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  Pref ace   

 The selection of “Protein Kinase CK2 Cellular Function in Normal and Disease 
State,” as part of the Springer series “Advances in Biochemistry in Health and 
Disease” (Volume 12) under the leadership of Professor Naranjan S. Dhalla, repre-
sents an important mark of the recognition of the emerging importance of Protein 
Kinase CK2 as a “master regulator” of cell function. 

 The fi eld of protein kinases represents a particularly important area of biochemistry 
with over 500 corresponding genes (representing about 1.7 % of the genome). In the 
human kinome, most of the protein kinases form a “network” of relationships; how-
ever, protein kinase CK2 appears to stand on its own. Protein kinase CK2 (the acro-
nym being derived from the misnomer casein kinase 2) is primarily a protein Ser/Thr 
kinase, although a small activity to certain Tyr residues has been detected. Its structure 
consists of a tetrameric complex with two catalytic subunits (α and α′) that are linked 
via the regulatory subunit (β); the abundance and composition of the subunits vary 
with tissues. As far as we know, CK2 does not require “activation” by chemical modi-
fi cations, which suggests that it is a constitutively active protein kinase. This raises the 
question as to how its diverse functions are regulated. A number of hypotheses exist to 
address this paradox and include shuttling to various loci in response to specifi c sig-
nals, aggregation/disaggregation of the holoenzyme as a modulator of its activity, and 
interaction with a number of other proteins that allow for the signal transduction. 

 Function of CK2 in cells in normal and disease states has been the subject of 
much investigation for over four decades. Given the very large number of its poten-
tial substrates localized in different parts of the cell, numerous investigations have 
contributed to its role in, for example, the regulation of protein and nucleic acid 
synthesis, signals associated with cell growth, proliferation and cell death, diverse 
signal transduction pathways, viral activity, infl ammation, angiogenesis, neuronal 
function, and organogenesis. These aspects highlight the importance of CK2 in dif-
ferent areas of cell biology in normal and disease states; however, as mentioned 
below, a preponderant number of investigations on CK2 focus on its function in 
cancer biology. 
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 A number of important features of CK2 are well recognized—this is one of the 
most highly conserved and ubiquitous eukaryotic enzymes and it is essential for cell 
survival. Originally, it was thought that CK2 was predominantly involved in cell 
growth and proliferation in normal and cancer cells. However, later it became appar-
ent that besides its role in cell proliferation, CK2 is also able to regulate cell death, 
and this aspect of CK2 function has provided a key link of the kinase to the cancer 
cell phenotype. Indeed, an important observation on CK2 in cancer is that it has 
been found to be elevated in all cancers examined compared with its level in corre-
sponding normal cells. Importantly, this elevation is observed consistently at the 
protein level. Equally of note is the observation that its dysregulation in cancer is 
not due to any detected mutations or isoforms. Further, it appears that even a moder-
ate downregulation of CK2 in cancer cells (compared with the normal cells) induces 
potent death activity in cancer cells. Thus, currently there is a large interest in 
CK2 in the cancer fi eld, with much effort being directed toward developing strate-
gies toward its targeting for cancer therapy. The theoretical concept is that targeting 
CK2 for cancer therapy would serve as a double-edged sword since both prolifera-
tion and evasion from death would be impacted, and further since cells cannot sur-
vive without CK2, the result would be elimination of the cancer cells. 

 It may be worth noting that working on protein kinase CK2 has distinct chal-
lenges largely due to the fact that it is not a trivial task to determine the activity of 
CK2 relating to specifi c functions. This attributes to the fact that it is not easy to 
identify precise modulations in the activity of CK2 in cells because of its localiza-
tion in various cellular compartments. Further, unlike protein kinases such as MAP 
kinase where phospho-specifi c antibodies can be used to follow their “activation,” 
no such approach is possible for CK2. Thus, one has to largely rely on measuring 
the changes in activity by following the alterations in phosphorylation levels of 
downstream targets of CK2. This in its own right can be a challenge due to the exis-
tence of a large number of CK2 substrates localized at different subcellular loca-
tions. Thus, one has to be careful in selecting these markers that can be used for 
following the effects on CK2 activity in the cell; a few examples include tracking 
changes in phosphorylation of molecules such as NFκB p65, Cdc37, and AKT, as 
well as changes in protein B23. This issue becomes particularly important in devel-
oping cancer therapy approaches targeting CK2 where it may be important to follow 
several marker substrates to determine the activity response in cells. Several contri-
butions in this book provide an insight into these issues. 

 The book is divided into several sections to provide a cohesive set of topics and 
associated articles. The various headings in the order of presentation are as follows: 
Regulation and Structure–Function Studies of CK2; CK2 Control of Organismal 
and Cellular Functions; Function of CK2 in Cancer and its Therapeutic Targeting; 
and Studies Involving Small Molecule Inhibitors. 

 The fi rst section (Part I) entitled “Regulation and Structure–Function Studies of 
CK2” includes four chapters. The fi rst chapter is by Baier et al. and presents a 
review of the general aspects of yeast CK2 biology discussing aspects of structure 
and interacting partners of CK2, with a detailed discussion of the mechanism of 
regulation of yeast CK2 by the anti-silencing protein 1 (Asf1). The second chapter 
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is by Hochscherf et al. and focuses on their pioneering studies on crystallographic 
structure of CK2 subunits. The authors review the extensive data they have gener-
ated on the structural dynamics of CK2 and the insights gained from these studies 
on the activity of the enzyme. The third chapter is by Lolli and Battistutta and is also 
devoted to the structural aspects of CK2 describing the structural nature of the inter-
action of the CK2 subunits which contribute to its enzymic activity. The fourth 
chapter in this section by Vélez-Bermúdez and Riera deals with maize CK2 (as a 
model of plant CK2) and discusses the unique characteristics of the regulation of 
this enzyme dealing with the functional aspects of CK2β1, resulting in the identifi -
cation of ZmTGH as a novel partner of this subunit with a possible role in splicing 
process in the plant enzyme. 

 The second section (Part II) entitled “CK2 Control of Organismal and Cellular 
Functions” covers nine ensuing chapters. The fi rst chapter in this section is by 
Ortega et al. and deals with the function of CK2 in organ development. The authors 
discuss their pioneering studies on the involvement of CK2 in embryonic develop-
ment in different models as well as the role of CK2α in organ formation, homeosta-
sis, and physiology. The chapter by Majot et al. continues along similar lines and 
presents an elaborate discussion of the function of CK2 in the developmental 
aspects of  Drosophila  through interaction of CK2 with numerous E(spl) proteins, 
thereby regulating different signaling pathways. The chapter by Welker et al. 
focuses on tissue-specifi c functions of CK2. These authors discuss their studies that 
have contributed to the investigation of novel substrates/partners and unique fea-
tures of CK2 interactions with them in a tissue-specifi c manner. The subsequent 
contributions focus largely on the cellular functions of CK2. In this context, the 
chapter by Girardi and Ruzzene presents a detailed account of the function of CK2 
as it pertains to the phosphorylation of Akt and effect on the Akt pathway. The 
chapter by Nimmanon and Taylor describes the knowledge that has emerged on the 
function of CK2 in zinc signaling, identifying ZIP channels as novel substrates of 
CK2 and the function of these interactions on cell biology and pathology. The chap-
ter by Trembley et al. presents the original conceptual development of the function 
of CK2 as a suppressor of apoptosis and attempts to link the functional activity of 
CK2 to diverse pathways in the cell death machinery. The chapter points to a novel 
role of CK2 inhibition in triggering Ca 2+  signaling that rapidly targets mitochondria 
to initiate the earliest events in the induction of apoptosis. The chapter by Litchfi eld 
and Gyenis continues on the theme of CK2 interaction with other protein substrates 
and provides a detailed discussion of the novel approaches employed to study the 
involvement of CK2- mediated phosphorylation of substrates and regulation of other 
cellular pathways that impact on the cellular biology in normal and disease states. 
The chapter by Homma et al. describes the identifi cation of CK2 substrate targets in 
the nucleus during cell cycle progression, identifying the involvement of CK2 in the 
dynamics of gene regulation. The fi nal chapter in this section is by Tibaldi et al. and 
addresses the issue of CK2’s distinction from the genuine casein kinases. Their 
contribution to the identifi cation of G-CK/Fam20C protein kinase and aspects of its 
similarity to CK2 in terms of pleiotropy and involvement of certain pathological 
states is discussed. 
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 The next series of chapters under Part III fall under the heading “Function of 
CK2 in Cancer and Its Therapeutic Targeting.” This section covers several articles 
that discuss the extensive work currently in progress for the function of CK2 in 
cancer and its targeting for cancer therapy. The chapter by Roelants et al. details 
their novel studies on the role of CK2 in the pathogenesis of renal cell carcinoma 
(RCC) and discusses the observations on the expression of various subunits of 
CK2 in a cohort of RCC samples and the potential of CK2 targeting for therapy of 
RCC. The contribution by Benveniste et al. discusses the involvement of CK2 in the 
oncogenic infl ammatory signaling pathways with a focus on two important signal-
ing pathways (NFκB and JAK/STAT) in glioma, breast cancer, pancreatic cancer, 
multiple myeloma, leukemia, head and neck squamous cell carcinoma, and non- 
small cell lung cancer. The chapter by Perea et al. describes the progress in their 
originally described therapeutic agent CIGB-300 for targeting CK2 phosphoryla-
tion sites in target proteins. They present the current status of their investigations on 
the pharmacokinetic studies of this therapeutic drug and the latest information on 
their observations of clinical evaluation in Phase II trial in women with cervical 
cancer. The fi nal chapter in this series by Ahmed et al. provides the account of their 
ongoing approach to molecular targeting of CK2 in cancer therapy. Based on their 
original postulate that targeting of CK2 in cancer therapy may be most usefully 
employed by a cancer cell directed approach, they provide the latest information on 
the use of a nanoencapsulated RNAi approach to specifi cally target CK2 catalytic 
subunits in prostate cancer and head and neck squamous cell carcinoma. 

 The fi nal section (Part IV) of the book focuses on “Studies Involving CK2 Small 
Molecule Inhibitors.” The various articles in this section describe the ongoing effort 
at identifying new small molecule inhibitors that may be useful for therapeutic tar-
geting of CK2 and for other biochemical studies of the enzyme function. The fi rst 
chapter under this section is by Rasmussen et al. who have described the screening 
of the Drug Therapeutic Program (DTP) library of the NIH/NCI against CK2 and 
the identifi cation of several small molecule compounds that exert varying degrees of 
inhibition of CK2 in vitro and in cell culture models, thus indicating the potential 
development of novel inhibitors of diverse natural background. The chapter by 
Miyata discusses in detail the inhibitors of CK2 and DYRK family protein kinases 
describing the overlap in their activity and the biological and clinical implications 
of the two kinases. The fi nal chapter in this section by Baier and Szyszka discusses 
the underlying mechanisms that may infl uence the activity of CK2 inhibitors, point-
ing to the role of the nature of the substrate/enzyme complex which might be infl u-
enced by the composition of CK2 tetramer. 

 The various chapters in this book are authored by individuals who have main-
tained a keen dedication to the fi eld of protein kinase CK2. An international com-
mittee on protein kinase CK2 holds an International Conference on CK2 every 
3 years, and the latest meeting was held at The John Paul II Catholic University of 
Lublin in 2013 sponsored by IUBMB. The authors in this book also participated in 
that conference and their contributions refl ect the latest developments in the fi eld. 
These contributions also provide reviews on the development of the various con-
cepts on the functions of CK2. Thus, this book should provide an important starting 
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point to investigators interested in cancer biology, protein kinases, and development 
of targeted therapies. The diversity of the topics should be of interest to graduate 
students who may wish to enhance their understanding of protein kinase CK2 and 
potentially undertake investigations in this area in the future. 

 The editors would like to express their deep appreciation of the continued sup-
port by Professor Naranjan S. Dhalla, Editor-in-Chief of the Springer series entitled 
“Advances in Biochemistry in Health and Disease.” We appreciate the help of Ms. 
Susan Safren as well as the staff at the Springer Media, New York, in the prepara-
tion of this book. Thanks are also due to Dr. Janeen Trembley, Dr. Betsy Kren, and 
Dr. Andrea Baier for their assistance during the preparation of this work.  

  Minneapolis, USA     Khalil     Ahmed   
 Odense, Denmark     Olaf-Georg     Issinger   
 Lublin, Poland     Ryszard     Szyszka    
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      Yeast Asf1 Protein as Modulator 
of Protein Kinase CK2 Activity 

             Andrea     Baier     ,     Ewa     Alikowska    , and     Ryszard     Szyszka   

    Abstract     Natural modulators of protein kinase CK2 activity might be divided into 
two groups. Substances of the fi rst one, polycations, like polyamines and polylysine 
are able to stimulate enzyme activity. On the other hand, compounds like heparin 
(polyanions) have inhibitory properties towards CK2 activity. The sequence of Asf1 
possesses fi ve potential phosphorylation sites for CK2, but it seems that it does not 
underlie phosphorylation. Yeast Asf1 amino acid sequence contains a characteristic 
acidic fragment at its C-terminus. Such a sequence, called pseudosubstrate region, of 
regulatory subunits is present in several protein kinases, like PKA and PKG, and can 
be also found in the regulatory subunit of CK2. Experimental data suppose a modu-
lating effect of Asf1 towards protein kinase CK2 in a different manner when compar-
ing the infl uence on each catalytic subunits itself as well as the corresponding 
holoenzymes.  

  Keywords     Protein kinase CK2   •   Autoinhibitory region   •   Regulation   •   Asf1   •   Yeast  

1         Introduction 

 CK2 has traditionally been classifi ed as a protein serine/threonine kinase ubiqui-
tously distributed in all eukaryotes. The human enzyme mostly appears as a hetero-
tetrameric protein complex consisting of a dimer of regulatory β subunits (28 kDa) 
and two catalytic α (42 kDa) and/or α’ (38 kDa) subunits with a stoichiometry of 
either α 2 β 2 , α’ 2 β 2  or αα’β 2  as a holoenzyme [ 1 ,  2 ]. In the case of the baker’s yeast, 
 Saccharomyces cerevisiae , the holoenzyme requires the presence of both regulatory 
subunits β and β’. Genetic studies in  S. cerevisiae  [ 3 ] and in mice [ 4 ,  5 ] demonstrate 

        A.   Baier      (*) •    E.   Alikowska   
  Department of Molecular Biology, Faculty of Biotechnology and Environmental Sciences, 
Institute of Biotechnology ,  The John Paul II Catholic University of Lublin ,   Lublin ,  Poland   
 e-mail: baier@kul.pl  

        R.   Szyszka    
  Department of Molecular Biology ,  The John Paul II Catholic University 
of Lublin Institute of Biotechnology ,   Lublin ,  Poland    

mailto: baier@kul.pl


4

that CK2 is essential for cell viability and animal embryonic development. 
Biochemical and functional analyses of this enzyme reveal that it can phosphorylate 
over 300 proteins implicated in the regulation of many cellular functions, notably 
gene expression, signal transduction and DNA/RNA and protein synthesis [ 6 ]. It is 
expectable that the unique pleiotropy of CK2 justifi es at least in part two properties 
of this enzyme: the minimum consensus sequence for phosphorylation defi ned as 
S/T-X-X-D/E/pS/pY [ 6 ] and its constitutive activity [ 1 ,  2 ].  

2     CK2 Interaction Partners 

 The CK2 activity is detected in cell or tissue extracts even in the absence of any 
cofactors (e.g. second messengers) or when it is expressed in bacteria. These facts 
led to the general conclusion that CK2 is unregulated or constitutively active. 
However, there are some mechanisms that contribute to the regulation of CK2 in the 
cell. They include the regulated expression and assembly of the enzyme [ 7 ,  8 ], regu-
lation by reversible phosphorylation of regulatory β subunits [ 9 ,  10 ] as well as the 
catalytic α subunit [ 11 ,  12 ] and regulatory interactions [ 2 ,  13 ]. 

 Studies in yeast and human cells demonstrate that different forms of CK2 inter-
act with a large number of cellular proteins [ 13 ,  14 ]. The identifi cation of several 
CK2-interacting proteins is consistent with the presumption that CK2 may be 
directly or indirectly regulated by interacting proteins. CK2-interacting proteins 
can be categorised by the way how they affect the kinase activity. The fi rst category 
represented by nucleolin [ 15 ] or Nopp140 [ 16 ] most likely refl ects enzyme- substrate 
interaction. Second, there are proteins that may directly affect the CK2 catalytic 
activity, such as FGF-1 and FGF-2 [ 17 ], heat shock protein 90 (Hsp90) and Cdc37 
[ 18 ]. Fibroblast growth factor-1 (FGF-1) interacts with CK2α and CK2β in vitro 
and in vivo. In vitro, FGF-1 and FGF-2 are phosphorylated by CK2, and the pres-
ence of FGF-1 or FGF-2 was found to enhance CK2β autophosphorylation. A cor-
relation between the mitogenic potential of FGF-1 mutants and their ability to bind 
to CK2α was observed and the possible involvement of CK2 in the FGF-induced 
stimulation of DNA synthesis [ 17 ]. Cdc37 is a protein kinase-targeting molecular 
chaperone, and its function in cooperation with Hsp90 is required for various sig-
nalling kinases. The phosphorylation of Cdc37 by CK2 at the conserved N-terminal 
Ser-13 is prerequisite for the effi cient Cdc37 activity binding to protein kinases 
including Akt, Cdk4, MOK and Raf1. In addition, the phosphorylation of Cdc37 by 
CK2 was shown to be crucial for the recruitment of Hsp90 to the protein kinase-
Cdc37 complexes. These fi ndings indicated that a subpopulation of CK2 forms 
complexes with Hsp90 and Cdc37 in the cytoplasm and phosphorylates Cdc37 and 
thus regulates the molecular chaperone activity of Cdc37. Since CK2 activity 
depends on Cdc37, CK2 and Cdc37 constitute a positive feedback machinery to 
control multiple Cdc37- dependent signalling protein kinases [ 18 ]. Third, there is a 
set of proteins that probably play a role in the indirect regulation of CK2. Those 
proteins work as an adaptor/scaffold/targeting proteins such as FAF1 [ 19 ], tubulin 
[ 20 ] and CKIP-1 [ 21 ]. First of these proteins—the Fas-associated factor FAF1—is 
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an in vitro and in vivo substrate of protein kinase CK2, and the putative physiologi-
cal function of FAF1 phosphorylation is connected with the infl uence on nuclear 
import ability of FAF1 polypeptide [ 19 ]. In the case of tubulin, a direct association 
between the CK2α and the CK2α’ subunit and tubulin was observed. There was no 
binding of the CK2β subunit to tubulin. Thus, tubulin was identifi ed as a new 
binding partner of CK2 catalytic subunits [ 20 ]. CKIP-1 is an interaction partner of 
CK2 with a number of protein-protein interaction motifs, including an N-terminal 
pleckstrin homology domain (PH). The CKIP-1 protein can recruit CK2 to the 
plasma membrane. Furthermore, the PH domain of CKIP-1 was found to be 
required for interactions with CK2 and for the recruitment of CK2 to the plasma 
membrane. The examination of CK2α for a region that mediates interactions with 
CKIP-1 revealed a putative HIKE domain, a complex motif found exclusively in 
proteins that bind pleckstrin homology domains. However, mutations within this 
motif were not able to abolish CKIP-1-CK2 interactions suggesting that this motif 
by itself may not be suffi cient to mediate interactions. Overall, these results provide 
novel insights into how CK2, a predominantly nuclear enzyme, is targeted to the 
plasma membrane and perhaps more importantly how it might be regulated [ 21 ]. 

