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Abstract: Protein kinase CK2 is a Ser/Thr protein kinase that phosphorylates hundreds of substrates
mainly related to survival and proliferation pathways. It has long been considered an anti-cancer
drug target. However, during the recent COVID-19 pandemic, CK2 inhibitors have been repurposed
as anti-SARS-CoV-2 drugs. This was based on the initial finding of CK2 among the proteins of
the host cell that interact with the viral proteins and modulate the infection. Since then, several
studies have deepened our understanding of the CK2/COVID-19 connection, and we deem it is
time to review all the findings. Interestingly, other coronaviruses cross-talk with CK2 as well, with
similarities and differences compared to the SARS-CoV-2 case. Therefore, we believe that the analysis
of the effects obtained by targeting CK2 in case of coronavirus infections, both at the molecular and
phenomenological level, will help in extrapolating information that could be useful not only for
COVID-19 (whose pandemic emergency is hopefully turning off) but also for other infections.
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1. Introduction
1.1. CK2 General Features, Structure, and Regulation

Protein kinase CK2 is a Ser/Thr kinase expressed in all eukaryotic cells and involved
in all cellular processes. It localizes mainly in the nucleus and cytoplasm, but also other
sub-cellular compartments [1], such as mitochondria and plasma membrane, where it can
be exported to the external side and is therefore considered an ecto-kinase [2]. The acronym
CK2 originates from the term “casein kinase 2” since this protein kinase was initially re-
garded as responsible for the phosphorylation of milk casein [3]. However, it was later clear
that casein is physiologically phosphorylated by another kinase (G-CK, or genuine casein
kinase, recently identified with Fam20C [3]). At the same time, it is not a physiological
substrate of CK2, which in turn phosphorylates hundreds of substrates [4] and is involved
in virtually all cellular processes. It is ubiquitously expressed and essential for embryonal
development [5], and its levels are particularly high in physiologically and pathologically
rapidly proliferating cells [6–8]. Indeed, cancer cells are known to be addicted to CK2 [9],
which plays essential roles in potentiating cancer hallmarks and tumorigenic signals [10–12].
Therefore, CK2 is presently considered a cancer drug target [13–17].

CK2 is constitutively active, meaning that it does not require signaling by second
messengers or phosphorylation events to be activated, and its functions are roughly regu-
lated by changes in protein expression. However, several mechanisms have been proposed
that might contribute to modulating the activity of this enigmatic kinase, ranging from
changes in subcellular localization, substrate availability/accessibility, association to other
proteins, composition in subunits/isoforms, and supramolecular polymerization of the
kinase holoenzyme [18,19].

From a structural point of view, mammalian CK2 is a tetrameric holoenzyme: it is
composed of two catalytic subunits (α or α′, coded by two different genes, CSNK2A1
and CSNK2A2, respectively) and two regulatory subunits β, coded by the CSNK2B gene.
Different holoenzyme combinations are possible (α2 β2, α′

2 β2, and αα′β2). However,
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the catalytic subunits are also active as monomers, and the regulatory functions of β are
mainly to preserve the enzyme stability and drive the selection of substrates [20]. The actual
existence of the isolated CK2 subunits in cells is still uncertain: several pieces of evidence
(reviewed in [18]) suggest a role of the monomeric catalytic subunits, not combined with the
regulatory ones, in specific pathological conditions, especially in cancer cells. Nevertheless,
a direct demonstration of the isolated α or α′ subunits in cells has never been provided.

The two isoforms of the catalytic subunit, α and α′, are supposed to be mainly over-
lapping in their functions, but a few differential roles have also been reported: they differ
mainly for their C-terminal sequences, through which they can bind different partner
proteins, what is hypothesized to allow them exerting some isoform-specific functions [21].

1.2. CK2 in Diseases

CK2 activity is implicated in a plethora of diverse human diseases, as recently re-
viewed [22]. As mentioned above, its pathological functions are mainly documented in
cancer. The first connection between CK2 and mammalian tumorigenesis dates back to
the late 80s, when Ole-MoiYoi and coworkers, by studying bovine theileriosis (a cattle
parasite disease that represents a naturally occurring animal model), provided the earliest
evidence of a molecular causative link between CK2 and mammalian lymphoid oncogene-
sis (as reviewed in [23]). Subsequently, a huge amount of data was collected supporting a
tumorigenic role for CK2 in different types of human hematological malignancies and solid
cancers, where it is often found overexpressed compared to normal tissues [24,25]. Given
the close relationship frequently occurring between viral infections and tumorigenesis, this
profound engagement of CK2 in cancer has particular relevance for the topic of this review,
as will be discussed below.

