex-
pressed cancer cells as well as cancer stem cells. The effect on
CSCs was attributed to the ability of compound 41 to inhibit
the Akt1(ser129)-GSK-3β(ser9)-Wnt/β-catenin signaling

pathway and inhibit the expression of the stemness marker
ALDH1A1, CSC surface antigens (CD44+ and CD133+), and
stem genes (SOX2, OCT4, and Nanog). The pharmacokinetic
properties of compound 41 were far better than those of CX-
4945 sodium salt with no toxicity.91

The docking study indicated that the binding mode of
compound 41 to CK2 was achieved through the amide group
that formed two H-bonds with Trp175 and Thr112 residues.
The nitrogen atom on ring A of naphthyridine formed an H-
bond with the Val115 residue. Meanwhile, the hydroxyl group
on the side chain of 2-aminoethanol formed hydrogen bonds
with Asp174 and Glu80 residues. These five hydrogen bonds
enabled compound 41 to be deeply and firmly anchored in the
CK2α active cavity (Figure 34a). On the other hand, the
binding mode of compound 41 to the Clk2 pocket was
achieved via only three hydrogen bonds between compound
41 and the amino acid residues Asp127 and Glu224 (Figure
34b). Therefore, compound 41 was not inserted deep into the
activity cavity of Clk2.
A novel dual inhibitor of bromodomain containing protein 4

(BRD4) and CK2 was developed by Zhang et al. in 2021.92

The quinazoline lead compound 42 (Figure 35) was optimized
through rational drug design, SAR, and in vivo and in vitro
biological evaluations to generate the BRD4/CK2 dual
inhibitor, 43 (Figure 35). Compound 43 showed excellent
inhibitory activity against CK2 (90.65%) and BRD4 (92.28%)
with an antiproliferative effect on MDA-MB-231 (IC50 = 2.66
μM) and MDA-MB-468 (IC50 = 3.52 μM) cells. In addition, it
induced apoptotic and autophagy-associated cell death for
triple-negative breast cancer therapy (TNBC). Moreover, it
showed accepted pharmacokinetic properties and low toxicity
and can be used in the treatment of TNBC.92

Chojnacki et al.93 explored the new aminoalkyl-substituted
derivatives 44 and 45 (Figure 36) via the optimization of CK2
inhibitor 4,5,6,7-tetrabromo-1H-benzimidazole (TBBi). This
optimization involved the introduction of an aminopropyl
group and/or a C2-methyl group to afford new dual CK2α/
PIM1 kinase inhibitors, 44 and 45. They inhibited CK2 with
IC50 = 0.37 and 0.36 μM, respectively, and inhibited PIM1
with IC50 = 33 and 0.17 μM, respectively. These compounds
showed good antiproliferative activities against MCF-7, CCRF-
CEM, and PC-3 human cancer cell lines. The binding mode of
44 with CK2α′ (PDB ID 3OFM) revealed that three halogen
bonds were formed between Br(C7), Br(C6), and Br(C4) and
the oxygen of Asn118, the carbonyl oxygen of Val116, and the
aromatic side chain of Phe113. In addition, a hydrogen bond
was formed between the amino group and His160, while the
protonated amino propyl group was ionically bonded to

Figure 33. Design of dual Clk2/CK2 inhibitor 41.

Figure 34. (a) The main interactions of compound 41 in CK2 pocket. (b) The main interactions of compound 41 in Clk2 pocket.
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Asp120. The binding of compound 44 maintain closed
conformation of the hinge/helix αD region.93

In 2023, Winśka and co-workers discovered novel amino-
alcohol derivatives of parental DMAT as potent dual CK2/
PIM-1 inhibitors (Figure 37).94 This effort concentrated on
the introduction of aliphatic aminoalcohol substituents to the
lead structure DMAT to afford compounds 46 and 47, which
displayed high binding affinities to CK2 and PIM-1 enzymes.
Compounds 46 and 47 inhibited CK2 with Ki values of 0.294
and 0.151 μM, respectively, and inhibited PIM1 with Ki values
of 0.067 and 0.073 μM, respectively. Moreover, compound 46
showed good inhibition against acute lymphoblastic leukemia
cells and induced apoptosis. Meanwhile, compound 47
induced apoptosis in breast cancer cells.94