 Finally, there are a number of protein interaction partners that either disrupt or 
enhance the ability of CK2 to phosphorylate certain protein substrates. As an 
example, the peptidyl-prolyl isomerase (Pin1) interacts in a phosphorylation-
dependent manner with CK2 and with several proteins involved in cell cycle events. 
Pin1 can interact with CK2 complexes that contain CK2α. Furthermore, Pin1 can 
interact directly with the C-terminal domain of CK2α that contains residues that 
are phosphorylated in vitro by p34 Cdc2  and in mitotic cells. Substitution of the CK2α 
phosphorylation sites with alanines resulted in decreased interactions between Pin1 
and CK2. Pin1 inhibits the Thr 1342  phosphorylation on human topoisomerase II 
alpha by CK2. Topoisomerase II alpha also interacts with Pin1 suggesting that the 
effect of Pin1 on the phosphorylation of Thr 1342  could result from its interactions 
with both CK2 and topoisomerase II alpha [ 22 ]. 

 Analysis of protein-protein interaction in mammalian cells provides also evi-
dences for functional specialisation of CK2α and CK2α’. There are proteins specifi -
cally interacting either with the catalytic subunit CK2α or CK2α’. Examples for 
such proteins are the isomerase Pin1 [ 11 ,  22 ] and protein phosphatase PP2A [ 23 ,  24 ] 
interacting only with CK2α. Further specifi c partners for CK2α are protein CKIP-1 
[ 25 ], cyclin H [ 26 ], transcription factor Egr1 [ 27 ] and heat shock proteins (Hsp) [ 28 ] 
interacting with α subunits, but not reacting with CK2α’. 

 Based on literature data analysis, we are able to distinguish among CK2 sub-
strates three main groups: (1) substrates preferentially phosphorylated by free cata-
lytic subunit, (2) substrates preferentially phosphorylated by CK2 holoenzyme and 
(3) substrates phosphorylated by both molecular forms of CK2. The driving force 
for binding the protein substrate seems to be the charge and shape complementarity 
between CK2 and substrate apart from the suitable conformation and accessibility 
of the phosphorylation site. Most CK2 substrates present large acidic charges on 
their surfaces. However, in the case of smaller peptides, the presence of the CK2 
consensus sequence in right conformation and accessibility is the main requirement 
for binding as the problem of steric hindrance due to its small size is expected to be 
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not high [ 29 ]. Using different peptide substrates, it was estimated that the activity of 
the CK2 holoenzyme is somewhat higher than that of the free catalytic subunit. 
However notable, there are protein substrates which either require the presence of 
the regulatory subunit or conversely are phosphorylated by the catalytic subunits but 
not by the holoenzyme (e.g. calmodulin [ 30 ]). The phosphorylation of the latter 
group by the holoenzyme is triggered and dramatically enhanced by polybasic pep-
tides (but not polyamines) such as polylysine. The effect of the β subunit on these 
particular substrates is probably mediated by specifi c interactions with the protein 
substrates, perhaps in combination with polycationic stimulators [ 1 ].  

3     CK2 Structure 

 CK2 is a    Ser/Thr protein kinase having heterotetrameric α 2 β 2  structure with some 
unusual features among the eukaryotic protein kinases: (1) several acidic determi-
nants are deciding about CK2 substrate specifi city; (2) both ATP and GTP can be 
utilised as phosphoryl donors; (3) it is insensitive to any known second messengers 
and the regulatory properties of CK2 are poorly understood; and (4) it displays high 
constitutive activity with over 350 cellular protein substrates known to date [ 1 ,  2 ]. 
The precise function    of two non-catalytic β subunits is still poorly understood; how-
ever, it has been shown that their functions are (1) altering the CK2α/α’ substrate 
specifi city, (2) protecting the catalytic subunit against denaturing agents and condi-
tions and (3) modulating CK2 catalytic activity. 

 The catalytic domains of human CK2α and CK2α’ are products of different 
genes located on different chromosomes [ 31 ]. Their similar enzymatic properties 
in vitro are the result of high identity between both sequences with about 90 % [ 32 ]. 
In the case of yeast homologues, the amino acid sequence of catalytic subunits 
shows only about 60 % identity [ 33 ]. The middle part    of the catalytic domain con-
tains the high structural similar sequences, whereas in the C-terminal sequences, 
there exist differences between CK2α and CK2α’. The C-terminus of the CK2α 
subunit possesses Pro-rich phosphoacceptor sites whose phosphorylation generates 
a binding site of isomerase Pin1 [ 11 ]. 

 Alignments of the predicted amino acid sequence of CK2α subunits of several 
organisms led to the conclusion that the primary structure of CK2α exhibits conserved 
features. The conserved sequences D 173 WG 175  and G 197 PE 199 , which are responsible 
for the formation of CK2α activation loop, are situated between the β-sheet-rich 
region at the N-terminus and the α-helix-rich C-terminus. The centre of the activation 
loop is formed by residues R 155 , D 156  and H 160 . Experimental data show that always 
only one catalytic subunit is active [ 34 ]. During catalysis the phosphate group inter-
acts with the nitrogen atoms within the Rossmann fold. This    sequence is present in all 
protein kinases responsible for the binding of nucleotide triphosphates and comprises 
amino acid sequence G 46 XGXXS 51  in human CK2α [ 35 ]. Arg191, Arg195 and Lys198 
are conserved residues in the C-terminal loop and are responsible for the recognition 
of acidic residue at position n+1 in the phosphor- acceptor sequence [ 36 ]. 
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 Human    α subunit contains a basic Lys-rich region comprising amino acids 
K 74 KKKKIR 80  within the αC segment that is responsible for the interaction with the 
acidic region (aa 55–64) of the regulatory subunit. It was shown that the presence 
of the β subunit may affect the phosphorylation of some substrates such as calmod-
ulin [ 37 ]. Furthermore, this basic region also determines the sensitivity to heparin. 
The deletion of aa 74–77 abolished the sensitivity to polyanionic compounds or in 
the case of some substrates causes an increase of kinase activity [ 38 ]. The basic 
cluster is also responsible for interaction with heat shock protein Hsp90 [ 39 ], nucle-
olin [ 40 ] and recognition of acidic determinants at n+3 in the consensus substrate 
sequence [ 36 ]. 

 There are evidences showing the functional differences between the subunits 
CK2α and CK2α’. In mammalian cells, CK2α is phosphorylated at Thr 344 , Thr 360 , 
Ser 362  and Ser 370  within its unique C-domain by p34 cdc2  kinase, during the cell cycle 
procession, while CK2α’ is not phosphorylated in this way [ 11 ]. Furthermore, the 
c-Fgr kinase belonging to the Scr family covalently modifi es CK2α at Tyr 255  [ 41 ]. In 
comparison, the effects of induced expression of kinase-inactive CK2α differed sig-
nifi cantly from the effects of induced expression of kinase-inactive CK2α’. Of par-
ticular interest is the dramatic attenuation of proliferation that is observed following 
induction of CK2α’, but not following induction of CK2α. These results provide 
evidence for functional specialisation of CK2 isoforms in mammalian cells [ 42 ]. 

 Besides the catalytic    subunit, the primary structure of CK2β subunit also con-
tains typical conserved features: (1) two main phosphorylation sites (S 2 S 3 SEE) [ 43 ], 
(2) the Nopp140 interaction site (aa 5–20), (3) two highly conserved amino acids 
(E 20  to K 33 ) which are used for the export of CK2 as an ectokinase, (4) one destruc-
tion box (aa 46–54), (5) an acidic loop that has autoinhibitory and downregulatory 
functions of CK2 activity (aa 55–64), (6) residues involved in interaction with cell 
cycle regulators p21 and p53 (aa 106–116, aa 124, 134, 141, 145–149, 152), (7) 
dimer interface residues (aa 143–148), (8) one region containing CK2α binding 
residues (aa 187–192), (9) residues responsible for binding A-Raf and Mos (aa 187–
205), (10) four cysteine residues responsible for zinc fi nger formation (C 109 , C 114 , 
C 137  and C 140 ) involved in β subunit dimerization and (11) serine residues near the 
C-terminus phosphorylated by p34 cdc2  in vitro. 

 The CK2β subunit possesses a stretch of acidic amino acids encompassing resi-
dues D 55 LEPDEELED 64  [ 44 ,  45 ]. Based on its similarity to the clusters of amino 
acids that are typically observed in CK2 substrates, this region is a reminiscent of 
autoinhibitory sequences that have been identifi ed in a large number of other protein 
kinases [ 46 ,  47 ]. Indeed, this acidic loop has autoinhibitory and downregulatory 
function towards CK2 activity [ 2 ]. Polyamines, known as CK2 activators, bind to 
this region of CK2β. 

 The crystal structure of tetrameric CK2 demonstrates that this acidic stretch is 
located in a considerable distance from the active site of the catalytic subunit 
within the same tetramer [ 34 ]. Nevertheless, as may be the case for autophos-
phorylation, it is conceivable that interactions between aa residues 55–64 of CK2β 
and aa residues 74–80 of CK2α occur through higher-order interactions between 
CK2 tetramers [ 2 ]. 
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 Mutations of acidic residues at positions Asp55, Glu57 and Glu59-Asp64 of the 
CK2β subunit to Ala led to an up to fourfold more active holoenzyme than the wild- 
type holoenzyme. At the same time, these mutants were no longer sensitive towards 
the stimulatory effect of polylysine. This fi nding supported the autoinhibitory char-
acter of this acidic N-terminal cluster, especially that Asp55 and Glu57 are involved 
in an intrinsic downregulation of CK2 basal activity and are implicated in the 
responsiveness to various effectors [ 45 ,  48 ,  49 ]. 

 Another data demonstrated that Pro58 located in the middle of this sequence also 
possesses an important structural feature that affects downregulatory function of 
CK2β towards the catalytic subunits. Mutation of this Pro to Ala resulted in a simi-
lar effect to that of mutations of the acidic residues alone, namely, it produces 
hyperactive β subunits that stimulate the CK2α activity to a greater extent than the 
wild-type regulatory subunit CK2β [ 50 ]. 

 The acidic sequences of CK2β were used to search for potential CK2-
interacting protein partners. From those results of the database search, yeast Asf1 
protein was selected. The acidic C-terminal stretch of yeast Asf1 protein (i.e., 
 D   170   DEEEEDDEEEDDDEDDEDDEDDD   193  ) possesses high similarity to the 
acidic fragment of regulatory CK2β subunit (i.e.,  D   55   LEPDEELED   64  ) and the 
acidic surroundings of the substrate recognition site of potential CK2 protein sub-
strate candidates (Fig.  1 ).   

4     Anti-Silencing Function 1 Protein 

 Amino acid sequences of CK2β autoinhibitory domains were used to query 
 Saccharomyces cerevisiae  databases for proteins which may have signifi cant role in 
regulation of apoptosis. From few candidates Asf1 protein was chosen as a potential 
CK2-modulating protein. Yeast Asf1 protein differs from its animal homologues 
and contains (1) N-terminal 155 amino acids long sequence with high homology 
(65–90 %) to other eukaryotic species and (2) long poly-acidic stretch present in 
fungi (in baker’s yeast over 20 amino acid long cluster of aspartic and glutamic 
acids) (Fig.  2 ). This pseudosubstrate acidic cluster may infl uence CK2 antiapoptotic 
activity in the cell, what is observed as induction of apoptosis in case of overexpres-
sion of yeast Asf1 [ 51 ,  52 ].  

 In  S. cerevisiae  Asf1 contains 279 amino acids divided into two different regions. 
The N-terminal part comprising aa 1–155 is highly conserved between eukaryotes 
(65–90 % identity) and contains mainly β-sheet structures. The C-terminal region 

  Fig. 1    Sequence alignment of Asf1 aa 170–190, human CK2β aa 55–75 and yeast CK2β aa 72–92       
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  Fig. 2    Amino acid sequence of yeast Asf1 protein. The acidic fragment is  underlined ; potential 
CK2 phosphorylation sites are  bolded        

(<15 % identity) is less conserved and possesses a disturbed molecular structure. 
In fungi and yeast, the C-terminal sequence contains a long acid fragment which is 
not conserved in other eukaryotic organisms (Fig.  3 ). The human homologue of 
yeast Asf1 protein was cloned as Asf1A and is called CIA (CCGI interacting factor 
A). Analysing the amino acid sequence 1–153, the identity between CIA and yeast 
Asf1 is about 58 %, whereas the C-terminal is completely different [ 53 ]. In later 
studies a second homologue, called Asf1B, was cloned having 71 % identity with 
the amino acid sequence of Asf1A [ 54 ]. Alignment of different Asf1 homologues 
(Fig.  3 ) revealed the domain structures of CIA: the    N-terminal evolutionarily con-
served domain (residues 1–169 in Asf1) and the C-terminal divergent region rich in 
acidic residues in cia1/Asf1, while in fungal CIA this part is rich in serine and 
threonine [ 55 ].  

 Yeast Asf1 protein amino acid sequence analysis allowed the distinction of sev-
eral sites designated as the minimum consensus sequence for CK2 substrates 
(Fig.  2 ). However, no phosphorylation of Asf1 by different forms of yeast CK2 
in vitro could be detected.  

5     CK2-Asf1 Interaction 

 Analysing different studies towards modulators of CK2 activity, we can estimate 
typical compounds having similar infl uence towards CK2 isoforms from several 
organisms [ 30 ,  33 ,  56 – 58 ]. Within this group of compounds are polybasic peptides 
(polylysine), polyanions (heparin, spermine) and CK2 inhibitors like benzotriazoles 
and benzimidazoles. 

 The amino acid sequence of the Asf1 protein possesses fi ve potential phosphory-
lation sites for protein kinase CK2: 2 Tyr sites, 1 Ser site and 2 Thr sites. In enzy-
matic studies with different CK2 forms, no phosphorylation could be detected. 

 Then, a possible effect of Asf1 protein was examined using the recombinant 
Asf1 protein expressed in bacteria cells as well as the recombinant human catalytic 
subunits CK2α and CK2α’ as well as the corresponding holoenzymes. Asf1 exhibits 
inhibitory effect towards both subunits and holoenzymes. Interestingly, as in the 
case of other modulators, like heparin, polylysine, NaCl or some inhibitors, the 
infl uence differed between them (Fig.  4 ). The α subunit is activated in the presence 
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of low concentration of Asf1; at higher concentration, it is inhibited. The α’ subunit 
is stronger inhibited than the α subunit. Changing the conditions in the phosphoryla-
tion reaction had different results for the α and α’ subunits. The inhibition of both 
catalytic subunits in the presence of 10 or 20 µM ATP revealed another mode of 
action between the subunits (Fig.  4a ). There was no change in the inhibitory effect 
estimated in the case of α’, whereas the α subunit is more inhibited in the presence 
of the lower ATP concentration, suggesting an ATP-dependent inhibition mode. On 
the other side, changing the protein substrate concentration (yeast acidic ribosomal 

  Fig. 3    Alignment of Asf1 proteins from different organisms :  Dm,  Drosophila melanogaster ; Ce, 
 Caenorhabditis elegans ; Af,  Aspergillus fl avus ; Pr,  Penicillium roqueforti ; Sc,  Saccharomyces 
cerevisiae ; Hs,  Homo sapiens.  Identical amino acids are indicated by an  asterisk , strongly con-
served by  colon  and weakly conserved by a  dot        
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  Fig. 4    Studies on the infl uence of Asf1 protein towards CK2 activity .  ( a ) Effect of different ATP 
concentrations on the activity of the catalytic subunits: CK2α/20 µM ATP ( fi lled circle ), 
CK2α/10 µM ATP ( open circle ), CK2α’/20 µM ATP ( fi lled square ), CK2α’/10 µM ATP ( open 
square ). ( b ) Effect of different P2B concentrations on the activity of the catalytic subunits: 
CK2α/7.8 µg P2B ( fi lled circle ), CK2α/1.3 µg P2B ( open circle ), CK2α’/6.5 µg P2B ( fi lled square ), 
CK2α’/1.3 µg P2B ( open square ). ( c ) Effect of different Asf1 constructs on the activity of the cata-
lytic subunits: CK2α/Asf1 aa 169–279 ( fi lled circle ), CK2α/Asf1 aa 1–279 ( open circle ), CK2α’/
Asf1 aa 169–279 ( fi lled square ), CK2α’/Asf1 aa 1–279 ( open square )       
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  Fig. 5    Studies on the infl uence of Asf1 protein towards yeast cells growth rate. Optical density 
was determined after 6 h in the presence of low amount of Asf1 (medium containing glucose) and 
overexpressed Asf1 (medium containing galactose):  black , glucose/control;  dark grey , 
glucose/+Asf1;  light grey , galactose/control;  white , galactose/+Asf1       

protein P2B), the extent of inhibition is changed only in the case of the α’ subunit 
(Fig.  4b ). The phosphorylating activity is higher in case of higher substrate concen-
tration, suggesting a competitive inhibition mode towards the protein substrate. 
Regarding the question if the whole Asf1 molecule is necessary for the enzyme 
inhibition, two Asf1 constructs were tested comprising either amino acids 1–169 or 
amino acids 170–279. As shown in Fig.  4c , the C-terminal part (aa 170–279) is 
responsible for the decrease of CK2 activity. The Asf1 molecule lacking the 
C-terminal acidic stretch has no CK2 inhibiting properties. Using holoenzymes the 
modulating effect by Asf1 is lower.  

 First data propose that the effect of Asf1 protein towards protein kinase CK2 is 
also detectable in vivo. In experiments with  S. cerevisiae , Asf1 transformed cells 
were analysed for their CK2 activity. Cell lysates containing the CK2-Asf1 complex 
possesses lower phosphorylating activity than lysates from non-transformed cells 
[ 59 ]. These in vivo results confi rm the results from enzymatic activity studies. In 
further experiments the growth rate of yeast cells was estimated to measure the 
infl uence of Asf1 overexpression (medium with galactose) on cell division. 
Therefore,  S. cerevisiae  mutant (deletion of one catalytic subunit) cells were grown 
either in the presence or absence of Asf1 protein and compared with the wild-type 
strain (Fig.  5 ). Interestingly, the cell division of the α mutant (YOR061w) is strongly 
inhibited compared to the wild type. Surprisingly, yeast cells lacking the α’ subunit 
(YIL035c) is growing faster when the Asf1 protein is overexpressed. In case of 
basal expression (medium with glucose) of Asf1 protein, the mutant only express-
ing the α subunit exhibits more than twice faster growth than the control strain.   
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6     Conclusions 

 Present results suggest a comparable interaction of CK2α with Asf1 protein to that 
of CK2α and CK2β. Yeast Asf1 contains an acidic stretch possessing the minimal 
consensus sequence for CK2 substrates. It is similar to the acidic loop, also called 
pseudosubstrate sequence, of the regulatory subunit CK2β from yeast and human. 

 A possible mechanism of Asf1 is the blocking of the active site of the catalytic 
subunit. In this case it would be possible to inhibit the phosphorylation of proteins 
catalysed by free catalytic subunits, but not the holoenzyme. Asf1 protein may act 
like the CK2β subunit and decrease or even abolish the kinase activity as in case of 
calmodulin. 