For a detailed description of the many other diseases where CK2 has been found
involved, we refer the readers to another recent review [22]. Here we can just briefly list the
CK2 implication in inflammation and autoimmune disorders [26], diabetes and obesity [27],
diverse ophthalmic pathologies [28,29], cardiovascular diseases, such as cardiac ischemia–
reperfusion injury, atherosclerosis, and cardiac hypertrophy [30–32]. CK2 is also considered
an emerging target for neurological and psychiatric disorders [33] and possibly for cystic
fibrosis [34]. Moreover, recently, psychiatric disorders and syndromes due to mutations
of the genes for the CK2 subunits have been identified [35]. Specifically, they are called
Okur-Chung Neurodevelopmental Syndrome or OC-NDS (mutations of the CSNK2A1
gene, coding for CK2 α) and Poirier-Benvenu Neurodevelopmental Syndrome or POBINDS
(mutations of the CSNK2B gene, coding for CK2 β).

Notably, other well-known functions of CK2 are in human infections; given the rele-
vance of the topic of this review, they will be dealt with separately in the next paragraph.

1.3. CK2 in Viral Infections

Protein phosphorylation is a widespread and effective way to modulate protein func-
tions, which even viruses exploit for their replication and life cycle. However, they depend
on host protein kinases for the catalysis of this process; consistently, the activation of
specific cellular kinases in response to the infection has been frequently observed, with
the consequent phosphorylation of viral proteins, but also increased phosphorylation level
of host cell proteins [36]. CK2 is among the most pleiotropic kinases, with 25 % of the
phospho-proteome depending on its activity [3]. Therefore it makes sense that it could also
be crucial for viruses. Indeed, its involvement in the phosphorylation of viral proteins has
been known for many years, with 40 cases documented in 2003 [4]. One of the first reported
cases is the human papillomavirus E7 protein; interestingly, this is the target of CIGB-300,
a clinical-grade drug displaying promising anticancer properties [37,38]. Other notable
examples (recently reviewed [8,22]) are the HIV-1 Rev protein, hepatitis C and B virus
proteins, NSP1 of rotavirus, the nucleocapsid protein of the Hantaan virus, the matrix M
protein of the human respiratory syncytial virus, the leader L protein of the encephalomy-
ocarditis virus, the Kaposi’s sarcoma-associated herpesvirus ORF57. Other viruses reported
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to exploit the activity of CK2 for their infection and propagation are Epstein-Barr Virus
(EBV) [39], Herpes Simplex Viruses (HSV), Human Cytomegalovirus (CMV) [8], and the
list is continuously increasing, now also including coronaviruses, as described below in
more details. In many cases, the infection preludes tumor transformation; therefore, the
involvement of CK2, a pro-tumor kinase, is not so unexpected.

The mechanisms by which the phosphorylation by CK2 of viral proteins contributes
to the infection are largely unknown. In some cases, the classical antiapoptotic mechanism
that CK2 exerts by phosphorylating sites near a caspase site and preventing cleavage [40]
might also apply to viral proteins, as reported in the case of ORF57 [41]. For the human
papillomavirus E1 protein, it has been demonstrated that the phosphorylation by CK2
stabilizes ATP-dependent DNA helicase activity, which is essential for viral replication [42].

Regardless of the phosphorylated protein and the effect produced, it is worth noting
that CK2 targeting has been proposed to stimulate host defence against virus infection by
increasing IFN-α and IFN-β response, possibly by regulating the RIG-1 dependent signaling
pathway [43,44]. This mechanism would not be limited to a specific viral infection.

2. CK2 and Coronaviruses

Coronaviruses are viruses known for many years, named after the Latin word for
crown “corona” due to their peculiar glycoprotein spikes on the virus’s surface, visible
by electron microscopy, that resemble the solar corona. They are subdivided into four
genera, namely α, β, γ, and δ. α and β coronaviruses (β-CoV) infect mammals, while γ

and δ primarily infect birds. Until the SARS-CoV outbreak in 2003, coronaviruses were
not given much attention by scientists since the ones known to infect humans caused
minor symptoms. Presently, three human coronaviruses are known that can produce
severe symptoms, all belonging to the β genus: the Severe Acute Respiratory Syndrome
Coronavirus (SARS-CoV, identified in 2003), the Middle East Respiratory Syndrome-Related
Coronavirus (MERS-CoV, identified in 2012), and the Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2, recognised in 2019). They cause diseases called SARS, MERS,
and COVID-19, respectively.