Recently, in 2023, Al-Qadhi et al. used proper substitution
and insertion strategies around pyrazolo[1,5-a]pyrimidine
scaffold to develop multitarget kinase inhibitors.95 The
rationale of this work was based on the structures of the
CDK2 and CHK1 inhibitors Dinaciclib and SCH900776. The
pyrazolo[1,5-a]pyrimidine core was kept as a hinge binding
moiety to take the place of adenine in the ATP binding pocket;

then structural modifications were carried out around this
scaffold by the proper selection of different pharmacophoric
substituents at position 3 (carbonitrile, carboxamide, amidox-
ime, and 1,2,4-oxadiazole). Additionally, different aryl
substituents were introduced at position 7 to occupy the
hydrophobic pocket and to augment the hydrophobic
interactions around the hinge region.95 The most active
compound on CK2α was the oxadiazole derivative 48 (Figure
38) with IC50 = 0.093 μM. This compound also showed high
inhibitory activity on TrkA, ALK2, c-KIT, EGFR, PIM1,
CHK1, and CDK2 in submicromolar concentrations. Com-
pound 10e exhibited antitumor activity against MCF7,
HCT116, and EKVX cell lines and arrested the cell cycle in
the G1/S phase and G1 phase in MCF7 and HCT116 cells.95

In 2023, Al-Dhuayan and ALaqeel identified Metralindole
49 (Figure 38) as a CDK2 and CK2 inhibitor through
molecular docking, ADMET, and molecular dynamics
simulation of the DrugBank prepared library. The binding
mode of Metralindole 49 in the active pockets of CDK2 and
CK2 displayed good docking scores and bonding topologies.
The binding mode of compound 49 with CK2 revealed that

Figure 35. Design of dual BRD4/CK2 inhibitor 43.

Figure 36. Design of dual PIM1/CK2α inhibitors 44 and 45.

Figure 37. Design of dual PIM1/CK2α inhibitors 46 and 47.

Figure 38. Structures of multikinase inhibitor 48 and the dual CDK2/CK2 inhibitor 49.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c10478
ACS Omega 2024, 9, 20702−20719

20715

https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig35&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig35&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig35&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig35&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig36&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig36&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig36&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig36&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig37&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig37&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig37&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig37&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig38&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig38&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig38&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10478?fig=fig38&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


one H-bond was formed between the oxygen atom of the
methoxy group of Lys68. Additionally, π−π stacking
interaction between the phenyl ring and Phe113 was observed.
On the other hand, the results of ADMET studies of
Metralindole 49 showed excellent bioavailability, outstanding
solubility, and high safety. These facts encouraged the use of
Metralindole as an effective candidate in the treatment of lung
cancer.96

■ CONCLUSION AND FUTURE PROSPECTIVE
The CK2 enzyme has a vital role in controlling many processes
inside the body in addition to its ability to phosphorylate over
400 substrates. This initiated the need for the development of
CK2 inhibitors to control many diseases, including cancer and
CNS diseases. In spite of the efforts done in this field for more
than two decades, only two compounds entered clinical trials
to treat cancer.
The design of the ATP-competitive type I inhibitors relied

on three common pharmacophoric features: the heterocyclic
ring system bearing one or two hydrogen bond donors or
acceptors that occupied the purine binding site, the head
carrying hydrophilic substituents extended in the solvent
exposed area, and the tail occupying the neighboring
hydrophobic regions which control the binding potency and
affinity. A 3D-QSAR and molecular docking studies on 2,4,5-
trisubstituted imidazole was recently reported by Goudzal et al.
in 2023. The study was performed on 24 compounds, and the
authors developed a reliable model for the prediction of
enzyme inhibitory and anticancer activity.97 Another pharma-
cophoric model was developed by Yadav et al. in 2023 to
design CK2 inhibitors as a treatment for COVID-19.98 The
design was inspired by the structure of silmitasertib. Several
strategies were applied in this study, including bioisosteric
replacement and molecular docking. Then, ligand-based
pharmacophore models and structure-based pharmacophores
(e-pharmacophores) were utilized to build a hybrid hypothesis.
The latter include three chemical features, namely an anion, an
aromatic ring, and an H-bond acceptor.98 A similar model was
developed by Patel et al. using both structure- and fragment-
based design strategies. The structure-based pharmacophore
hypothesis suggested by the authors relied on four features
ARRR: an H-bond acceptor (A) and three aromatic rings
(RRR).99 The design of these models might help the
researcher in the design of more selective ATP-competitive
CK2 inhibitors.
The poor cellular activity of most CK2 inhibitors originated

from their poor cell permeability. This could be overcome
through the development of allosteric or bisubstrate inhibitors
that carried lipophilic groups. The allosteric inhibitors are
more selective to CK2 and hence could overcome the off-
target side effects of ATP-competitive inhibitors that are
nonselective. Another successful strategy to attain cellular
activity is the preparation of dual inhibitors that target other
enzyme or molecular hybridization with a well-known
anticancer drug like cisplatin. Further studies are still needed
in order to discover a clinically potent CK2 inhibitor.
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