 The different effects of Asf1 towards CKα and CK2α’ correlate with observa-
tions using benzotriazole and benzimidazole derivatives. There are compounds pos-
sessing different inhibitory activities on CK2 subunits. Such compounds may help 
to understand different functions of the α and α’ subunits.    
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    Abstract     As key components of cellular regulation and signal transduction, 
eukaryotic protein kinases (EPKs) are strictly regulated. Sophisticated control 
mechanisms of EPKs are necessary which typically include conformational changes 
of the enzymes in critical regions. Local structural plasticity is therefore a prerequi-
site of normal EPK function. Protein kinase CK2, a member of the CMGC family 
of EPKs, was regarded as an exception from this rule for a long time due to its 
constitutive activity (lack of an inactive state) and due to its structural rigidity in 
typical EPK control regions of its catalytic subunit CK2α like the activation seg-
ment and the helix αC. Gradually, however, several cases of inherent local plasticity 
within CK2α were detected, and questions about their crosstalk and their functional 
signifi cance became an issue. It is very likely now that structural plasticity and 
dynamics is more important for CK2 function than believed previously. Novel inter-
pretation methods of crystallographic data even confi rm an allosteric communica-
tion between the ATP site and CK2β-binding site of CK2α which had been only 
hypothetically postulated before. Similarly, local mobilities of CK2α are subject to 
modern computational approaches suggesting conformational equilibria in solution 
as assumed previously. In summary, CK2 structural biology has reached now a 
mature phase in which sophisticated modern techniques overcome the limitations of 
classical crystallography so that structural dynamics rather than single “snapshots” 
is investigated.  
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1         CK2: A Protein Kinase of Limited Internal Mobility 

 “Conformational plasticity” as a basis of regulation and functional control was 
described as a hallmark of eukaryotic protein kinases (EPKs) more than a decade 
ago [ 1 ]. In recent reviews, this feature received particular attention and emphasis: 
EPKs were referred to as “dynamic molecular switches” [ 2 ] or as “allosteric macro-
molecular switches” [ 3 ] that received plasticity-correlated regulatability during evo-
lution in contrast to similarly folded but more simple small-molecule kinases [ 4 ]. 
In particular, EPKs acquired an activation segment as part of their C-terminal 
domains (C-lobes) [ 4 ]. This activation segment is often the subject of (auto)phos-
phorylation and adapt able in its conformational state [ 1 ,  4 ], and it is assisted in 
this regulatorily relevant plasticity by the helix αC, the main control element of 
the N-terminal domain (N-lobe). Apart from regulation, large conformational 
changes within EPKs were also discussed to be necessary steps within the cata-
lytic cycle itself [ 5 ]. 

 Against this background, protein kinase CK2—a heterotetrameric complex of 
two catalytic chains (CK2α) attached to an obligatory homodimer of regulatory 
subunits (CK2β)[ 6 ]—was (and essentially still is) regarded as an apparent excep-
tion: it is no subject of regulatory phosphorylation at the activation segment of 
CK2α and does not dispose of a clearly defi ned inactive state. On a structural level, 
this “constitutive activity” was underpinned by a remarkable conformational rigid-
ity of the activation segment and the helix αC. Both of them are fi xed by the likewise 
structurally invariant N-terminal segment of CK2α via intramolecular interactions 
that resemble functionally the intermolecular contacts of the cyclin proteins with 
their corresponding cyclin-dependent kinases [ 7 ]. 

 In the fi rst review on CK2 structural biology published in 2009 [ 8 ], the structural 
conservation of the ensemble of activation segment, helix αC and N-terminal seg-
ment was emphasised by systematic structural comparisons including all 46 CK2α 
structures published at that time. The same analysis, however, illustrated that there 
are zones of structural variability as well (Fig.  1 ), some of them are typical loop 
regions in which fl exibility is not unusual; others are with a clear conformational 
consensus among EPKs so that the plasticity discovered in CK2α (however not in 
all CK2α orthologues [ 9 ]) came as a surprise.  

 In subsequent years—with increasing numbers of structures—the picture of 
CK2 as an enzyme being conformationally constrained, where other EPKs are 
adaptable, but simultaneously disposing of regions of unusual adaptability, intensi-
fi ed and was addressed in a number of original and review publications [ 10 – 15 ], 
among them a recent metadynamics study to investigate conformational states 
separated by fairly high energy barriers [ 16 ]. Therefore, the local conformational 
and confi gurational variability of CK2 was the main subject of our contributions to 
the 7th International Conference on Protein Kinase CK2 in September 2013 in 
Lublin, Poland.  
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2     Indicators and Study Methods of Structural Plasticity 

 Basically, X-ray crystallography is of limited use for the investigation of conforma-
tional dynamics in proteins because the crystalline state of a protein requires and 
causes strong restraints on atomic mobility. However, some phenomena and 
approaches are able to relativise these restrictions:

 –    B-factors: even under crystalline conditions, the individual atoms retain a certain 
degree of mobility. In crystallographic refi nement, it is taken into account by the 
so-called B-factor, also known as the atomic temperature factor. The B-factor of 
an atom is proportional to the square of its mean displacement, i.e. a (hypotheti-
cal) ideally frozen atom has a B-factor of 0 while strong mobility correlates with 
high B-factors. Noteworthy, these B-factors refl ect the inherent mobilities of the 
proteins and are no crystal-packing artefacts [ 17 ]. In Fig.  1 , regions of human 
CK2α with high B-factors are illustrated by thick tubes and red colour.  

  Fig. 1    CK2α structure with regions of increased mobility. The crystallographic B-factors of the 
atoms are encoded by the colour and the thickness of the tube. Rigid regions are drawn in  blue 
colour  with thin tubes while high-mobility regions are illustrated as thick and  yellow  to  red tubes . 
The picture was created from PDB fi le 2ZJW using PYMOL [ 52 ]       
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 –   Polymorphism: many proteins crystallise in different crystal forms so that  several 
snapshots of the conformational space are captured. This phenomenon is even 
enhanced by a sort of “functional polymorphism”, i.e. the fact that the protein 
can exist and can be crystallised in different functional states, e.g. in complex 
with various ligands like substrates, inhibitors or other interaction partner. Recent 
CK2-related examples for a systematic investigation of structural polymorphism 
are the works of Papinutto et al. [ 14 ] and of Klopffl eisch et al. [ 15 ].  

 –   Starting from one or several experimentally determined conformations, compu-
tational methods (molecular dynamics) can be used to explore the conforma-
tional space quite effi ciently and to expand in this way the structure-based 
understanding. A valuable example of this approach in the case of CK2 was 
published by Gouron et al. [ 16 ].  

 –   In recent years, sophisticated methods were developed to regard a protein crystal 
structure even more than just as a “snapshot”, but to derive conformational 
dynamic information directly from the (properly calculated and scaled) electron 
densities [ 18 ,  19 ]. In this context, room-temperature crystallography might expe-
rience a revival [ 20 ].     

3     In Front of and Behind the β4β5 Loop 

 The β4β5 loop is a mobile structure element of CK2α with particularly high tem-
perature factors (blue ellipse in Fig.  1 ). Like other EPKs [ 21 ], it harbours a hydro-
phobic surface cavity at either side: the “N-lobe cap” [ 21 ] and the “PIF pocket” [ 22 ] 
(Fig.  2 ). The plasticity of the β4β5 loop correlates with the occupation states of 
these two cavities.  

3.1     The PIF-Pocket Region of CK2α Is Intramolecularly 
Plugged by an Absolutely Conserved Trp Side Chain 

 The intimate hook-up of the N-terminal segment with the helix αC and activation 
segment was the most conspicuous feature of the fi rst CK2α structure [ 7 ]. It inspired 
Sarno et al. [ 23 ] to investigate the importance of the N-terminal segment by a set of 
point and N-terminal deletion mutants of human CK2α. Remarkably, the mutants 
CK2α Δ2-24  and CK2α Δ2-30  were inactive, but catalytic activity was partially rescued 
by CK2β [ 23 ]. 

 Sarno et al.’s [ 23 ] results show that an active conformation of the helix αC and the 
activation segment does not absolutely depend on a network of contacts to the 
N-terminal segment but can be stabilised by CK2β as well. How CK2β manages this 
is not understood, in particular, since the CK2 holoenzyme structure (Fig.  3a ) [ 6 ] 
revealed that CK2β does not directly touch the helix αC and the activation segment.  
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 Recent observations with CK2α’ [ 24 ,  25 ], however, and unpublished mutational 
data from our group suggest that the rescue effect of CK2β on CK2α Δ2-24  and 
CK2α Δ2-30  might have to do with the PIF pocket [ 22 ] of CK2α. “PIF” means“PDK1 
interacting fragment”. PIF is a region within enzymes of a certain AGC kinase sub-
family which are phosphorylated and activated by 3-phosphoinositide-dependent 
protein kinase 1 (PDK1). The PIF fragment of these enzymes binds to PDK1’s PIF 
pocket providing thus the prime example for an external occupation of the PIF 
pocket. The global analysis of Thompson et al. [ 21 ] revealed a more general rele-
vance of the PIF pocket for EPKs: it is a hydrophobic surface cavity that can be used 
for docking of intra- or intermolecular peptide regions for the purpose of substrate 
recruitment or activation, the latter being caused by the stabilisation of the adjacent 
helix αC in its active conformation. 

 In the case of CK2α, the PIF pocket is mainly occupied by the side chain of a 
tryptophan residue which is absolutely conserved among all CK2α sequences 
reported so far (Trp33 of human CK2α, Fig.  2 ). This Trp side chain can be plugged 
into the PIF pocket very deeply (PIF closed), as it is the case in the two human 
CK2α’ structures published to date [ 24 ,  25 ], or it can be located a bit more outside 
as found in most other CK2α structures (PIF open). So far, human CK2α is the only 
CK2α orthologue to be found with both extreme positions of Trp33 (Fig.  2 ). It may 
be possible to replace Trp33 completely from the PIF pocket by suitable small mol-
ecules and with consequences for the enzyme that are diffi cult to predict. Changing 

  Fig. 2    “PIF pocket” and “N-lobe cap”: the two N-lobal cavities fl anking the adaptable β4β5 loop 
The majority of the picture was drawn with the PDB fi le 3NSZ which shows the PIF pocket fi lled 
with the side chains of Trp33 and Val31. The  magenta-coloured  parts representing on open PIF 
pocket, but a closed β4β5 loop are extracted from PDB fi le 2PVR. The fi gure was generated with 
PYMOL [ 52 ]       
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  Fig. 3    The primary CK2α/CK2β interaction constituting the CK2 holoenzyme is adaptable which 
allows the formation of ring-like and linear higher-order aggregates. ( a ) Heterotetrameric CK2α 2 β 2  
holoenzyme. ( b ) Superimposition of four CK2α subunits from two different CK2α 2 β 2  holoenzyme 
structures [ 6 ,  33 ] with attached CK2β subunits to illustrate the adaptability of the primary CK2α/
CK2β contact. ( c ) Trimers of CK2α 2 β 2  heterotetramers identifi ed in a hexagonal crystal form [ 6 ,  31 ]. 
The acidic loop of one CK2β subunit per heterotetramer approaches the positively charged 
substrate- binding region of CK2α from a neighbouring CK2α 2 β 2  holoenzyme complex. Packing of 
CK2α 2 β 2  tetramers in this way requires a certain deviation from the twofold symmetry and the 
adaptability illustrated in part  b  of the fi gure. ( d ) Linear aggregation of highly symmetrical 
CK2α 2 β 2  heterotetramers in a monoclinic crystal form [ 33 ]. In this arrangement, the acidic loops 
of all CK2β subunits are embedded in the substrate-binding regions of neighbouring CK2α chains. 
Part  a ,  b  and  d  of the fi gure were reprinted from the Journal of Molecular Biology, Vol. 424, 
Schnitzler, A. et al., “The protein kinaseCK2  Andante   holoenzyme structure supports proposed models 
of autoregulation and  trans -autophosphorylation”, pp 1871–1882, 2014, with kind permission 
from Elsevier. Part  c  of the fi gure was reprinted from Molecular and Cellular Biochemistry, Vol. 
274, Niefi nd, K. and Issinger, O.-G., “Primary and secondary interactions between CK2α and 
CK2β lead to ring-like structures in the crystals of the CK2 holoenzyme” pp 3–14, 2005, with kind 
permission from Springer Science+Business Media       
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Trp33 to alanine in human CK2α has nearly no effect on the  K  M  value for ATP and 
the  k  cat  value for the kinase reaction with an artifi cial peptide substrate; however, the 
Trp33Ala mutant was signifi cantly more susceptible to activation by CK2β 
(J. Hochscherf, A. Köhler, unpublished data) which resembles the behaviour of the 
mutants CK2α Δ2- 24    and CK2α Δ2-30  observed by Sarno et al. [ 23 ].  

3.2     The “N-Lobe Cap” of CK2α Coordinates CK2β and Serves 
as a Mobile Hinge of the CK2α/CK2β Interaction 

 The “N-lobe cap”, i.e. the front cavity of the β4β5 loop in EPKs [ 21 ], is a prominent 
functional site of CK2α since it serves for docking of CK2β via the primary CK2α/
CK2β interaction [ 6 ] (Fig.  3a ). CK2β binding to CK2α is an enthalpically driven 
process [ 26 ] that requires the β4β5 loop in an extended (“open”) conformation 
(Fig.  2 ), whereas in CK2β-unbound form the β4β5 loop can switch to a closed state 
[ 27 ,  28 ]. The closed β4β5 loop partly occupies the “N-lobe cap” cavity (Fig.  2 ) and 
contributes to the coordination of small molecules with a certain CK2β-antagonistic 
effect [ 29 ]. For coordination of peptidic CK2β competitors, however, the β4β5 loop 
has to be open like in the CK2 holoenzyme as recently shown in the complex struc-
ture of human CK2α 1-335  with a cyclic peptide (Fig.  4a ) [ 30 ].  

 But not only the β4β5 loop itself has conformational plasticity depending on the 
occupation state of its neighbouring cavities and the crystalline environment. Rather, 
already the fi rst CK2α 2 β 2  holoenzyme structure (Fig.  3a ) [ 6 ] revealed that the whole 
primary CK2α/CK2β interaction is not rigid but adaptable. The structure originated 
from a hexagonal crystal packing in which the CK2α 2 β 2  tetramers associate to tri-
meric rings (Fig.  3c ) [ 31 ]. To fi t into this arrangement, the two CK2α chains are 
attached in signifi cantly different orientations to the CK2β dimer (Fig.  3b ). This 
asymmetry is no inherent property of the CK2α 2 β 2  holoenzyme; rather, in two recent 
studies with CK2α 2 β 2  tetramers in monoclinic crystalline environments, the twofold 
symmetry of the CK2α 2 β 2  holoenzyme is well preserved [ 32 ,  33 ]. Thus, three differ-
ent orientations of the CK2β dimer relative to CK2α are known to date (Fig.  3b ) 
providing the impression that the N-lobe cap cavity acts like a hinge to permit 
adaptability and mobility to a certain degree. 

 Whether and how these observations can be functionally interpreted is a subject 
of debate. While Lolli et al. [ 32 ] regarded the higher symmetrical form of the 
CK2α 2 β 2  tetramer  per se  as the CK2 state of maximum activity, we emphasised the 
adaptability of the primary CK2α/CK2β contact as a prerequisite of the CK2α 2 β 2  
holoenzyme’s propensity to integrate into ring-like [ 31 ] or linear [ 33 ] higher-molec-
ular aggregates (Fig.  3c/d ) of reduced activity. The ensembles illustrated in Fig.  3c/d  
were found in two different crystal forms, but linear and ring-like states of the CK2 
holoenzyme exist in solution as well where they are strongly effected by the concen-
tration of salts and of polycationic substances [ 34 ]. This downregulatory aggrega-
tion propensity is such a prominent feature of the CK2 holoenzyme that it inspired 
Poole et al. [ 35 ] to classify CK2 as a “constitutively inactive” kinase.   
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  Fig. 4    The structure of CK2α in complex with a CK2β-competitive cyclic peptide revealed that 
Pro72 within the β3αC loop can switch to the  cis -confi guration ( a ) The CK2β interface of CK2α 
binds a cyclic peptide [ 53 ] which is embedded in its fi nal electron density [ 30 ]. For comparison, 
CK2β in the CK2α 2 β 2  holoenzyme structure 4DGL was overlaid. ( b ) Confi gurational plasticity of 
Pro72 that enables a contact of Lys71 to a critical side chain of the cyclic peptide (Tyr188). Both 
parts of the fi gure were reprinted from ACS Chemical Biology, Vol. 8, Raaf, J. et al., “First struc-
ture of protein kinase CK2 catalytic subunit with an effectiveCK2β-competitive ligand”, pp 901–
907, 2013, with kind permission from the American Chemical Society       
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4     Proline  Cis-/Trans -Isomerisation at the β3αC Loop 

 The preferred confi guration of a peptide bond with its partial double bond character 
is  trans , but  cis-/trans -isomerisation of peptide bonds is a well-known phenomenon, 
in particular if proline provides the amide nitrogen atom [ 36 ]. Since the process 
requires breaking of a (partial) double bond, it is by defi nition a change of the con-
fi guration rather than the conformation as it is incorrectly designated in many pub-
lications.  Cis-/trans -isomerisation in polypeptide chains often occurs as part of the 
protein folding process; CK2α, e.g., always contains a stable  cis -peptide, namely, in 
a loop region of its C-terminal helical domain (Pro231 of human CK2α). With one 
 cis -peptide among 17 proline residues, the  cis -proline frequency in human CK2α is 
close to the average determined from a data set of 571 nonredundant protein struc-
tures [ 37 ]. 

 Yet,  cis-/trans -isomerisation happens in mature proteins as well where it is 
assumed to be an “intrinsic molecular switch” [ 38 ] without the need for covalent 
modifi cations. Often special enzymes—the peptidyl prolyl isomerases—are 
required to enable and control the process which is sometimes dependent on the 
phosphorylation of a neighbouring side chain and which is regarded as an important 
“molecular timer” [ 39 ]. In addition, enzyme-independent “native state proline 
isomerisation” [ 38 ] was observed and is likely to be functionally relevant. 

 In summary, there is an amazingly large literature about both enzyme-catalysed 
and spontaneous  cis-/trans -plasticity at prolyl peptide bonds. Against this back-
ground, it was less surprising than we believed when we recently identifi ed a so far 
unknown  cis -proline in the N-terminal domain of CK2α (PDB 4IB5, Fig.  4b ) [ 30 ]. 
More precisely, it was found at Pro72 within the β3αC loop (magenta-coloured 
ellipse of Fig.  1 ) of human CK2α 1-335 . In all previous CK2α structures, a  trans -pro-
line had been observed at this position. Noteworthy, the preparation procedure 
involving bacterial gene expression and chromatographic purifi cation did not sig-
nifi cantly differ. 

 The functional meaning of a  cis-/trans -plasticity at Pro72 is unclear so far. Pro72 
is an absolutely conserved residue of CK2α, and the β3αC loop of CK2α is uncon-
ventional among EPKs because of its shortness missing the helix αB of the canoni-
cal protein kinase fold [ 40 ]. The aforesaid structure [ 30 ] suggested a correlation 
with the occupation of the N-lobe cap by a cyclic peptide mimicking the binding 
region of CK2β, since only with the  cis -confi guration at Pro72 the preceeding Lys71 
side chain could form a hydrogen bond with a critical tyrosine side chain of the 
cyclic peptide (Fig.  4b ). To probe the hypothesis that Pro72 and its ability to switch 
to the  cis -confi guration play a role in binding of the cyclic peptide or even CK2β, 
we created a point mutant Pro72Ala of CK2α 1-335 . Preliminary and unpublished data 
of this mutant show no signifi cant changes in the binding profi le. Unexpectedly, 
however, it was thermostabilised and folded much more effi ciently in the bacterial 
expression system than the wild type.  
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5     The Hinge/Helix αD Region: A Case of “Cracking”? 