The CK2 involvement in coronavirus infection is supported by several observations,
as summarized in Figure 1. Firstly, the human β-CoV receptor on the host cell is ACE2
(angiotensin-converting enzyme 2), a known CK2 target [45]. As early as 2010, Chen
and coworkers found that the CK2-dependent phosphorylation of ACE2 at the specific
site Ser787 is increased upon binding of SARS-CoV; this activates downstream signal
transduction pathways, namely ERK1/2 and AP-1, upregulating the fibrosis-associated
CCL2 (chemokine C-C motif ligand 2) which mediates lung inflammation and lung fibrosis
and facilitates viral invasion into the host cell. Consistently, the dysregulated production of
inflammatory cytokines in response to SARS-CoV is reduced by the inhibition of CK2 [46].

The essential role of CK2 in β-CoV replication has been recently demonstrated [47] by
developing a β-CoV reporter assay based on mouse hepatitis virus (MHV), a member of
the β-CoV genus, frequently used as a model to study the virulence of other β-CoVs, since
it does not require restrictive safety facilities. The β-CoV binding to the ACE2 receptor
occurs through the spike protein (S protein) present on the surface of the virus [48] and is
followed by clathrin-mediated endocytosis [49]. Yang and coworkers used a chemogenomic
approach to demonstrate that CK2 inhibitors suppress murine, bat, and human β-CoV
replication. They further confirmed the results by the genetic knockdown of the individual
CK2 subunits and provided evidence that the effects are due to the reduced endocytosis of
the spike protein [47].

A β-coronavirus bovine (BCoV) model was instead exploited by Perea’s group [50] to
investigate the efficacy of the anti-CK2 peptide CIGB-300 (in ref [50] called CIGB-325) in
inhibiting the viral infection. The authors found that CIGB-300 has an antiviral effect in
cell-based assays and reduced M (membrane) and N (nucleocapsid) viral protein levels.
CIGB-300 is designed to act at the substrate level: it binds to the phospho-acceptor domain
and prevents CK2-dependent phosphorylation [51]. Interestingly, in pull-down assays,
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CIGB-300 was found to physically interact not only with several cellular CK2 substrates, as
expected, but also with the BCoV N protein. The observed CIGB-300/N protein association
allows us to speculate that BCoV N protein is a putative CK2 substrate; however, further
experiments will be necessary to exclude an indirect binding mediated by other proteins.
The results by Perea and coworkers are particularly interesting since BCoV, despite sharing
pathogenic properties with other coronaviruses, does not enter host cells by binding to the
ACE2 receptor but attaches to N-acetyl-9-O-acetylneuraminic acid (Neu5, 9Ac2) through
HE (haemagglutinin esterase) and S proteins [52]. The finding that CK2 targeting reduces
the BCoV infection is an additional indication that ACE2 is not the only crossing point
between CK2 and coronaviruses and that there are several levels by which CK2 may impact
the virus life cycle.
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Indeed, the N protein seems crucial in the CK2 regulation of coronavirus biology.
N protein of the Avian infectious bronchitis coronavirus (IBV) was found to display a
lower affinity for random RNA, and four phospho-sites were predicted as CK2 sites [53].
However, later it was demonstrated that at least two of these sites are not direct targets
of CK2 but phosphorylated by ataxia-telangiectasia mutated and Rad3-related (ATR), a
kinase activated during IBV replication [54]. In any case, CK2 can be relevant since it can
be indirectly stabilized by ATR [55], thus suggesting that phosphorylation of N protein is
most likely a dynamic and timely regulated process during the infection cycle.

N protein of SARS-CoV is also regulated by CK2 [56,57]: it was suggested that CK2 is
among the multiple kinases that, by phosphorylating SARS-CoV N protein, allow its bind-
ing to 14-3-3 proteins and its translocation to the cytoplasm. The functional consequences
of this process were not elucidated, but the authors postulated that nuclear localization
of the N phosphoprotein might interfere with the cellular machinery and trigger apop-
tosis; other hypotheses are that phosphorylation may increase the protein stability, or
promote its self-association, an essential step for viral assembly, or regulate downstream
signaling pathways.
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N protein has also been found to be associated with CK2 in MERS and SARS-CoV-2
infection [56], thus pointing to N proteins as a general element exploited by CK2 in β-CoVs-
infected cells. The multiple levels of connection between CK2 and SARS-CoV-2 will be
described in detail in the following paragraph.