 The interdomain hinge/helix αD region of CK2α (green ellipse in Fig.  1 , Fig.  5 ) has 
two remarkable features otherwise unknown from EPKs: 

 –    The predominant conformation of this zone is different from other EPKs, leaving 
more space at the ATP-binding site and contributing thus to the “dual-cosubstrate 
specifi city” of the enzyme [ 41 ,  42 ]. This fact was already discussed in the fi rst 

  Fig. 5    Conformational ambiguity of the hinge/helix αD region next to the ATP site. ( a ) The hinge/
helix αD region of CK2α was found with an open ( purple ) or with a closed conformation ( green/
yellow ). The catalytic spine (indicated by a molecular surface) is fully assembled only in the closed 
conformation which so far occurred exclusively with human CK2α; in this conformation, the 
Phe121 side chain completes the catalytic spine. ( b ) The closed conformation of the hinge/helix 
αD region partly occupies the hydrophobic region II, i.e. one of the fi ve sections defi ned by Traxler 
and Furet [ 44 ] in their protein kinase pharmacophore model. This picture was a part of a talk pre-
sented by one of the authors at the 5 th  International Conference on Protein Kinase CK2 2007 in 
Padua (Italy)       
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structure publication of CK2α [ 7 ] when only a handful of comparison structures 
were available, but it received a more profound basis by the spine concept of 
Taylor and Kornev [ 4 ] according to which any fully active protein kinase requires 
two “spines”, i.e. two stacks of hydrophobic side chains crossing the interdomain 
interface. Consistent to this concept, CK2α has a “regulatory spine” which was 
never observed in a disassembled state, but Taylor and Kornev [ 4 ] left CK2α out 
when they illustrated the second, the “catalytic spine”, which includes a side 
chain from the hinge/helix αD region. In other words, with respect to the regula-
tory spine, CK2α is a perfect representative of a typical EPK, but concerning the 
catalytic spine, it is an outlier [ 12 ,  13 ] (magenta-coloured trace in Fig.  5a ) and 
once again a “challenge to canons” [ 43 ].  

 –   The hinge/helix αD region of CK2α is not always stable in its non-canonical 
conformation; rather, it can switch to the EPK-canonical catalytic spine state 
(green trace in Fig.  5a ). This conformational plasticity was noticed fi rst in 2005 
[ 42 ] and presented to the community at the 5 th  International Conference on 
Protein Kinase CK2 in 2007 in Padua, Italy, where it was discussed in the light 
of the protein kinase pharmacophore model of Traxler and Furet [ 44 ] (Fig.  5b ). 
In 2008, the fi rst report published [ 9 ] that CK2α orthologues differ in this respect: 
while maize CK2α sticks to the non-canonical and space-providing “open” 
hinge/helix αD conformation (Fig.  5a /b), human CK2α is able to exist with the 
EPK-typical “closed” conformation as well.    

 A number of follow-up questions were addressed in the subsequent years: (1) 
Which internal or external restraints and in particular which ligands favour either 
the open or the closed hinge/helix αD conformation? (2) Why do some CK2α ortho-
logues exist always and stably with an open hinge/helix αD conformation while 
others can switch to the closed state? (3) Which of the two conformations is the 
(more) active one? (4) Can the particular features of the hinge/helix αD region be 
exploited for the design of CK2α-targeting drug, i.e. for improving the selectivity 
by addressing the unique open conformation? (5) Is the plasticity of the hinge/helix 
αD region coupled to the fl exibility of other regions like the β4β5 loop or the ATP- 
binding loop? 

 One of the problems in this context became recently apparent by an analysis in 
which we described a strong artifi cial infl uence of the crystallisation conditions on the 
conformation of the hinge/helix CK2α region [ 15 ]: CK2α structures going back to 
crystallisation media dominated by kosmotropic salts like ammonium sulphate or 
sodium citrate as precipitants always have the “closed” hinge/helix αD conformation; 
this makes sense insofar as kosmotropic salts typically support hydrophobic interac-
tions which means in this context that they induce the completion of the hydrophobic 
catalytic spine by burying the otherwise solvent-exposed aromatic side chain of 
Phe121 in a hydrophobic cavity formed by the other catalytic spine side chains 
(Fig.  5a ). In other words, whenever CK2α was crystallised by a kosmotropic salt as a 
salting-out agent, the hinge/helix αD region is dominated by this medium and adopts 
the EPK-canonical conformation irrespective of any ligand. Noteworthy, maize CK2α 
that seems to have particular sequence adaptations in this region in favour of the open 
hinge/helix αD conformation [ 12 ] was never crystallised by a kosmotropic salt. 
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 Hence, it is not trivial to distinguish between such artifi cial restraints on the 
hinge/helix αD conformation and genuine effects of ATP-competitive ligands. 
Nevertheless, Battistutta and Lolli [ 12 ] derived a rule that can be regarded as well 
established now: ATP-site ligands without polar interactions to the backbone of the 
hinge region (e.g. the inhibitor emodin [ 9 ,  14 ,  27 ]) do not prefer either of the two 
conformations, whereas ligands that exploit such hinge interactions for binding 
(like ATP as the prototype) have a clear preference for the open hinge/helix αD 
conformation. 

 CK2β was a further ligand of CK2α suspected to be capable of stabilising the 
open hinge/helix αD conformation [ 11 ]. This hypothesis was based on the fi rst 
CK2α 2 β 2  holoenzyme structure [ 6 ] in which both CK2α chains have an open hinge/
helix αD conformation, but due to the non-proximity of CK2β and the hinge/helix 
αD region, it lacked a convincing mechanistic rationale. In fact, recent CK2α 2 β 2  
tetramer [ 32 ] and CK2α/cyclic peptide structures [ 30 ] with closed hinge/helix αD 
conformation ruled out the notion that the occupation of CK2α’s N-lobe cap by 
CK2β or by a CK2β analogue induces the open hinge/helix αD conformation. 

 Recent molecular dynamic simulations have revealed that the closed hinge/helix 
αD conformation is energetically even more stable than the open one [ 16 ]. The 
highest activation energy barrier between the two states is about 33.5 kJ/mol and 
depends largely on the rotation of the aforementioned Phe121 side chain (Fig.  5a ) 
[ 16 ]. This is consistent with stable populations in solution coexisting in a dynamic 
equilibrium and with the possibility to stabilise either of them by specifi c ligands. 

 In many human CK2α structures, however, the whole hinge/helix αD region is 
characterised by a high degree of disorder, i.e. by high crystallographic B-factors 
and disrupted electron density maps. Noteworthy, this zone is not a typical surface 
loop for which this kind of disorder is not unusual. Rather, it looks like an example 
of local protein unfolding or “cracking” [ 45 ], a phenomenon that is assumed to play 
a key role for the change of a protein between two functionally relevant states by 
lowering the activation barrier via entropy reduction. In the case of epithelial growth 
factor receptor kinase, molecular dynamic simulations accompanied by hydrogen/
deuterium exchange studies suggested that cracking of the hinge/helix αD region is 
important for the transition to catalytically inactive conformations [ 46 ]. How gen-
eral cracking of the hinge/helix αD region is for EPKs and in particular whether it 
plays a role in the function of CK2α is an open and a very interesting question.  

6     The Glycine-Rich ATP-Binding Loop: The Classical Case 
of Structural Plasticity 

 Apart from the hinge/helix αD region, the ATP-binding loop, which connects the 
β-strands 1 and 2 and stabilises via highly conserved glycine residues the negatively 
charged triphospho moiety of the cosubstrate, is the second functionally important 
high-mobility zone (black ellipse in Fig.  1 ) investigated in the aforementioned 
molecular dynamics study [ 16 ]. The rationale for this selection was a model [ 11 ] 
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according to which CK2β-unbound CK2α might exist in a dynamic equilibrium 
between three conformationally and functionally different states (Fig.  6a ): (i) fully 
active with open hinge/helix αD region and stretched ATP-binding loop; (ii) fully 
inactive [ 10 ] with a closed hinge/helix αD region, with a collapsed ATP-binding 
loop blocking the ATP site and with a shortcut of both elements via an ionic interac-
tion between Arg47 and Asp120; and (iii) partially active with a closed hinge/helix 
αD region but with a stretched ATP-binding loop so that binding of ATP is possible 
[ 42 ] albeit in a not fully productive way.  

 The computational study [ 16 ] confi rmed that the two principal states of the ATP- 
binding loop (stretched and collapsed as illustrated in Fig.  6b ) have approximately 
the same free energy. Although the highest activation barrier along the path between 
them is only about 13 kJ/mol, a spontaneous collapse of the stretched ATP-binding 
loop during a 40 ns calculation could not be observed [ 16 ]. Nevertheless, among 
CK2α crystal structures, a collapse of the ATP-binding loop [ 27 ] and in particular 
the bending down of Arg47 into the ATP site (Fig.  6b ) were observed more than 
once. Most recently, it was found (at least in one of three CK2α chains unambigu-
ously) in the complex structure of human CK2α with a cyclic CK2β-mimetic pep-
tide [ 30 ]. 

 Insofar the existence of CK2α conformations with a collapsed ATP-binding loop 
is assured. It is well possible that CK2β by touching the back of the β1/β2 region 
(Fig.  6c ) [ 6 ,  32 ,  33 ]—noteworthy, Phe54 in strand β2 is one of the “hot spots” of the 
CK2α/CK2β interaction [ 47 ] as visible in Fig.  4a —activates CK2α by stabilising 
the stretched ATP-binding loop and by preventing Arg47 from blocking the access 
to the ATP site [ 10 ]. In accordance with this notion, a recent study, in which confor-
mational dynamics was derived from a sophisticated redefi nition of electron density 
noise level followed by a systematic analysis of concerted side chain movements in 
some structures of CK2α and other EPKs, has revealed such an allosteric communi-
cation pathway between the ATP site and the CK2β-binding site of CK2α [ 19 ] 
(Fig.  6d ).  

7     The CMGC-Typical αGH Insert Remains 
Puzzling in its Function 

 As a member of the CMGC family of EPKs [ 48 ], CK2α contains a CMGC- 
characteristic helical insertion between the helices αG and αH of the EPK consen-
sus fold [ 40 ]. In all CK2α structures, this insert has high B-factors (red ellipse in 
Fig.  1 ). Five years ago, we developed some ideas about possible functions of this 
region in the context of substrate binding and recognition based on homology to 
other CMGC family EPKs [ 8 ]; none of those notions was confi rmed since that time, 
but falsifi cation did not happen either. So the function of this high-mobility region 
remains enigmatic. For more insight, structures of enzyme/substrate complexes 
have to be awaited.  
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  Fig. 6    The plasticity of ATP-binding loop as potential basis of the allosteric activation of CK2α by 
CK2β. ( a ) Model of CK2α regulation by CK2β and by small metabolites, published in a basic form 
after a structure of human CK2α with collapsed ATP-binding loop had been discovered [ 10 ] and in 
an extended version (including a partially active state of CK2α) shortly afterwards [ 11 ]. Reprinted 
from Biochimica and Biophysica Acta, Vol. 1804, Niefi nd, K. and Issinger, O.-G., “Conformational 
plasticity of the catalytic subunit of protein kinase CK2 and its consequences for regulation and drug 
design”, pp484–492, 2010, with kind permission from Elsevier. ( b ) Shortcut between the ATP-
binding loop (after collapse) and the hinge/helix αD region (after switching to the closed conforma-
tion) preventing access to the ATP site [ 10 ]; the largest conformational change is seen in Arg47 
which directly interacts with Asp120 and His160 while it points to the opposite direction in fully 
active CK2α with extended ATP-binding loop. ( c ) Illustration of the fi rst structure-based hypothesis 
[ 10 ] on how CK2β might activate CK2α by stabilising the ATP-binding loop from behind and thus 
preventing its collapse into the ATP site. Reprinted from the Journal of Molecular Biology, Vol. 386, 
Raaf et al., “First inactive conformation of CK2α, the catalytic subunit of protein kinase CK2”, 
pp 1212–1221, 2009, with kind permission from Elsevier. ( d ) Allosteric communication path 
between the ATP site and the CK2β-binding site suggested by the concerted side chain mobility in 
that region [ 19 ]; the authors of this study describe a sophisticated procedure to detect the side chain 
polymorphism in protein crystal structures and apply it to CK2α and to some other eukaryotic pro-
tein kinases in an apo form and in an ATP-bound form, respectively. Reprinted from the Proceedings 
of the National Academy of Science USA, Vol. 111, Lang, P. T. et al., “Protein structural ensembles 
are revealed by redefi ning X-ray electron density noise”, pp 237–242, 2014, with kind permission 
from the Proceedings of the National Academy of Science USA       

 



31

8     CK2 Structural Biology: From Basic Insight 
to Application and Back! 

    After in an initial phase some fundamental CK2 structures had been published 
[ 6 ,  7 ,  49 ], CK2 crystallography entered an “application phase” already several years 
ago when CK2α/inhibitor structures became more and more important as valuable 
tools for drug development [ 50 ].While efforts in structure-based design of CK2 
inhibitors is ongoing, the interest in the structural bases of fundamental properties 
of CK2 is revitalised. Aggregation and autoregulation phenomena of the CK2 holo-
enzyme are structurally investigated [ 31 – 33 ]; more species than so far are taken into 
account in CK2 structural biology [ 51 ]. We believe that more information about the 
conformational and confi gurational dynamics of the enzyme will enrich these 
efforts in a most fruitful way.     

  Acknowledgement   The contributions of Anja Asendorf, Anna Köhler and Nicole Splett are 
gratefully acknowledged. The work was supported by a grant from the Deutsche 
Forschungsgemeinschaft (DFG) to KNI (NI 643/4–1).  

      References 

     1.    Huse M, Kuriyan J (2002) The conformational plasticity of protein kinases. Cell 109:
275–282  

    2.    Taylor SS, Keshwani MM, Steichen JM, Kornev AP (2012) Evolution of the eukaryotic pro-
tein kinases as dynamic molecular switches. Philos Trans R Soc Lond B Biol Sci 367:
2517–2528  

    3.    Taylor SS, Ilouz R, Zhang P, Kornev AP (2012) Assembly of allosteric macromolecular 
switches: lessons from PKA. Nat Rev Mol Cell Biol 13:646–658  

        4.    Taylor SS, Kornev AP (2011) Protein kinases: evolution of dynamic regulatory proteins. 
Trends Biochem Sci 36:65–77  

    5.    Jura N, Zhang X, Endres NF, Seeliger MA, Schindler T, Kuriyan J (2011) Catalytic control in 
the EGF receptor and its connection to general kinase regulatory mechanisms. Mol Cell 
42:9–22  

            6.    Niefi nd K, Guerra B, Ermakowa I, Issinger O-G (2001) Crystal structure of human protein 
kinase CK2: insights into basic properties of the CK2 holoenzyme. EMBO J 20:5320–5331  

       7.    Niefi nd K, Guerra B, Pinna LA, Issinger O-G, Schomburg D (1998) Crystal structure of the 
catalytic subunit of protein kinase CK2 from  Zea mays  at 2.1 Å resolution. EMBO J 17:
2451–2462  

     8.    Niefi nd K, Raaf J, Issinger O-G (2009) Protein kinase CK2: from structures to insights. Cell 
Mol Life Sci 66:1800–1816  

      9.    Raaf J, Klopffl eisch K, Issinger O-G, Niefi nd K (2008) The catalytic subunit of human protein 
kinase CK2 structurally deviates from its maize homologue in complex with the nucleotide 
competitive inhibitor emodin. J Mol Biol 377:1–8  

         10.    Raaf J, Issinger O-G, Niefi nd K (2009) First inactive conformation of CK2α, the catalytic 
subunit of protein kinase CK2. J Mol Biol 386:1212–1221  

      11.    Niefi nd K, Issinger O-G (2010) Conformational plasticity of the catalytic subunit of protein 
kinase CK2 and its consequences for regulation and drug design. Biochim Biophys Acta 
1804:484–492  

Conformational and Confi gurational Space of Protein Kinase CK2



32

      12.    Battistutta R, Lolli G (2011) Structural and functional determinants of protein kinase CK2α: 
facts and open questions. Mol Cell Biochem 356:67–73  

    13.    Bischoff N, Raaf J, Olsen B, Bretner M, Issinger O-G, Niefi nd K (2011) Enzymatic activity 
with an incomplete catalytic spine: insights from a comparative structural analysis of human 
CK2α and its paralogous isoform CK2α’. Mol Cell Biochem 356:57–65  

     14.    Papinutto E, Ranchio A, Lolli G, Pinna LA, Battistutta R (2012) Structural and functional 
analysis of the fl exible regions of the catalytic alpha-subunit of protein kinase CK2. J Struct 
Biol 177:382–391  

      15.    Klopffl eisch K, Issinger OG, Niefi nd K (2012) Low-density crystal packing of human protein 
kinase CK2 catalytic subunit in complex with resorufi n or other ligands: a tool to study the 
unique hinge-region plasticity of the enzyme without packing bias. Acta Crystallogr D68:
883–892  

          16.    Gouron A, Milet A, Jamet H (2014) Conformational fl exibility of human casein kinase cata-
lytic subunit explored by metadynamics. Biophys J 106:1134–1141  

    17.    Artymiuk PJ, Blake CC, Grace DE, Oatley SJ, Phillips DC, Sternberg MJ (1979) 
Crystallographic studies of the dynamic properties of lysozyme. Nature 280:563–568  

    18.    Lang PT, Ng HL, Fraser JS, Corn JE, Echols N, Sales M, Holton JM, Alber T (2010) Automated 
electron-density sampling reveals widespread conformational polymorphism in proteins. 
Protein Sci 19:1420–1431  

      19.    Lang PT, Holton JM, Fraser JS, Alber T (2014) Protein structural ensembles are revealed by 
redefi ning X-ray electron density noise. Proc Natl Acad Sci U S A 111:237–242  

    20.    Fraser JS, van den Bedem H, Samelson AJ, Lang PT, Holton JM, Echols N, Alber T (2011) 
Accessing protein conformational ensembles using room-temperature X-ray crystallography. 
Proc Natl Acad Sci U S A 108:16247–16252  

       21.    Thompson EE, Kornev AP, Kannan N, Kim C, Ten Eyck LF, Taylor SS (2009) Comparative 
surface geometry of the protein kinase family. Protein Sci 18:2016–2026  

     22.    Biondi RM, Cheung PC, Casamayor A, Deak M, Currie RA, Alessi DR (2000) Identifi cation 
of a pocket in the PDK1 kinase domain that interacts with PIF and the C-terminal residues of 
PKA. EMBO J 19:979–988  

       23.    Sarno S, Ghisellini P, Pinna LA (2002) Unique activation mechanism of protein kinase CK2: 
the N-terminal segment is essential for constitutive activity of the catalytic subunit but not of 
the holoenzyme. J Biol Chem 277:22509–22514  

     24.    Nakaniwa T, Kinoshita T, Sekiguchi Y, Tada T, Nakanishi I, Kitaura K, Suzuki Y, Ohno H, 
Hirasawa A, Tsujimoto G (2009) Structure of human protein kinase CK2α2 with a potent 
indazole- derivative inhibitor. Acta Crystallogr F65:75–79  

     25.    Bischoff N, Olsen B, Raaf J, Bretner M, Issinger O-G, Niefi nd K (2011) Structure of the 
human protein kinase CK2 catalytic subunit CK2α’ and interaction thermodynamics with the 
regulatory subunit CK2β. J Mol Biol 407:1–12  

    26.    Raaf J, Brunstein E, Issinger O-G, Niefi nd K (2008) The interaction of CK2α and CK2β, the 
subunits of protein kinase CK2, requires CK2β in a preformed conformation and is enthalpi-
cally driven. Protein Sci 17:2180–2186  

      27.    Battistutta R, Sarno S, De Moliner E, Papinutto E, Zanotti G, Pinna LA (2000) The replace-
ment of ATP by the competitive inhibitor emodin induces conformational modifi cations in the 
catalytic site of protein kinase CK2. J Biol Chem 275:29618–29622  

    28.    Ermakova I, Boldyreff B, Issinger O-G, Niefi nd K (2003) Crystal structure of a C-terminal 
deletion mutant of human protein kinase CK2 catalytic subunit. J Mol Biol 330:925–934  

    29.    Raaf J, Brunstein E, Issinger OG, Niefi nd K (2008) The CK2α/CK2β interface of human pro-
tein kinase CK2 harbors a binding pocket for small molecules. Chem Biol 15:111–117  

         30.    Raaf J, Guerra B, Neundorf I, Bopp B, Issinger O-G, Jose J, Pietsch M, Niefi nd K (2013) First 
structure of protein kinase CK2 catalytic subunit with an effective CK2β-competitive ligand. 
ACS Chem Biol 8:901–907  

       31.    Niefi nd K, Issinger O-G (2005) Primary and secondary interactions between CK2α and CK2β 
lead to ring-like structures in the crystals of the CK2 holoenzyme. Mol Cell Biochem 
274:3–14  

J. Hochscherf et al.



33

       32.    Lolli G, Ranchio A, Battistutta R (2014) Active form of the protein kinase CK2 α 2 β 2  holoen-
zyme is a strong complex with symmetric architecture. ACS Chem Biol 9:366–371  

         33.    Schnitzler A, Olsen BB, Issinger O-G, Niefi nd K (2014) The protein kinase CK2  Andante   holo-
enzyme structure supports proposed models of autoregulation and  trans - autophosphorylation . 
J Mol Biol 426:1871–1882  

    34.    Valero E, De Bonis S, Filhol O, Wade RH, Langowski J, Chambaz EM, Cochet C (1995) 
Quaternary structure of casein kinase 2. Characterization of multiple oligomeric states and 
relation with its catalytic activity. J Biol Chem 270:8345–8352  

    35.    Poole A, Poore T, Bandhakavi S, McCann RO, Hanna DE, Glover CV (2005) A global view of 
CK2 function and regulation. Mol Cell Biochem 274:163–170  

    36.    Craveur P, Joseph AP, Poulain P, de Brevern AG, Rebehmed J (2013)  Cis-trans  isomerization 
of omega dihedrals in proteins. Amino Acids 45:279–289  

    37.    Jabs A, Weiss MS, Hilgenfeld R (1999) Non-proline  cis  peptide bonds in proteins. J Mol Biol 
286:291–304  

     38.    Andreotti AH (2003) Native state proline isomerization: an intrinsic molecular switch. 
Biochemistry 42:9515–9524  

    39.    Lu KP, Finn G, Lee TH, Nicholson LK (2007) Prolyl  cis-trans  isomerization as a molecular 
timer. Nat Chem Biol 3:619–629  

     40.    Knighton DR, Zheng JH, Ten Eyck LF, Ashford VA, Xuong NH, Taylor SS, Sowadski JM 
(1991) Crystal structure of the catalytic subunit of cyclic adenosine monophosphate-dependent 
protein kinase. Science 253:407–414  

    41.    Niefi nd K, Pütter M, Guerra B, Issinger O-G, Schomburg D (1999) GTP plus water mimic ATP 
in the active site of protein kinase CK2. Nat Struct Biol 6:1100–1103  

      42.    Yde CW, Ermakova I, Issinger OG, Niefi nd K (2005) Inclining the purine base binding plane 
in protein kinase CK2 by exchanging the fl anking side-chains generates a preference for ATP 
as a cosubstrate. J Mol Biol 347:399–414  

    43.    Pinna LA (2002) Protein kinase CK2: a challenge to canons. J Cell Sci 115:3873–3878  
     44.    Traxler P, Furet P (1999) Strategies toward the design of novel and selective protein tyrosine 

kinase inhibitors. Pharmacol Ther 82:195–206  
    45.    Miyashita O, Onuchic JN, Wolynes PG (2003) Nonlinear elasticity, proteinquakes, and the 

energy landscapes of functional transitions in proteins. Proc Natl Acad Sci U S A 100:
12570–12575  

    46.    Shan Y, Arkhipov A, Kim ET, Pan AC, Shaw DE (2013) Transitions to catalytically inactive 
conformations in EGFR kinase. Proc Natl Acad Sci U S A 110:7270–7275  

    47.    Raaf J, Bischoff N, Klopffl eisch K, Brunstein E, Olsen BB, Vilk G, Litchfi eld DW, Issinger 
O-G, Niefi nd K (2011) Interaction between CK2α and CK2β, the subunits of protein kinase 
CK2: thermodynamic contributions of key residues on the CK2α surface. Biochemistry 
50:512–522  

    48.    Niefi nd K, Yde CW, Ermakova I, Issinger O-G (2007) Evolved to be active: sulfate ions defi ne 
substrate recognition sites of CK2alpha and emphasise its exceptional role within the CMGC 
family of eukaryotic protein kinases. J Mol Biol 370:427–438  

    49.    Chantalat L, Leroy D, Filhol O, Nueda A, Benitez MJ, Chambaz EM, Cochet C, Dideberg O 
(1999) Crystal structure of the human protein kinase CK2 regulatory subunit reveals its zinc 
fi nger-mediated dimerization. EMBO J 18:2930–2940  

    50.    Battistutta R (2009) Protein kinase CK2 in health and disease: structural bases of protein 
kinase CK2 inhibition. Cell Mol Life Sci 66:1868–1889  

    51.    Liu H, Wang H, Teng M, Li X (2014) The multiple nucleotide-divalent cation binding modes 
of  Saccharomyces cerevisiae  CK2α indicate a possible co-substrate hydrolysis product (ADP/
GDP) release pathway. Acta Crystallogr D70:501–513  

     52.   The PyMOL Molecular Graphics System, Version 1.7, Schrödinger, LLC  
    53.    Laudet B, Barette C, Dulery V, Renaudet O, Dumy P, Metz A, Prudent R, Deshiere A, Dideberg 

O, Filhol O, Cochet C (2007) Structure-based design of small peptide inhibitors of protein 
kinase CK2 subunit interaction. Biochem J 408:363–373    

Conformational and Confi gurational Space of Protein Kinase CK2



35© Springer International Publishing Switzerland 2015 
K. Ahmed et al. (eds.), Protein Kinase CK2 Cellular Function 
in Normal and Disease States, Advances in Biochemistry in Health 
and Disease 12, DOI 10.1007/978-3-319-14544-0_3

      Structural Basis of CK2 Regulation 
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    Abstract     The mechanism of regulation of CK2 differs from those common to 
other eukaryotic protein kinases and is not entirely established yet. Nowadays, sev-
eral crystal structures of the tetrameric α 2 β 2  holoenzyme are available, supporting a 
structural model of an autoinhibitory regulation by oligomerization proposed sev-
eral years before on the basis of biochemical, biophysical and functional data. 
Monoclinic crystal forms of the holoenzyme reveal the symmetric architecture of 
the “free” isolated active tetramers. The dimension and the nature of the α/β inter-
faces confi gure the symmetric holoenzyme as a strong complex that does not spon-
taneously dissociate in solution, in accordance with the low dissociation constant 
(≈4 nM). Hexagonal crystal forms of the CK2 holoenzyme show an asymmetric 
arrangement of the two catalytic α-subunits around the obligate β 2  regulatory sub-
units. These asymmetric α 2 β 2  tetramers are organised in trimeric rings and fi laments 
that correspond to the inactive forms of the enzyme, whereby the β-subunit plays an 
essential role in the formation of inactive polymeric assemblies. The derived struc-
tural model of (down)regulation by aggregation contributes to the interpretation of 
many available biochemical and functional data, although it awaits for a more com-
prehensive validation at the cellular level. These fi ndings pave the way for the 
design of novel strategies aimed at the modulation of the CK2 activity.  
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1         The First Asymmetric α 2 β 2  Holoenzyme Crystal Structure 

 The fi rst crystallographic structure of the CK2 holoenzyme was determined in 2001 
(PDB 1JWH) [ 1 ], joining those already known of the isolated α- and β-subunits [ 2 ,  3 ], 
a great achievement fi nally solving the puzzling CK2 quaternary arrangement. 
CK2 tetramer has a butterfl y shape with a central β-dimer and the two α-subunits, 
one on each side and not in contact between them (Fig.  1a ). This was also the fi rst 
structure including the full-length β-subunit that can be divided into a body and a 
C-terminal tail, the last one not included in the previous structures. CK2β C-terminal 
tail has no contact with the body of its own chain but binds both the other CK2β 
monomer and one of the α-subunits (Fig.  1a ). This tail contributes signifi cantly to 
the stability of the β-dimer. The β/β interface increases from 543 Å 2  in the structure 
of the isolated and truncated β-dimer to 1,766 Å 2  in the structure of the holoenzyme, 
in agreement with the obligate nature of the β-dimer. The authors also highlighted 
that this increase in the interface requires the CK2β tail in a specifi c conformation, 
which is stabilised by the involvement of the same tail in large contacts with the 
α-subunits and hence depends on the existence of the complete tetramer. The CK2β 
tail has then a synergistic character, stabilising both the β/β and the α/β contacts. At 
the same time, the authors pointed out that this region was not well defi ned in the 
electron density and then the very C-terminal amino acids (from Asn206 to Arg215) 
were left out from the fi nal model, while in the preceding region (from Phe190 to 
Ser205) the conformations of peptide groups and side chains remain questionable.  

 Each α-subunit binds both subunits of the β-dimer, the body of one chain and the 
tail of the other (Fig.  1a ); this last interaction is exploring a larger interface (491 Å 2  
vs. 336 Å 2 ) and being considered the major determinant of the α/β stability. The 
structure of the catalytic α-subunit is not signifi cantly affected by the binding of the 
β-dimer, maintaining its active conformation and confi rming previous observations 
that CK2β is an environment- and substrate-dependent modulator of CK2α activity 
rather than an on/off switch. It was also noted that the tetramer is asymmetric with 
a relative rotation of 16.4° at the two α/β interfaces for the two halves of the tetramer 
(Fig.  1a ). As a consequence, the two α/β interfaces are different (Fig.  1b ) and this 
was interpreted as an intersubunit fl exibility. In the basis of such observation, 
together with an average size for the α/β interface of 832 Å 2 , authors proposed that 
the CK2 tetramer is a transient heterocomplex. 

 Finally, in the same paper it was pointed out that the inhibitory effect of the 
CK2β acidic loop (Asp55–Asp64) observed in previous works [ 4 ] cannot be exerted 
intramolecularly since the distance between this and the closest CK2α basic cluster 
(the potential substrate binding site) was >30 Å. 

 A few years later, the same authors analysed the crystal packing in the previous 
structure, showing that the contact between the β-acidic loop and the α-basic cluster 
was indeed present but between different tetramers [ 5 ]. They identifi ed a new CK2 
organisation, composed by self-consistent ring-like trimers of tetramers, where the 
core of the interaction between different tetramers in (α 2 β 2 ) 3  is formed by the inter-
face between the β-acidic loop and the α p + 1 loop (Arg191–Lys198) at the entrance 

G. Lolli and R. Battistutta



37

  Fig. 1    Structure of the CK2 holoenzyme (PDB, 1JWH) [ 1 ]. ( a ) The CK2 holoenzyme has a but-
terfl y shape with the two catalytic α-subunits not in contact between them. The CK2β tails have a 
fundamental role in the holoenzyme both by strengthening the β-dimer and by largely contributing 
to the α/β interface. The holoenzyme is asymmetric with a relative rotation of 16.4° for the two 
halves of the tetramer. ( b ) The asymmetric assembly generates two different α/β interfaces. 
Adapted with permission from [ 28 ]. Copyright (2014) American Chemical Society. ( c ) The holo-
enzyme assembly in circular trimers of tetramers has been identifi ed in the crystallographic pack-
ing [ 5 ]. The core of the interaction is between the β-acidic loop and the α p + 1 loop at the entrance 
of the catalytic site       

 

Structural Basis of CK2 Regulation by Autoinhibitory Oligomerization



38

of the α active site (Fig.  1c ). As a consequence, three out of six catalytic subunits of 
the trimeric ensemble are blocked by the β-acidic loop. 

 This organisation in trimers of tetramers was able to explain a number of previ-
ous observations not easily interpretable solely on the basis of the tetrameric struc-
ture. Mutations in the β-acidic loop or in the α p + 1 loop generate hyperactive CK2 
holoenzyme [ 4 ,  6 ], since trimers of tetramers cannot form anymore. Polyamines 
like spermine activate CK2 [ 7 – 9 ] by interacting with the CK2β acidic loop and then 
disrupting the trimers of tetramers. The CK2 holoenzyme exhibits maximum activ-
ity at about 300 mM NaCl or KCl, a property of the holoenzyme and not of the 
isolated CK2α [ 10 ]. The holoenzyme also needs a minimal NaCl concentration of 
250 mM NaCl to bind to phosphocellulose, while it aggregates under low salt condi-
tions [ 11 ]. Since the interaction between the β-acidic loop and the α p + 1 loop is 
electrostatic in nature, it is strongly affected by ionic strength. Finally, CK2 holoen-
zyme has been observed in different ring-like and linear polymeric forms connected 
via reversible equilibria affected by ionic strength and spermine [ 12 ,  13 ].  

2     The Second Asymmetric α 2 β 2  Holoenzyme 
Crystal Structure 

 In 2012, we presented a new structure of the holoenzyme (4DGL) crystallised in the 
same space group and unit cell of the previous 1JWH structure but with higher over-
all quality [ 14 ].    While confi rming many features of the 1JWH structure, the 4DGL 
structure shows signifi cant improvements in important regions such as the α/β inter-
face and the C-terminal tail of the β-subunit. In particular, β-Phe190 leans on the 
outer surface of the α-subunit N-terminal lobe in 1JWH, while in 4DGL it inserts 
deeply into a hydrophobic cavity in the α-subunit, known as the secondary or allo-
steric binding site (Fig.  2a, b ). The α/β interaction is then signifi cantly strengthened 
in accordance with the almost complete abrogation of the binding for the mutant 
β-Phe190Ala [ 15 ]. Also the β C-terminus was built differently with an upstream 
shift in sequence of two amino acids and extended the αG helix from residues 196–
200 in 1JWH to residues 194–207 in 4DGL (Fig.  2b ). This again contributes to 
refi ne the α/β interface to a better energetic profi le (interface increased    from 832 Å 2  
in 1JWH to 1,010 Å 2  in 4DGL) (Fig.  2c ). Finally, the β C-terminus was built to the 
last Arg215 amino acid.  

 As already noted by Niefi nd and Issinger [ 5 ], the acidic loop of the β-subunit 
from one tetramer is in contact with the p + 1 loop of the α-subunit from another 
tetramer (Fig.  3a ). The interface area is 651 Å 2 , larger than in 1JWH (538 Å 2 ), and 
greater than normal crystallographic contacts, which have a mean interface of 
285 Å 2  and rarely exceed 500 Å 2  [ 16 ]. This interaction is essential for the organisa-
tion of circular trimers of tetramers as previously observed (Fig.  1c ), with a positive 
cooperative effect for their formation and a large interface of 1,953 Å 2  (651 Å 2  × 3).  

 The newly traced C-terminus of CK2β is instead responsible for a different inter- 
tetrameric interaction. This region protrudes from one tetramer and contacts the 
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C-terminal lobe of an α-subunit of a neighbouring tetramer ending in its ATP pocket 
(Fig.  3a, b ). The interface is large (753 Å 2 ) and is complemented by the interaction 
between the N-terminal lobe and the C-terminal lobe of two α chains from the same 
two tetramers. The overall interface of 1,254 Å 2  is then quite extended and again 
much larger than a normal crystallographic contact. It shows a number of polar 
contacts, which again makes this interaction susceptible to ionic strength changes. 
This new interaction is fundamental for a piling organisation of trimers of tetramers 
(Fig.  3c ), and the newly identifi ed polymeric form can represent the fi lamentous 
CK2 aggregates described in literature [ 12 ,  13 ]. Moreover, the β C-terminus inserts 
into the ATP-binding pocket of a catalytic subunit, competing with ATP and stabi-
lising a nonproductive conformation of the α catalytic residues (Fig.  3b ). This poly-
meric form is then expected to be completely inactivated by the combination of the 
interactions of the α-subunits with the acidic loops and C-termini of β-subunits 
(Fig.  3a ) and by steric hindrance. 

  Fig. 2    Details of the α/β interaction in the improved structure of the CK2 holoenzyme (4DGL) 
[ 14 ]. ( a ) In 4DGL, β-Phe190 ( salmon ) inserts into a deep hydrophobic pocket on the CK2α surface 
( green ), differently from the 1JWH structure ( orange ). Adapted with permission from [ 14 ]. 
Copyright (2012) American Chemical Society. ( b ) In 4DGL, β C-terminus was built to the last 
Arg215 and region 194–205 was better modelled with respect to the 1JWH structure; colour code 
as in ( a ). Adapted with permission from [ 14 ]. Copyright (2012) American Chemical Society. ( c ) In 
the improved 4DGL structure, the two α/β interfaces are larger than in 1JWH (Fig.  1b ). Adapted 
with permission from [ 28 ]. Copyright (2014) American Chemical Society       
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 This new structure and the hypothesised organisation in trimers of tetramers and 
subsequently in fi laments allow expanding the experimental data previously 
reported in support of the trimeric organisation by Niefi nd and Issinger [ 5 ]. FRET 
experiments revealed the existence in vivo of two subpopulations of “fast” and 
“slow-moving” CK2 and showed that different CK2β dimers can be in close molec-
ular proximity [ 17 ]. The downregulating effect proposed for the CK2β C-terminal 
tail is in accordance with other in vivo observations. CK2 activity is increased in 
prostate cancer cells by CDK1 phosphorylation of β-Ser209 [ 18 ] that engages 
α-Glu230 in the fi lamentous organisation, which will then be weakened by the 
phosphorylation event. Phosphorylation of β-Thr213 by Chk1 is observed in the 
free β-subunits but not in the tetrameric holoenzyme [ 19 ], where the residue is 
masked in the fi lamentous oligomers. The downregulatory polymerisation mecha-
nism mediated by the β-subunits is also supported by the observation that transfec-
tion of HeLa cells with a degradation-resistant CK2β strongly inhibits proliferation 
and counteracts the promotion of proliferation exerted by the isolated CK2α [ 20 ]. 