3. CK2 and SARS-CoV-2

SARS-CoV-2, like the other β-CoVs, exploits the ACE receptor, a CK2 substrate [45],
raising the interest in CK2 as an anti-COVID-19 target. But regardless of ACE, as early
as the first year of the COVID-19 pandemic, two important papers were published that
directly correlated CK2 to SARS-CoV-2 infection. Gordon et al. [58] applied an affinity-
purification/mass spectrometry approach to identify host proteins exploited by the virus
and already targeted by existing drugs. Among the human druggable proteins that physi-
cally associate with SARS-CoV-2 proteins, they identified CK2, which was supposed to be
involved in stress granule regulation. Consistently, CK2 inhibitors disrupt stress granules.
All the CK2 subunits (the α (CSNK2A1) and α’ (CSNK2A2) catalytic isoforms and the β

regulatory subunit (CSNK2B)) were found to bind to the N protein [56].
The global phosphorylation landscape of SARS-CoV-2 infection was also published

in 2020 [59], reporting that some CK2-dependent phospho-sites (belonging to both viral
and host cell proteins) are upregulated in SARS-CoV-2 infected cells. This suggested
that SARS-CoV-2 would enhance CK2 activity. They found that CK2 localizes with N
protein in filopodia protrusions possessing budding viral particles markedly induced by
the infection. Also, employing transcriptome and computational analyses, Shaath and
Alajez [60] observed activation of CK2 in Calu-3 infected cells, and Fatoki and coworkers
described CK2 as one of the key players in the SARS-CoV-2 lifecycle [61]. As reviewed by
Chatterjee and Thakur [36], some of the CK2-dependent phospho-sites found in SARS-CoV-
2 infected cells belong to the viral M protein, but the consequences of the phosphorylation
remain unknown.

SARS-CoV-2 activates several host cell kinases [36], with the final effect of complex
crosstalk between different signaling pathways globally contributing to virus infection
and replication. An example of great relevance for this review is the case of the PI3K/Akt
pathway: it is deeply interconnected with CK2, which potentiates it by acting at several
levels [62]. Since this pathway is instrumental to SARS-CoV-2 biology [63,64], CK2 also
contributes to virus replication by boosting it. Another example of the intricate network
by which CK2 might sustain the SARS-CoV-2 infection is the ERK1/2 and AP-1 signal-
ing pathway (previously mentioned also for SARS-CoV), in which PAK1, an activator
of this pathway and a substrate of CK2, can promote the activation of the transcription
nuclear factor-κB (NF-κB) and STAT3 pathways [65]. Both NF-κB and STAT3 are CK2
substrates, involved in the induction of inflammatory cytokine expressions and polariza-
tion of M2 macrophages promoting lung fibrosis in response to SARS-CoV-2 infection,
respectively [66,67]. An additional crossing point between CK2 and SARS-CoV-2 is the
Wnt/β-catenin signaling pathway, which CK2 regulates [68,69] and is crucial in SARS-
CoV-2 infection since the treatment of SARS-Cov-2 infected cells with iCRT14t, a specific
inhibitor of Wnt/β-catenin, decreased the cytopathic effect (changes in cell morphology
caused by the virus) and reduced SARS-CoV-2 N protein level [36].

The multiple levels of connections between CK2 and SARS-CoV-2 are summarized in
Figure 2.
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4. CK2 Targeting as Anti-COVID-19 Strategy

The above-described involvement of CK2 in the SARS-CoV-2 biology, its druggability,
and the existence of CK2 inhibitors already in human clinical trials as anticancer drugs (CX-
4945 or silmitasertib (https://clinicaltrials.gov/ct2/results?cond=&term=CX-4945&cntry=
&state=&city=&dist=) (accessed on 15 June 2023) and CIGB-300 (https://clinicaltrials.
gov/ct2/results?cond=&term=cigb-300&cntry=&state=&city=&dist=) (accessed on 15 June
2023) have promptly sparked interest in CK2 as a possible target for COVID-19 as well, and
the repurposing of the compounds.

Apart from the already quoted study on bovine coronaviruses [50], by a computational
biology analysis [70], CIGB-300 has been proposed to interfere with the SARS-CoV-2 life
cycle in infected human cells: it might affect the immune response to the infection and
perturb the virus hijacking of RNA splicing machinery. An exploratory clinical study with
CIGB-300 (now called CIGB-325) has been performed to investigate its safety and putative
clinical benefit in COVID-19 patients with pneumonia [71]. Despite the small sample size
(twenty patients), and the preliminary level of the study, the results were encouraging
since CIGB-300 significantly reduced the median number of pulmonary lesions with mild
and/or moderate adverse events.

The CX-4945 repurposing was proposed since the beginning [58] when CK2 was
found to interact with SARS-CoV-2 N protein and influence stress granule regulation.
CX-4945 is presently in a clinical trial for COVID-19 and coronavirus, besides cancer https:
//clinicaltrials.gov/ct2/show/NCT04668209?term=CX-4945&draw=2&rank=1 (accessed
on 15 June 2023). Other compounds have been investigated as potential anti-COVID-
19 drugs. By studying the network of genes expressed in COVID-19-infected patients,
Fatoki et al. [61] tried to predict the drug compounds that could interfere with pathologic
signaling pathways. They identified CK2 (along with DNA-PK) as playing a crucial role
in the SARS-CoV-2 lifecycle, and, by investigating phytochemicals that could represent

https://clinicaltrials.gov/ct2/results?cond=&term=CX-4945&cntry=&state=&city=&dist
https://clinicaltrials.gov/ct2/results?cond=&term=CX-4945&cntry=&state=&city=&dist
https://clinicaltrials.gov/ct2/results?cond=&term=cigb-300&cntry=&state=&city=&dist
https://clinicaltrials.gov/ct2/results?cond=&term=cigb-300&cntry=&state=&city=&dist
https://clinicaltrials.gov/ct2/show/NCT04668209?term=CX-4945&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT04668209?term=CX-4945&draw=2&rank=1
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therapeutic modulators, suggested emodin, ellagic acid, quercetin, and others as CK2
targeting compounds. They are indeed among the already-known inhibitors of CK2 [13].

5. Conclusions

Protein phosphorylation, elicited from the host kinases, is a well-known mechanism
viruses exploit for survival. SARS-CoV-2 is no exception: the viral proteins N, M, S, 3a,
and 9b were phosphorylated in about 70 different sites, corresponding to the consensus se-
quences of several kinases. Moreover, in SARS-CoV-2 infected cells, the phosphorylation of
many host cell proteins increases (more than 15,000 phosphorylation sites identified) [36,59],
and, at least in part, this is achieved through the activation of host kinases induced by the
virus. Despite its constitutive activity, CK2 is among the activated enzymes. This could
seem counterintuitive: what is the advantage of activating a kinase that is already catalyti-
cally competent? However, while the conformation structure of CK2 perfectly explains its
constitutive activity [72], this does not exclude regulation events that can further enhance
the phosphorylation of its substrates [18]. Since CK2 is very pleiotropic, being responsible
for up to 25% of the phosphoproteome [3], its involvement in phosphorylating substrates
instrumental for the virus life cycle is not unexpected. Moreover, its peculiar consensus
sequence (S/T-x-x-E/D/pX) [73] is very common and present in several virus proteins.

As the Figure 2 summarises, CK2 and SARS-CoV-2 biology signals have several
connecting points. Among them, it is worth pointing out the virus receptor ACE2, which
is a substrate of CK2. Although the effects of the ACE2 phosphorylation on SARS-CoV-2
infection have never been described, by similarity with what was observed in the case
of SARS-CoV [46], they are expected to be essential for the receptor functions. Other
crucial levels of SARS-CoV-2/CK2 integration are the several signaling pathways strongly
implicated in the infection and regulated by CK2 at multiple levels, such as PI3K/Akt, NF-
κB, STAT3, Wnt/β-catenin, ERK1/2, and AP-1. However, the most significant connection is
probably represented by the N protein, which can physically interact with each of the CK2
subunits and stimulate its catalytic activity. Indeed, N proteins of different coronaviruses
are crucial for the functions played by CK2 in the infected cells (see Figure 1). Future
studies will hopefully define the N protein/CK2 interaction at the molecular level, with
exciting implications for our knowledge of CK2 biology, and ideally providing hypotheses
on possible interventions to regulate its activity.

Although the COVID-19 outbreak is now less scary, it is important to highlight that
identifying new antiviral therapies is still desirable to face the continued virus evolution
with the possible emergence of new variants. Inevitably, selective pressure can generate
drug-resistant mutants: this is frequent with direct antiviral agents, while cellular proteins
exploited by the virus are less likely to be circumvented by viral escape mutants [74]. Also,
considering the potential emergence of new β-CoVs, a broad-spectrum drug with activity
against a wide range of viruses would be advantageous to prevent rapid viral spread. In
this view, data reported so far provide strong evidence for CK2 as an ideal target. The wide
availability of CK2 inhibitors and the clinical level of some of them complete the rationale
for considering this kinase as a valuable target.
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