  Fig. 3    Oligomeric organisation in the 4DGL structure. Adapted with permission from [ 14 ]. 
Copyright (2012) American Chemical Society. ( a ) Different inter-tetrameric contacts can be iden-
tifi ed. The interaction between the β-acidic loop (β-subunit in  cyan  with its acidic loop in  yellow ) 
and the α p + 1 loop (α-subunit in  orange  with its p + 1 loop in  green ) is responsible for the assem-
bly in circular trimers of tetramers. The interaction between the αG and the C-terminal tail of a 
different β-subunit ( purple ) and the α C-terminal lobe and active site ( orange ) is responsible for a 
piling organisation of trimers of tetramers. The position of the fi rst amino acid visible at the β 
N-terminus (Val7) is compatible with the autophosphorylation of the upstream residues Ser2 and 
Ser3. Phosphorylated residues could then interact with the α-basic cluster ( red ). ( b ) Insertion of    the 
β C-terminus into the α active site disrupts the correct orientation of α residues involved in nucleo-
tide binding. ( c ) In the fi lamentous organisation, the C-termini of three β-subunits are plugged into 
the following trimer       
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 It is well known that CK2 autophosphorylates on residues Ser2 and Ser3 of the 
β-chain [ 21 ]. As already observed by Niefi nd and Issinger [ 5 ] and further discussed 
in [ 14 ], the β N-terminus is close to an α catalytic site in the trimeric organisation, 
so that one tetramer could phosphorylate the neighbouring one (Fig.  3a ). 
Observations in favour of this trans-autophosphorylation mechanism inside the tri-
meric organisation are the following: autophosphorylation (a) is abolished at high 
ionic strength [ 22 ]and (b) is strongly inhibited by neutralisation of residues in the 
β-acidic loop [ 23 ]; (c) although being in trans, it shows an intramolecular kinetics 
[ 24 ]; and (d) no autophosphorylation occurs in the holoenzyme with the α′ paralog, 
a holoenzyme that does not form oligomers [ 25 ]. We also proposed that the β 
N-terminus, once phosphorylated, could engage the nearby αC basic cluster of the 
α-subunit from the neighbouring tetramer, further stabilising the ring-like organisa-
tion. Autophosphorylation is (e) extensively observed in cells [ 21 ], (f) stabilising 
the enzyme in vivo [ 26 ] and (g) having an inhibitory effect, since treatment of CK2 
with phosphatases increases its activity [ 27 ].  

3     The Symmetric α 2 β 2  Holoenzyme Crystal Structures 

 Very recently, we added to the above picture three additional crystal structures of 
the α 2 β 2  holoenzyme [ 28 ]. In both the 1JWH and 4DGL structures, the α 2 β 2  tetramer 
is asymmetric. Notably, in the new structures (4MD7, 4MD8 and 4MD9), obtained 
in monoclinic (rather than hexagonal) space groups, the tetramer is symmetric 
(Fig.  4a ). This reveals that the asymmetry observed in the previous structures is not 
an intrinsic structural property of the monomeric holoenzyme but rather is gener-
ated by the incorporation of tetramers into trimeric rings, whose assembly is not 
compatible with the symmetric architecture (Fig.  4b ). The analysis of the crystal 
packing of the monoclinic form of the holoenzyme does not seem to support the 
possibility of stable oligomeric or fi lamentous forms. Unlike in the hexagonal lat-
tice, where discrete trimeric rings of tetramers are clearly recognisable, in the 
monoclinic form all contacts between different tetramers have a pure crystallo-
graphic nature. Indeed, there is one interaction between the acidic loop of the 
β-subunit and the basic clusters of the α-subunit of a symmetric tetramer with a 
signifi cant interface area (around 750 Å 2 ). However, this contact is not responsible 
for the formation of any closed, self-consistent, oligomeric form of tetramers, nor of 
a fi lament of tetramers. Rather, it is responsible for the propagation of two parallel 
layers of tetramers in two dimensions for the entire crystal lattice (i.e. infi nitively), 
giving raise to a sort of infi nite two-dimensional bilayer of tetramers. Hence, it has 
the characteristic of a crystal lattice contact, making highly improbable, in our opin-
ion, the existence of stable discrete oligomeric or fi lamentous forms based on this 
interaction. We then concluded that the new symmetric structures represent the 
organisation of the “free”, active, monomeric CK2 holoenzyme, the previous 1JWH 
and 4DGL showing instead the structure of inactive trimers of tetramers. However, 
it has to be noted that some of the inter-tetrameric interactions typical of the mono-
clinic crystal packing, observed also for the CK2 andante  holoenzyme mutant [ 29 ], 
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have been postulated to be at the basis of other possible (linear) assemblies with 
physiological signifi cance [ 30 ].  

 The comparison of symmetric and asymmetric tetramers in terms of their α/β 
interfaces and then of their stability is of particular relevance since the possibility 
that the CK2 holoenzyme coexists in equilibrium with its free constituent subunits 
can represent a regulatory mechanism for its biological function. In 1JWH, the two 
α/β interfaces are signifi cantly different in size, one being larger (960 Å 2 ) and the 
other signifi cantly smaller (771 Å 2 ) [ 1 ] (Fig.  1b ). This suggested that the CK2 holo-
enzyme might be a transient heterocomplex, spontaneously dissociating in vivo. 
This seems in contrast with the well-known elevated stability in vitro of the com-
plex ( K  D  ≈ 4 nM) [ 31 ,  32 ]. In 4DGL, the better-traced β C-terminal tail generated 
larger interfaces with similar sizes (1,009 and 1,011 Å 2 ); however, due to the asym-
metric assembly, the two interfaces are different in nature with different residues 
involved [ 14 ] (Fig.  2b ). 

 The new symmetric structures have very similar α/β interfaces both in size (1,099 
and 1,073 Å 2 ) and chemical nature (Fig.  4c ). This was also confi rmed by PISA 
(‘protein interfaces, surfaces and assemblies’ service at the European Bioinformatics 

  Fig. 4    Structural features of the symmetric tetrameric holoenzyme. Adapted with permission 
from [ 28 ]. Copyright (2014) American Chemical Society. ( a ) Structure of symmetric tetramer in 
salmon (4MD7) [ 28 ] superposed to the asymmetric 4DGL tetramer ( cyan ). ( b ) In 4DGL, the 
assembly of three tetramers ( green ,  cyan  and  purple ) in trimers of tetramers induces the distortion 
not present in the symmetric tetramer ( salmon ). ( c ) In the symmetric tetramer, the two α/β inter-
faces are very similar in size and nature       
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Institute [ 33 ]) that predicted a dissociation pattern in 2α + β 2  from monoclinic struc-
tures but in αβ 2  + α for both 1JWH and 4DGL as a consequence of their asymmetry. 
The interface size is the most commonly used parameter to infer the stability of a 
complex; indeed, also its chemical and sterical nature (hydrophobicity and comple-
mentarity) needs to be considered [ 34 ]. Evaluating a number of parameters (reported 
in Table  1 ), we proposed that the CK2 holoenzyme confi gures as a non-obligate 
permanent heterocomplex. In obligate complexes, the constitutive protomers are not 
stable in the isolated form and they simultaneously fold and bind to their partner 
[ 35 ,  36 ], as in the case of the CK2β dimer. Obligate complexes have interface areas 
generally much larger than 1,000 Å 2  [ 37 ]. The CK2 holoenzyme is obviously a non- 
obligate complex. Permanent protein-protein interactions are strong, with nanomo-
lar or subnanomolar dissociation constants, and irreversible, normally only perturbed 
by proteolysis [ 35 ,  36 ]. Transient complexes can instead dissociate in their constitu-
ent subunits and can be distinguished as weak or strong [ 35 ,  36 ]. In strong transient 
complexes, a molecular trigger (i.e. phosphorylation or effector molecule) drives 
the equilibrium through a large conformational change between a high-affi nity state 
(low- or subnanomolar  K  D ) and a low-affi nity state (micromolar  K  D ). Weak transient 
complexes have instead micromolar dissociation constants and are characterised by 
a dynamic equilibrium where interaction is formed and broken continuously; their 
interfaces are small (mean interface for weak transient complexes was determined 
in 740 Å 2  by Nooren and Thornton [ 37 ] and in 810 Å 2  by Dey and co-workers [ 34 ]). 
Given those data, with a  K  D  ≈ 4 nM and an interface area of 1,086 Å 2 , CK2 cannot 
be considered a weak transient complex. It is however impossible to distinguish 
between permanent and strong transient complexes solely on the basis of the dis-
sociation constant and the interface parameters [ 34 ]. Despite that, since no molecu-
lar triggers able to alter the affi nity of the CK2 protomers have been identifi ed so far 
and no signifi cant structural rearrangements of the individual subunits are observed 
during the formation of the CK2 holoenzyme complex, the α 2 β 2  tetramer should be 
considered a permanent complex, until proven otherwise.

   Indeed, isolated α- and β-subunits have been observed in cells [ 38 ]. However, as 
underlined above, crystallographic data, the  K  D  and the stability of the enzyme 
in vitro strongly argue against the possibility that the CK2 α 2 β 2  holoenzyme can 

   Table 1    α/β interface parameters    in symmetric α 2 β 2  holoenzyme   

 Parameter  Value  Comment 

 Mean interface area  1,086 Å 2   740–810 Å 2  for weak transient complexes 
  f  np  (nonpolar fraction of interface area)  70.5 %  Largely hydrophobic 
  P -value (PISA solvation energy gain)  0.109  Largely hydrophobic 
  R  p  (residue propensity score)  9.8  Typical of ‘strong’ complexes 
  f  bu  (fraction of fully buried atoms)  30 %  High shape complementarity 
  S  c  (shape complementarity score)  0.68  High shape complementarity 
  I  gap  (gap volume index)  1.6  High shape complementarity 
  L  D  (atomic density index)  38.7  High shape complementarity 

  Adapted with permission from [ 28 ]. Copyright (2014) American Chemical Society  
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spontaneously dissociate in solution. Instead, the existence of “free”, isolated α- and 
β 2 -subunits can be associated to different factors such as unbalanced expression, dif-
ferential localization or transport mechanism and to competitive binding with other 
partners, like the A-Raf, c-Mos and Chk1 kinases, all reported to interact with CK2β 
possibly using the same interface explored by CK2α [ 39 ]. As already stated, molec-
ular triggers capable to dissociate the complex have not been identifi ed so far. We 
also excluded by crystallography that this molecular switch could reside in the phos-
phorylation of the CK2α C-terminal tail (phosphorylated by Cdk1 at mitosis [ 40 ]).  

4     Working Model of CK2 Regulation by Autoinhibitory 
Oligomerization 

 The overall regulatory model emerging from structural studies and in accordance 
with many biochemical, biophysical and activity data is depicted in Fig.  5 . When 
co-localised in time and space, CK2α and CK2β dimers spontaneously assemble 
into an active, symmetric and permanent complex with a  K  D  ≈ 4 nM. Enzymatic 

  Fig. 5    Proposed model of CK2 regulation. Reprinted with permission from [ 28 ]. Copyright 
(2014) American Chemical Society. CK2α and CK2β subunits readily assemble into active and 
symmetric tetramers. Activity is turned off through organisation in inactive trimers and fi laments. 
Activity is restored upon a depolymerization process induced by variations in the physical- 
chemical environment, action of substrates or effectors or other events       
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activity is turned on/off by the equilibrium between the active tetramers and the 
inactive asymmetric trimers of tetramers that can further polymerise in higher 
supramolecular assemblies. These represent the latent form of the kinase in accor-
dance with the observation that most of CK2 in crude liver extract is inactive [ 41 ]. 
As for the majority of protein kinases, activity is restored only upon necessity, in 
this case by a depolymerization process generating active free tetramers. This pro-
cess can be triggered by different events like β dephosphorylation, physical-chemi-
cal variations of the environment (pH, ionic strength, etc.) and/or action of substrates 
themselves or other effectors (highly charged macromolecules or low-molecular-
weight compounds). When the stimuli end, CK2 tetramers are assembled back in 
trimers and then in fi brous polymers, with the turning off of the catalytic activity. 
The β-subunit is fundamental in this process, driving both the assembly in trimers 
of tetramers (via the acidic loop) and in fi laments (via its C-terminus), fully deserv-
ing the name of “regulatory” subunit.      
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      Maize RNA-Binding Protein ZmTGH: 
A New Partner for CK2β1 Regulatory Subunit 

             Isabel     Cristina     Vélez-Bermúdez     and     Marta     Riera    

    Abstract     In plants, as in humans, splicing regulation controls plant growth and 
development. Plant CK2 is involved in multiple signaling pathways. The maize 
CK2β1 regulatory subunit is preferentially accumulated in nuclear speckles, and 
little is known about the role of CK2 in these nuclear structures that contain splicing 
regulators among other proteins. Here we perform a yeast two-hybrid screening 
using CK2β1 as a bait, and between other putative partners, we found an RNA- 
binding protein that presents high homology with  Arabidopsis  TGH, an evolution-
ary conserved protein required for proper plant development. In addition, transient 
co-transformation of both proteins in maize embryo cells confi rms that maize 
CK2β1 regulatory subunit and ZmTGH colocalize in nuclear speckles. The interac-
tion and colocalization of both proteins suggest a possible role of CK2 modulating 
proteins involved in splicing processes in plants.  

  Keywords     Maize   •   RNA-binding protein   •   Nuclear speckles   •   Splicing regulators  

1         Introduction 

 In humans, more than 95 % of intron-containing genes process their precursor mRNA 
through alternative splicing (AS), and approximately 5 % of genetic diseases are 
caused by mutations affecting splicing or AS [ 1 ]. Some splicing regulators, as human 
RNPS1 splicing activator, are controlled by CK2 phosphorylation [ 2 ]. In plants splic-
ing and AS are involved in multiple processes affecting plant growth, development, 
and responses to external cues, but little is known about the role of CK2 in the regula-
tion of these processes [ 3 ]. As its animal counterpart, plant CK2 is a key enzyme 
crucial for plant growth and development and is known to be involved in the regula-
tion of multiple pathways as light signaling, circadian rhythm, cell-cycle regulation, 
DNA damage, salicylic acid-mediated defense, and abiotic stress responses [ 4 ,  5 ]. 
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 A higher number of genes encoding for CK2α/β subunits have been found in 
plants compared to animal genomes, since they are organized in multigenic families 
composed by up to four genes. In plants, as in animals, CK2 holoenzyme constitutes 
also a heterotetramer where the two CK2β subunits associate as a stable dimer in the 
core of the holoenzyme, whereas the two CK2α are located in the external part 
without interacting among themselves [ 6 ]. However, the maize holoenzyme pres-
ents less stability and specifi c activity than its maize counterpart [ 7 ], reinforcing the 
hypothesis of functionality of the individual subunits alone or through interaction 
with other partners. In line with this, CK2 subunits have been identifi ed in different 
cell compartments: CK2α subunits have been described in the nucleus (nucleo-
plasm), nucleolus, and chloroplasts [ 8 ,  9 ]. Recently, it has been found in  Arabidopsis  
that the plastid CK2 isoform (CKA4) presents specifi c roles in response to ABA and 
heat stress [ 10 ]. In  Arabidopsis  and maize, the CK2β subunits can be found in both 
nuclei (nuclear speckles) and some isoforms also are found in cytoplasm [ 8 ,  9 ,  11 ]. 
In a previous work [ 12 ], using bimolecular fl uorescence complementation (BiFC) 
assays in agroinfi ltrated tobacco leaves, we have demonstrated that interaction 
between maize CK2α1 and CK2β1 split YFP-tagged proteins is located not only in 
the nucleus (nucleoplasm and nuclear speckles) but also in cytoplasmic aggregates, 
suggesting that CK2 subunits shuttle between nucleus/nucleolus and cytoplasm as 
described in animals [ 13 ]. Thus, differential subcellular localization of plant indi-
vidual CK2α/β subunits versus CK2α/β interaction suggests functional specifi city 
for each CK2 isoform. In the same work, we also hypothesized that CK2β1 aggrega-
tion in nuclear speckles prevents fast degradation by proteasome because within this 
structure the protein is assumed to be tightly complexed and less accessible to deg-
radation machinery. However, little is known about the composition of these nuclear 
speckles in plants. Nuclear speckles are located in the interchromatin space and 
contain mainly splicing regulators but also transcription factors and are often located 
near transcription sites, and the localization and dynamics of these structures can be 
regulated by the phosphorylation status of its components [ 14 ]. 

    To further elucidate the role of CK2β in plants, we performed a yeast two-hybrid 
screening using CK2β1 as bait, and we isolated several putative partners, between 
them; here we focus in an RNA-binding protein that present high homology with 
 Arabidopsis  TGH [ 15 ].    We performed transient transformation of embryo cells and 
we confi rmed that in maize CK2β1 and ZmTGH colocalize in nuclear speckles.  

2     Materials and Methods 

2.1     Yeast Two-Hybrid Library Screening 

 For yeast two-hybrid screening, the  S. cerevisiae  strain HF7c (MATa, ura3–52, 
his3–200, ade2–101, lys2–801, trp1–901, leu2–3112gal4–542, gal80–538, LYS2::
GAL1UAS–GAL1TATA–HIS3, URA3::GAL417MERS(3X)–CYC1TATA–LacZ) 
was transformed with the GAL4 binding domain/CK2β1 fusion (pGBT9- CK2β1) 
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[ 16 ] according to the manufacturer (Matchmaker, Clontech). Positive clones were 
selected in plates lacking tryptophan and transformed with the HybriZap two- hybrid 
library. The HybriZap two-hybrid vector system library was constructed from 
poly(A)+ RNA maize stressed leaf of the inbred line W64A, according to the manu-
facturer (Matchmaker, Clontech Laboratories Inc., Palo Alto, CA, USA). 
Transformants were selected in    –Leu, –Trp, and –His plates containing 1 mM 
3-amino-1,2,4,-triazole. Purifi ed colonies were tested for β-galactosidase activity 
using fi lter assays, according to the manufacturer (Matchmaker, Clontech). Plasmids 
from His+ LacZ+ colonies were isolated and electroporated into  E. coli , and the 
DNA sequence of the inserts was determined.  

2.2     ZmTGH Isolation and Cloning 

 The full-length cDNA of ZmTGH was amplifi ed by PCR using specifi c primers 
(TGH_F GCC ATG GGGGTCGACAGCGACGACG and TGH_R CCCATGG
CATCTACATGATCTTTTCTTTTGTGC) and cloned into pGJ1425 vector under 
the control of a CaMV 35S promoter and fused in the 3′ region with the dsRED 
using NcoI site.  

2.3     Transient Expression of GFP Fusions in Maize 
Embryo Cells  

    For maize transformation immature maize embryos about 1 mm long were asepti-
cally dissected from the ears of fi eld-grown maize plants (AxBxB73) after 10 days 
of pollination (10 DAP) and were transiently transfected with CK2β1-GFP [ 6 ] and 
ZmTGH-dsRED (this paper) fusion constructs by particle bombardment using the 
Biolistic PDS-1000/He particle delivery system (Bio-Rad) as has been described in 
[ 12 ]. After 24 h embryos were stained with DAPI and examined by FV1000 confo-
cal microscopy (Olympus).   

3     Results and Discussion 

 Previous results overexpressing maize CK2β1-GFP in onion cells and tobacco 
leaves show that this protein is highly prone to aggregation in nuclear speckles [ 12 ]. 
The identifi cation of CK2β partners will be helpful to better understand its role and 
its accumulation in these nuclear structures. With this aim, we performed a yeast 
two- hybrid screening of a cDNA library from maize stressed leaves using CK2β1 as 
a bait, and we isolated several proteins (Fig.  1 ). Mainly we found the other CK2 
subunits (both CK2α and CK2β) but also transcription factors and proteins involved 
in RNA processing.  

Maize RNA-Binding Protein ZmTGH: A New Partner for CK2β1 Regulatory Subunit



52

 One of the selected CK2 putative interactors corresponds to an orthologue of 
 Arabidopsis  RNA-processing protein TOUGH (TGH). TGH is an evolutionary con-
served protein found in many eukaryotic organisms. AtTGH interacts with the tran-
scription initiation factor TATA-box-binding protein 2 and colocalizes with the 
splicing regulator SRp34 to subnuclear particles. Recently, it has been shown that it 
belongs to a complex that processes primary transcripts of miRNAs into miRNAs in 
 Arabidopsis  [ 15 ,  17 ]. The ZmTGH (accession number GRMZM2G131482) tran-
script contains 16 exons and encodes for a protein of 989 amino acids. The align-
ment with AtTGH protein is shown in Fig.  2 , where conserved domains (TGH, 
G-patch, and SWAP) are highlighted. The TGH is specifi c of TGH proteins and the 
G-patch and the suppressor-of-white-apricot (SWAP) domains are found in proteins 
involved in RNA binding or processing.  

 It has been also shown that AtTGH is localized in nuclear speckles, thus, to 
investigate if CK2β1 and ZmTGH are located in the same nuclear structures; we 
perform colocalization assays in immature embryo cells using ZmCK2β1-GFP and 
ZmTGH-dsRED fusions. As shown in Fig.  3 , both proteins colocalize in nuclear 
speckles, located in the interchromatin spaces.  

 CK2 is known to phosphorylate a large number of substrates with roles in 
 transcription and splicing in animals and in yeast, where it has been shown that 
CK2β may be involved in the modulation of pre-mRNA processing dynamics of 
ribosomal protein genes under stress conditions [ 18 ]. In animals, CK2 relocalizes to 
speckle- like structures in the nucleus of cells subjected to elevated temperatures 
[ 19 ]. However, less is known about the role of CK2 in regulation of splicing process 
in plants. In  Arabidopsis  another kinase, CDKC2, dynamically associates with spli-
ceosomal components in a transcription- and kinase-dependent manner [ 20 ]. The 
number of CK2 substrates described in plants is ten times lower than the animal 
substrates, but the partners/substrates described suggest a role of this kinase in regu-
lation of transcriptional processes or stress response [ 4 ,  5 ]. The interaction and 
colocalization in nuclear speckles of maize CK2β1 and ZmTGH suggest a possible 

  Fig. 1    β-Galactosidase assay performed on a fi lter of 96 clones isolated in the yeast two-hybrid 
screening of maize stressed leaves using maize CK2β1 as a bait.    Clone 80 corresponds to ZmTGH       
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  Fig. 2    Protein sequence alignment between     Zea mays  ZmTGH (GRMZM2G131482) and 
 Arabidopsis  AtTGH (At5g23080). The conserved domains    TGH, G-path, and SWAP are high-
lighted in boxes  red ,  blue , and  green , respectively       
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role of CK2 modulating proteins involved in splicing processes. In maize, whereas 
CK2β1 alone is located in nuclear speckles, the presence of CK2α in these struc-
tures is observed only when both subunits (CK2α/β) are interacting [ 12 ]. Thus, 
further experiments are needed to elucidate the role of CK2 in these nuclear struc-
tures and if this role involves only CK2β subunits or also the catalytic CK2α.     

   References 

    1.    Nissim-Rafi nia M, Kerem B (2002) Splicing regulation as a potential genetic modifi er. Trends 
Genet 18(3):123–127  

    2.    Trembley J, Tatsumi S, Sakashita E, Loyer P, Slaughter C, Suzuki H, Endo H, Kidd V, Mayeda 
A (2005) Activation of pre-mRNA splicing by human RNPS1 is regulated by CK2 phosphory-
lation. Mol Cell Biol 25(4):1446–1457  

    3.    Staiger D, Brown J (2013) Alternative splicing at the intersection of biological timing, devel-
opment, and stress responses. Plant Cell 25(10):3640–3656  

     4.      Riera M, Vélez-Bermúdez IC, Legnaioli T, Pagès M (2013) Specifi c features of plant CK2, 
in protein kinase CK2 (ed L. A. Pinna), John Wiley & Sons, Inc., Oxford, UK. doi: 
  10.1002/9781118482490.ch9      

     5.    Mulekar JJ, Huq E (2013) Expanding roles of protein kinase CK2 in regulating plant growth 
and development. J Exp Bot. doi:  10.1093/jxb/ert401      

  Fig. 3    ( a  and  b ) Colocalization of CK2β1-GFP and ZmTGH-dsRED. Ten DAP embryo cells were 
transformed by particle bombardment with the indicated constructs (60×). GFP and RFP (dsRED) 
are shown in epifl uorescence images ( left ).  Yellow color  in the  right panels  epifl uorescence and 
bright-fi eld images (merged with epifl uorescence) indicates overlap between RFP and GFP sig-
nals. The nucleus of the embryo cells in  panel b  is stained with DAPI       

 

I.C. Vélez-Bermúdez and M. Riera

10.1002/9781118482490.ch9
http://dx.doi.org/10.1093/jxb/ert401


55

     6.    Graham KC, Litchfi eld DW (2000) The regulatory beta subunit of protein kinase CK2 mediates 
formation of tetrameric CK2 complexes. J Biol Chem 275(7):5003–5010  

    7.    Riera M, Pages M, Issinger OG, Guerra B (2003) Purifi cation and characterization of recom-
binant protein kinase CK2 from Zea mays expressed in Escherichia coli. Protein Expr Purif 
29(1):24–32  

     8.    Riera M, Figueras M, Lopez C, Goday A, Pages M (2004) Protein kinase CK2 modulates 
developmental functions of the abscisic acid responsive protein Rab17 from maize. Proc Natl 
Acad Sci U S A 101(26):9879–9884  

     9.    Salinas P, Fuentes D, Vidal E, Jordana X, Echeverria M, Holuigue L (2006) An extensive sur-
vey of CK2 alpha and beta subunits in Arabidopsis: multiple isoforms exhibit differential 
subcellular localization. Plant Cell Physiol 47(9):1295–1308  

    10.    Wang Y, Chang H, Hu S, Lu X, Yuan C, Zhang C, Wang P, Xiao W, Xiao L, Xue G-P, Guo X 
(2014) Plastid casein kinase 2 knockout reduces abscisic acid (ABA) sensitivity, thermotoler-
ance, and expression of ABA- and heat-stress-responsive nuclear genes. J Exp Bot. doi:  10.1093/
jxb/eru190      

    11.    Perales M, Portolés S, Más P (2006) The proteasome-dependent degradation of CKB4 is regu-
lated by the Arabidopsis biological clock. Plant J 46(5):849–860  

       12.    Riera M, Irar S, Vélez-Bermúdez IC, Carretero-Paulet L, Lumbreras V, Pagès M (2011) Role 
of plant-specifi c N-terminal domain of maize CK2b1 subunit in CK2B functions and holoen-
zyme regulation. PLoS One 6(7):e21909  

    13.    Filhol O, Nueda A, Martel V, Gerber-Scokaert D, Benitez MJ, Souchier C, Saoudi Y, Cochet C 
(2003) Live-cell fl uorescence imaging reveals the dynamics of protein kinase CK2 individual 
subunits. Mol Cell Biol 23(3):975–987  

    14.    Reddy A, Day I, Göhring J, Barta A (2012) Localization and dynamics of nuclear speckles in 
plants. Plant Physiol 158(1):67–77  

     15.    Calderon-Villalobos L, Kuhnle C, Dohmann E, Li H, Bevanb M, Schwechheimer C (2005) 
The evolutionarily conserved TOUGH protein is required for proper development of 
Arabidopsis thaliana. Plant Cell 17(9):2473–2485  

    16.    Riera M, Peracchia G, de Nadal E, Arino J, Pages M (2001) Maize protein kinase CK2: regula-
tion and functionality of three beta regulatory subunits. Plant J 25(4):365–374  

    17.    Ren G, Xie M, Dou Y, Zhang S, Zhang C, Yu B (2012) Regulation of miRNA abundance by RNA 
binding protein TOUGH in Arabidopsis. Proc Natl Acad Sci U S A 109(31):12817–12821  

    18.    Bergkessel M, Whitworth GB, Guthrie C (2011) Diverse environmental stresses elicit distinct 
responses at the level of pre-mRNA processing in yeast. RNA 17(8):1461–1478  

    19.    Gerber DA, Souquere-Besse S, Puvion F, Dubois M-F, Bensaude O, Cochet C (2000) Heat- 
induced relocalization of protein kinase CK2: implication of CK2 in the context of cellular 
stress. J Biol Chem 275(31):23919–23926  

    20.    Kitsios G, Alexiou KG, Bush M, Shaw P, Doonan JH (2008) A cyclin-dependent protein 
kinase, CDKC2, colocalizes with and modulates the distribution of spliceosomal components 
in Arabidopsis. Plant J 54(2):220–235    

Maize RNA-Binding Protein ZmTGH: A New Partner for CK2β1 Regulatory Subunit

http://dx.doi.org/10.1093/jxb/eru190
http://dx.doi.org/10.1093/jxb/eru190


   Part II 
   CK2 Control of Organismal 

and Cellular Functions        



59© Springer International Publishing Switzerland 2015 
K. Ahmed et al. (eds.), Protein Kinase CK2 Cellular Function 
in Normal and Disease States, Advances in Biochemistry in Health 
and Disease 12, DOI 10.1007/978-3-319-14544-0_5

      CK2 in Organ Development, Physiology, 
and Homeostasis 

             Charina     E.     Ortega     ,     Lawrence     Prince-Wright     , and     Isabel     Dominguez    

    Abstract     The serine/threonine kinase CK2 is associated with a wide variety of 
 cellular processes, including cell growth, cell proliferation, and cell apoptosis. These 
cellular processes are vital for proper cell function, organogenesis, embryogenesis, 
and organ homeostasis. Indeed, CK2 is essential for embryonic development in 
 different model organisms; however, the cellular, biochemical, molecular, and signal-
ing mechanisms that CK2 utilizes to control embryo development are poorly defi ned. 
In this chapter, we review the effect of  CK2α  knockout in the developing organs and 
review the literature to understand the role of CK2α in organ formation. Published 
studies show roles for CK2 in the control of embryonic organ development, as well as 
a role for CK2α in organ homeostasis and physiology. In addition, CK2 also plays a 
role in a number of organ diseases.  

  Keywords     CK2   •   Organ development   •   Physiology   •   Disease   •   Expression   
•   Homeostasis   •   Histology   •   Knockout   •   Morphology   •   Serine/threonine   •   Wnt   
•   Embryo   •   Organ function   •   Germ layers  

1         Introduction 

 CK2 is a serine/threonine protein kinase whose function is associated with a wide 
variety of cellular processes [ 1 ]. Several roles have been defi ned for CK2 within a 
cell, but CK2 is most often associated with cell proliferation [ 2 ] and cell growth [ 2 ]. 
Indeed, upregulation of CK2 expression has been linked with uncontrolled cellular 
proliferation and transformation [ 3 – 6 ], and its consequent implication in human 
cancers [ 7 ]. CK2 also plays an important role in cell survival [ 8 ], morphology [ 5 ], 
and angiogenesis [ 9 ]. 
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 In mammals, the CK2 kinase protein is encoded by two different genes  CK2α  
and  CK2α ′. CK2 can function as either a monomeric kinase or a tetrameric holoen-
zyme, composed of two CK2α/α′ subunits and two CK2β regulatory subunits. 
Within the holoenzyme, CK2β’s role is twofold; CK2β regulates the ability of the 
complex to bind to the cell membrane and changes CK2α/α′ substrate specifi city 
[ 10 ]. It is relevant to note that various types of tissues and tumor samples have an 
unequal ratio of catalytic proteins to regulatory ones, indicating that these proteins 
may also play roles independent of the tetrameric complex [ 4 ,  11 ]. 

 CK2 genes are a common component in the genome of vertebrates [ 12 ], inverte-
brates [ 13 ], and plants [ 14 ]. As such, CK2 is a key factor in embryonic development 
[ 1 ,  15 ]. In mice, knockout embryos for  CK2α  are lethal by embryonic day 11 (E11) 
and have apparent gross morphological cardiac and neural tube defects [ 16 – 18 ]. 
Mouse embryos knockout for  CK2β  die at E6.5; however, the precise defects result-
ing in death are not known [ 19 ]. Knockout embryos for  CK2α ′ result in infertile 
male mice, with defective spermatozoa morphogenesis [ 20 ]. CK2 may mediate 
some of its effects on embryo development through its role as a positive regulator of 
the Wnt/β-catenin pathway, which regulates cellular differentiation and growth [ 1 ]. 
For example, CK2 is required for Wnt/β-catenin-dependent activation of target 
genes that are responsible for dorsal axis formation during embryogenesis [ 21 ]. 

 CK2 transcripts and proteins are differentially expressed in animal models [ 15 ]. 
For example, in the mouse embryo, both CK2α and CK2β are expressed at higher 
levels in both neuroepithelial and epithelial cells compared to other cell types [ 22 ]. 
CK2α and CK2β are also expressed in connective tissue, skeletal muscle, and carti-
lage [ 22 ]. We have no data on CK2α′ expression during embryo development, but 
in adult mice CK2α′ expression is limited to the brain and testis [ 20 ]. Interestingly, 
in mouse development, CK2 expression is maximal during organogenesis and 
diminishes by birth, suggesting a key role for CK2 in organ formation [ 23 ]. 

 Our previous studies have shown the overall effect of mouse  CK2α  deletion in 
whole embryos (Fig.  1 ) [ 16 – 18 ]. In this book chapter, we review the histological 
features of several developing organs in  CK2α  knockouts at E9.5 and E10.5. We also 
describe the importance of CK2 in organ physiology and homeostasis. Due to the 
large amount of published data, we have summarized the best known examples for 
each selected organ. We apologize to colleagues for not having mentioned some data.   

2     Histological Analysis of  CK2α  Knockouts 

 During embryo development, three germ layers will form that give rise to different 
tissues and organs: ectoderm, endoderm, and mesoderm. The ectoderm will give 
rise to organs like the central nervous system, the endoderm to the gut and associ-
ated organs, and the mesoderm to muscle and skeletal tissues. Here we describe the 
histological features of  CK2α  knockouts at days E9.5 and E10.5 in organs derived 
from these germ layers (Figs.  2  and  3 ).   
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  Fig. 1    Macroscopic analysis of E9 to E10 embryos.  Left  views of wild type and  CK2α−/−  
embryos at somite pairs 16 (E9,  a ,  e ), 19 (E9,  b ,  f ), 21 (E9.5,  c ,  g ), and 25–26 (E10,  d ,  h ). 
Representative photographs. Scale bar: 250 µm       

  Fig. 2    Microscopic analysis of E9.5 embryo sections (23 somite pairs). Bright-fi eld photographs 
of 6 µm sections of wild type and  CK2α−/−  embryos were taken at ×4 magnifi cation. Sections 
displayed from anterior ( left ) to posterior ( right ). Dorsal is on the  top . Representative photographs. 
Scale bar: 500 µm. Abbreviations:  DA  dorsal aorta,  G  gut,  L  limb bud,  Lb  lung bud,  Nc  notochord, 
 NT  neural tube,  Ng  nephrogenic cord tissue,  o  oropharynx,  Ot  otic vesicle,  Op  optic vesicle,  PA  
pharyngeal arch,  s  somite       
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 Analysis of the embryonic nervous system (central nervous system and associated 
organs) in  CK2α  knockouts shows that CK2α is a key regulator of neural development. 
In E9.5 knockout mice, the neural tube failed to close around the midbrain region. 
Neural tube closure is required for ballooning of the embryonic brain, a process in 
which increases in the volume of the fl uid in the neural tube result in the enlargement 
of the brain cavity by severalfold [ 24 ]. Because  CK2α  knockout embryos have open 
neural tubes, the fl uid will be released outside the embryo resulting in a smaller neural 
tube lumen and an increased thickness of the neuroepithelium compared to wild type 
embryos. These observations are similar for the future eye, as it forms as an evagina-
tion of the wall of the embryonic neural tube. This evagination is divided into the optic 
stalk at the beginning of the evagination (future optic nerve) and the optic cup (future 
eye) at the end of the evagination. Hence, the lumen of the optic stalk in  CK2α  knock-
out embryos is also smaller, and the thickness of the neuroepithelium in the optic cup 
and optic stalk was increased compared to wild type embryos. By E10.5, the optic cup 
in  CK2α  knockout embryos was underdeveloped compared to the wild type. 

 Two central nervous system-associated organs start as invaginations of the ecto-
derm, the inner ear (as the otic pit), and the nasal chambers (as the nasal pits). By E9.5, 
the otic pit has separated from the ectoderm and become a rounded otic vesicle that 
will later acquire a more irregular morphology (oval-like with protrusions). At E9.5, 
the otic vesicle in  CK2α  knockouts is rounder, and the lumen of the otic vesicle is 
smaller than those in wild type embryos. In addition, the cells that form the otic vesicle 
seem disorganized compared to wild type embryos. At E10.5, the otic vesicle is still 
rounder and smaller in  CK2α  knockouts compared to wild type embryos. Similar to 
the otic vesicle, cells in the nasal pit seem disorganized compared to wild type embryos. 

  Fig. 3    Microscopic analysis of E10.5 embryo sections (34 somite pairs). Bright-fi eld photographs 
of 6 µm sections of wild type and  CK2α−/−  embryos were taken at ×4 magnifi cation. Sections 
displayed from anterior ( left ) to posterior ( right ). Dorsal is on the  top . Representative photographs. 
Scale bar: 500 µm. Abbreviations:  b  bronchus,  DA  dorsal aorta,  G  gut,  H  heart tube,  L  limb bud, 
 Nc  notochord,  Np  nasal pit,  NT  neural tube,  Ng  nephrogenic cord tissue,  o  oropharynx,  Ot  otic 
vesicle,  Op  optic vesicle,  PA  pharyngeal arch,  s  somite       
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 In endodermal derivatives, the oropharynx has a different morphology in  CK2α  
 knockouts compared to wild type. This may be due to the malformation of adjacent 
tissues such as the pharyngeal arches and the neural tube. At E9.5, cells forming the 
lung bud had a more cuboidal morphology in  CK2α  knockouts compared to wild 
type embryos. Similarly, at E10.5, cells lining the embryonic bronchus also had a 
more cuboidal morphology. 

 As for mesodermal derivatives,  CK2α  knockouts display abnormal hearts, 
somites, and nephric tissue. In  CK2α  knockouts, the heart tube appears distended 
and has a thinner myocardium, reduced trabeculation, and thinner endocardium lin-
ing compared to wild type [ 1 ]. In addition, the division between the heart chambers 
in the  CK2α  knockout is not as apparent as in the wild type. The somites (precursors 
of body muscles and vertebra) in  CK2α  knockout mice at E9.5 are hypoplastic, 
particularly the posterior somites [ 18 ]. In addition, our histological analysis showed 
that the cellular organization of the somites is abnormal. 

 Similar to other developing organ cavities, the lumen of the mesonephric tubules 
appears smaller in  CK2α  knockouts, and the morphology of the cells in the tubule is 
altered. 

 The forelimb and hindlimb buds are hypoplastic in  CK2α  knockouts [ 18 ]; how-
ever, we did not observe an apparent difference in the epithelium or mesenchyme of 
the limb buds compared to wild type. 

 The pharyngeal arches are structures made of ectoderm, endoderm, and meso-
derm as well as neural crest cells, and are the precursors of the cranial nerves, the 
skeletal and muscle elements in the face, and the pharynx. At E9.5, most of the 
 CK2α  knockout embryos only had one hypoplastic fi rst pharyngeal arch, and some 
failed to develop any pharyngeal arches (wild type embryos have two pharyngeal 
arches at this stage) [ 18 ]. By E10.5, the total number and size of the pharyngeal 
arches was smaller in  CK2α  knockouts compared to wild type embryos [ 18 ]. At 
both E9.5 and E10.5, the endodermal lining of the pharyngeal arches was disorga-
nized in  CK2α  knockouts compared to wild type. In addition,  CK2α  knockout 
embryos had an increased pharyngeal arch artery lumen. Similarly, at E10.5, the 
lumen of the dorsal aorta appears increased in the  CK2α  knockouts. The trigeminal 
ganglia, a neural crest cell derivative that will form head-specifi c sensory neurons, 
are smaller in E10.5 knockout mice. 

 All together, these data show that the morphogenesis of a number of organs is 
abnormal and suggest that cell morphology is altered in  CK2α  knockouts.  

3     CK2 in Ectoderm-Derived Organs 

3.1        Central Nervous System and Neuronal Development 

 A number of studies demonstrate the important effect of CK2 genes on the develop-
ment and function of the brain and neurons. For example, CK2β is essential for 
central nervous system development in mouse, particularly the telencephalon (the 
embryonic cerebral hemispheres). CK2β is required for neural progenitor cell 
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proliferation and for their differentiation to oligodendrocytes (a type of glial cells 
that function to support neurons). CK2β may be acting through phosphorylation of 
Olig2, a transcription factor important for embryonic oligodendrocyte precursor 
cell specifi cation, as Olig2 is a CK2β-dependent CK2 substrate [ 25 ]. In addition, 
CK2β is partially necessary for neurite growth [ 26 ]. During neuronal development, 
 CK2α  has been shown to be expressed earlier than  CK2α ′ [ 27 ]. In neurons, CK2α′ 
is expressed during dendrite maturation and synaptogenesis [ 27 ]. CK2α′ is associ-
ated with microtubules and found concentrated in neuronal cell bodies and den-
drites, in a similar distribution to that of phospho-MAP1B, a microtubule-associated 
protein linked to axonal elongation, neuronal migration, and axonal guidance [ 27 ]. 
The CK2 phosphorylation site in MAP1B remains unknown [ 28 ]. CK2 also regu-
lates proper formation of hippocampal dendritic spines, doorknob extensions in a 
neuron’s dendrite that receive postsynaptic input and whose density may be related 
to mental agility. During the formation of the dendritic spines, it is possible that 
CK2 is phosphorylating PACSIN 1 (protein kinase C and casein kinase 2 substrate 
in neurons 1) promoting its dissociation from Rac1, a protein that promotes proper 
formation of spines [ 29 ]. These data show that CK2 regulate neuronal morphogen-
esis. In addition, CK2 is also important in regulating neuronal survival probably 
inducing the expression of the anti-apoptotic gene  Mcl-1  in the hippocampal CA1 
neurons that are involved in memory [ 30 ]. 

    In the adult brain, CK2α and CK2α′ proteins are expressed throughout; however, 
CK2α levels are signifi cantly higher than CK2α′ (8:1 ratio). CK2α levels are more 
uniformly expressed than those of CK2α′ in the different mouse brain regions stud-
ied. Importantly, CK2α′ levels are highest in the cortex and hippocampus, while 
CK2α levels are highest in the striatum [ 31 ]. In addition, CK2α′ is increased during 
the late postnatal neocortical maturation period, the same time when synaptogenesis 
and dendrite maturation occur in mature neurons [ 32 ]. In the brain, CK2 controls 
neuronal function. CK2 alters the Ca 2+  sensitivity of small conductance Ca 2+ -activated 
K +  (SK) channels in the neural tube and also in the auditory nerves. Neurotransmitters 
such as noradrenaline decrease SK channel activity in a CK2-dependent manner 
through phosphorylation of SK-bound calmodulin (CaM) [ 33 ,  34 ]. In addition, CK2 
also regulates the interaction between sodium channels and ankyrin. The interaction 
of sodium channels with ankyrin is important to form and maintain the axonal initial 
segment (AIS) of neurons where action potentials are generated [ 35 ]. CK2α and 
CK2α′ proteins concentrate in the AIS in an ankyrin-dependent manner. Ultimately, 
CK2 is also required for proper microtubule cytoskeleton function, which in turn is 
necessary for CK2 localization to the AIS [ 36 ]. Not only does CK2 alter channel 
sensitivity but CK2 is also rapidly activated in the synapses and alters  N -methyl- D -
aspartate (NMDA) receptor function. The phosphorylation by CK2 of NMDA recep-
tor and other proteins contributes to synaptic plasticity [ 37 ]. Because CK2 is involved 
in NMDA receptor regulation, and this receptor is required for pain hypersensitivity 
caused by immunosuppressants such as cyclosporine A, CK2 inhibition may help in 
reducing immunosuppressant-induced pain hypersensitivity [ 38 ]. 

 In addition to neuron and neural tube development and neuronal function, CK2 
is also important in adult diseases. For example, upregulation of CK2 in the para-
ventricular nucleus in the hypothalamus causes diminished SK channel activity that 
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in turn may regulate hypertension, at least in animal models [ 39 ]. In Alzheimer’s 
disease (AD), amyloid-β increases CK2 activity that in turn phosphorylates compo-
nents of the fast axonal transport (FAT) altering their activity. It is believed that defi -
cits in FAT can eventually cause the degeneration of neurons in AD [ 40 ]. Interestingly, 
the localization of CK2 is altered in AD neurons, particularly in tangle-bearing neu-
rons. In these neurons, CK2 is localized to the somatodendritic body and on the 
neurofi brillary tangle (NFT), aggregates of highly phosphorylated cytoskeletal com-
ponents that appear in AD patients [ 41 ,  42 ]. In addition, CK2 can phosphorylate 
huntingtin, the gene underlying Huntington disease (HD) [ 43 ]. CK2 phosphoryla-
tion may localize huntingtin to the nucleus where it may exert its deleterious effects 
[ 44 ]. CK2 may be also involved in Parkinson disease (PD), a disease characterized 
by loss of motor function caused by the death of neurons producing dopamine, 
which controls motor function. Knocking out  CK2α  in spiny neurons negatively 
affects its dopaminergic function suggesting a role for CK2 in motor control [ 45 ]. In 
addition, CK2 phosphorylates α-synuclein, a protein that will form aggregates in 
preclinical PD [ 46 ]. CK2 expression correlates with increased α-synuclein phos-
phorylation even in preclinical PD. Therefore, CK2 could be a therapeutic target in 
AD, HD, and PD and other diseases with dopamine imbalance.  

3.2     Eye 

 CK2 plays a role in eye development, particularly regulating various proteins affect-
ing the formation of the eye. Previous studies focused on eye development in 
 Drosophila melanogaster  and mammalian models. 

 CK2 regulates eye morphogenesis. For example, in  Drosophila melanogaster  
retinal patterning, the Notch signaling pathway leads to the expression E(spl) pro-
teins in non- sensory organ precursor cells, thereby extinguishing their neuronal 
potential. One of the proteins in the E(spl) locus is the basic-helix-loop-helix repres-
sor M8, a protein phosphorylated by CK2 on the C-terminus (Ser 159 ). This phos-
phorylation is proposed to open the conformation of M8 and allow repression of 
genes involved in neuronal potential [ 47 – 49 ]. CK2 is also important in mammalian 
retinas. In human and mouse adult retinas, CK2 is expressed in astrocytes, which 
are cells important for normal development of the retinal vasculature. In rat retina, 
CK2 is also expressed in proliferating retinal progenitor cells within the neuroblas-
tic layer of the developing retina, the proliferative zone of the inner optic cup. In the 
neuroblastic layer, the neural progenitor cells are attached to the retinal inner and 
outer limiting membranes on both sides of the proliferative zone of neural cells. In 
this neuroblastic layer, the nucleus moves during the cell cycle, with the help of 
microtubules, from the outer margin of the cell toward the inner basal margin of the 
cell, where DNA is replicated. CK2 is a powerful microtubule stabilizer in the 
developing retina. CK2 inhibition by the highly selective inhibitor of CK2, TBB (4,
5,6,7- tetrabromobenzotriazole), causes the tubulin cytoskeleton along the basal-
apical axis of the retinal tissue to become disorganized and DNA synthesis in retinal 
progenitor cells to be reduced [ 50 ]. 
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 In addition to regulating eye development, CK2 is proposed to play a key inhibitory 
role in angiogenesis and apoptosis in the retina. Chemical inhibition of CK2 sup-
presses angiogenesis and hematopoietic stem cell recruitment to retinal neovascu-
larization sites, in a mouse model of proliferative retinopathy. In line with this, in 
human diabetic retinas, transcripts for all CK2 proteins decreased coinciding with 
increased apoptosis. These studies labeled CK2 as a “master regulator” of many 
critical signaling pathways in angiogenesis [ 9 ,  51 ]. One of the potential targets of 
CK2’s effect in angiogenesis is vascular endothelial growth factor (VEGF). For 
example, CK2 is involved in VEGF upregulation in endothelial cells induced by 
oxidized phospholipids. Oxidized phospholipids are known to induce proangio-
genic and proinfl ammatory cellular effects. Importantly, overexpression of VEGF is 
a cause of pathological neovascularization that is characteristic of eye diseases such 
as age-related macular degeneration. Since CK2 inhibition reduces VEGF produc-
tion signifi cantly, it suggests that CK2 inhibitors may be used for therapy of patho-
logical angiogenesis in the eye [ 52 ]. 

 In addition, CK2 is involved in light adaptation in the eye. Important for dark 
adaptation of photoreceptor cells is the reduction of centrin/retinal-specifi c 
G-protein complexes that control the transport of signaling proteins. The transport 
of proteins in photoreceptor cells occurs through the cilium and plays a key role in 
the organization and function of photoreceptor cells [ 53 ]. CK2 and centrins co- 
localize in the photoreceptor cell cilium. In dark-adapted photoreceptor cells, CK2 
phosphorylates centrin isoforms in mouse models, which strongly reduces the bind-
ing affi nities between centrins and retinal-specifi c G-protein transducin, a signal- 
amplifying protein, allowing it to fl ow through the cilium [ 54 ,  55 ]. 

 CK2 is also involved with degradation and function of important eye proteins. 
Within the eye, gap junctions are important channels that allow the passage of small 
molecules between two adjacent cells in order to maintain metabolic activities and 
homeostasis. This communication is particularly important between the cells inside 
the lens and cells on the lens’ surfaces. An important structural component of gap 
junctions is connexins, a family of membrane proteins. Connexin phosphorylation 
regulates its stabilization, intracellular traffi cking, gap channel assembly, and gap 
junctional communication. CK2 is proposed to phosphorylate Ser 363  in connexin 
45.6 leading to connexin degradation and destabilization in chick lens fi bers [ 56 ].  

3.3     Auditory Organs 

 CK2 plays a role in auditory function, particularly in regulating the activity of vari-
ous channels involved in auditory sensory transduction. For example, CK2 is 
involved in the regulation of small conductance Ca 2+ -activated K +  (SK) channels. 
These channels provide a hyperpolarizing K +  conductance that is fundamental for a 
range of physiological processes including the control of the hearing organ when 
they are activated due to elevated levels of intracellular Ca 2+ . CK2 and protein phos-
phatase 2A form a complex with the cytoplastic domains of these SK channels, and 
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they phosphorylate/dephosphorylate the Ca 2+  sensor calmodulin (CaM) changing 
the Ca 2+  sensitivity range. The phosphorylation of CaM causes an acceleration of 
SK channel deactivation, while dephosphorylation causes the inverse effect. As a 
result, CK2 phosphorylation of CaM may change the control of auditory sensory 
transduction [ 57 ]. In addition to SK channels, CK2 phosphorylation also infl uences 
the activity of the voltage-dependent Kv3.1 potassium channel. This channel is 
expressed in neurons of the medial nucleus of the trapezoid body in the auditory 
brainstem that is involved in the perception of sound duration and localization. 
Basal phosphorylation of the Kv3.1 channel infl uences the basal properties of the 
current (e.g., its voltage dependence of activation and inactivation), enabling the 
channel to work as a high-threshold current. This basal phosphorylation may be 
regulated by CK2 [ 58 ].  

3.4     Olfactory Organs 

 Few studies report the effects of CK2 in the olfactory bulb and olfactory sensory and 
receptor neurons. For example, CK2 regulates odorant adaptation by phosphorylat-
ing the enzyme heme oxygenase 2 (HO2) that subsequently cleaves heme to gener-
ate carbon monoxide (CO), a gaseous neurotransmitter. Endogenously produced 
CO increases cyclic guanosine monophosphate levels (cGMP) to regulate neuro-
transmission [ 59 ]. 

 CK2 is also involved in the function of olfactory sensory neurons. In these neu-
rons, ciliary protein transport promotes the compartmentalization of signaling mol-
ecules in cilia that allows for rapid and effi cient activation of the odorant cascade. 
CK2 phosphorylates a major intracellular traffi cking protein (PACS-1) that local-
izes to the base of human respiratory cilia and controls the localization of ciliary 
proteins. CK2 also phosphorylates PACS-1 cargo, including CNGB1b, the subunit 
of the olfactory cyclic-nucleotide-gated (CNG) channel. CNGB1b and PACS-1 are 
necessary components of the olfactory signal transduction cascade that is enriched 
in cilia. Therefore, CK2 is required for maintenance of CNG channel in cilia and for 
subsequent olfactory function in olfactory sensory neurons [ 60 ].   

4     CK2 in Endoderm-Derived Organs 

4.1     Oropharynx 

 Little is known about the role of CK2 in the digestive tract, but it may regulate 
pathogen-induced damage. CK2α′ positively regulates the capacity    of  Candida 
albicans  to damage endothelial and oral epithelial cells in vitro in both dissemi-
nated and oropharyngeal candidiasis. In both types,  C. albicans  adheres to and 
penetrates the host cells (endocytosis), causing the destruction and loss of these 
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cells. Mutant strains of  C. albicans  that lack  CK2α ′ have decreased host cell-
damaging properties, but only in oral epithelial cells were they endocytosed 
poorly. This indicates that CK2 may regulate invasin-like surface proteins in  C. 
albicans  that are required for oral epithelial cell endocytosis [ 61 ].  

4.2     Lung 

 In the lung and associated blood vessels, CK2 plays a role in homeostasis and dis-
eases. CK2α′ protein and activity are upregulated in the artery’s smooth muscle 
cells during pulmonary artery remodeling in hypoxic conditions. Hypoxia-induced 
pulmonary artery remodeling is associated with hypertension in diseases such as 
emphysema. CK2α′ may be required to diminish the levels of the transcription fac-
tor CREB, which stimulates smooth muscle cell proliferation and migration in vitro 
[ 62 ]. It is interesting to note that CK2 may be also involved in blood pressure regu-
lation by phosphorylating the angiotensin-converting enzyme (ACE) in endothelial 
cells [ 63 ]. ACE converts angiotensin I into angiotensin II, a key factor in the increase 
of blood pressure via vasoconstriction, sympathetic nervous stimulation, increased 
aldosterone biosynthesis, and renal actions. CK2 phosphorylation of ACE increases 
its localization in the plasma membrane and perhaps its secretion [ 64 ]. 

 CK2 may be important in platelet-activating factor (PAF)-induced systemic ana-
phylaxis. PAF is involved in the induction of plasma extravasation by promoting 
vasodilation and increasing vascular permeability, the most important contributor to 
fatal reactions of anaphylaxis in mouse models. CK2 activity is increased by PAF, 
and CK2 is required for PAF-induced anaphylaxis upstream of a signaling cascade 
involving PTEN/PI3K/Akt/eNOS [ 65 ]. Therefore, CK2 inhibition could be a poten-
tial target to treat anaphylaxis. 

 CK2 regulates respiratory tract pathogen infection and clearance. For example, 
CK2β presence inhibits infl uenza A virus infection in epithelial lung cells [ 66 ]. 
Likewise, CK2 enhances phagocytosis of  Streptococcus pneumoniae  through sur-
factant protein A (SP-A) and macrophage scavenger receptor A (SR-A). SP-A, a 
major constituent of the surfactant that lines the pulmonary alveoli, plays an impor-
tant role in the innate immune system in the lungs. SR-A interacts with a number of 
ligands including Gram-negative and -positive bacteria. SP-A increases cell surface 
localization of SR-A in a CK2-dependent manner and enhances the phagocytosis of 
particular bacteria such as  S. pneumoniae  by alveolar macrophages [ 67 ]. 

 Lung infl ammation in patients with chronic obstructive pulmonary diseases and 
asthma is cigarette smoke-induced and shows decreased histone deacetylase 2 
(HDAC2) level/expression. Cigarette smoke extract exposure in bronchial and air-
way epithelial cells leads to HDAC2 phosphorylation by a CK2-mediated mecha-
nism, resulting in decreased HDAC2 activity and increased HDAC2 degradation. 
Therefore, CK2 inhibition may be a potential target to inhibit abnormal infl amma-
tion in bronchial and small airway cells in response to cigarette smoke [ 68 ].   
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5     CK2 in Mesoderm-Derived Organs 

5.1     Heart 

 CK2 is important for cardiac muscle formation and function. For example, CK2 
phosphorylates muscle FHOD3, a formin homology domain-containing protein 
involved in actin fi lament nucleation and elongation and downregulated in heart 
disease. CK2-dependent phosphorylation of muscle FHOD3 inhibits its degradation 
and becomes more localized to the myofi brils where it will regulate fi lament assem-
bly and maintenance [ 69 – 71 ]. 

 Not only does CK2 regulate heart development, but CK2 may also play a positive 
role in anti-apoptotic mechanisms in the heart. In addition to its anti-hypertrophic 
function, ARC is a key anti-apoptotic regulator in the heart. CK2 can phosphorylate 
ARC at Thr 149 , enabling ARC to translocate from the cytoplasm to the mitochon-
dria. In the mitochondria, ARC binds to caspase-8 or caspase-2, thereby enabling 
ARC to inhibit in the myocardium. Elevated apoptosis is found in human hearts that 
suffered myocardial infarction and heart failure and also in animal models of hyper-
trophy and heart failure [ 72 ]. 

 CK2 also regulates cardiac hypertrophy. For example, CK2α′ induces cardiac 
hypertrophy through phosphorylation and subsequent degradation of p27, an 
important anti-hypertrophic cell cycle regulator in adult cardiomyocytes. CK2α′ 
activity is stimulated and is necessary for cardiomyocyte hypertrophy, in a p27 
degradation manner [ 73 ,  74 ]. Another mechanism utilized by CK2 to promote 
hypertrophy is activation of histone deacetylases. HDACs were fi rst thought to be 
anti- hypertrophic mediators; however, more recently, it has been shown that HDACs 
mediate hypertrophy. HDAC2 phosphorylation and activation are required for 
hypertrophy, and this phosphorylation may be mediated by CK2α during cardiac 
hypertrophy [ 75 ]. In contrast, angiotensin and other hypertrophic stimuli reduced 
CK2 activity in cardiomyocytes correlating with decreased ARC (apoptosis repres-
sor with caspase recruitment domain) phosphorylation and catalase expression lev-
els. Hypertrophic stimuli led to carbonylation and inhibition of CK2. Decreased 
CK2 activity causes ARC to lose its anti-hypertrophic function due to the reduction 
of Thr 149  phosphorylation by CK2 [ 76 ]. These contradictory fi ndings indicate that 
the use of CK2 as a potential therapeutic target in heart disease needs to be further 
researched.  

5.2     Muscle 

 During myogenesis, CK2 phosphorylation is necessary for myf-5 activity. Myf-5 is 
a muscle-specifi c transcription factor important for early myogenic determination 
and differentiation of developing epaxial muscle [ 77 ,  78 ]. 
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 CK2 is also a key kinase in myogenic proliferation and differentiation, by 
 phosphorylating Pax3, a myogenic transcription factor essential for early skeletal 
muscle development. In proliferating myoblasts, CK2 phosphorylates Pax3 at Ser 205  
subsequently enhancing GSK3β-dependent phosphorylation of Pax3 at Ser 201 . Later, 
during myogenic differentiation, CK2 phosphorylates Pax3 at Ser 205  subsequently 
enhancing the CK2-dependent phosphorylation of Pax3 at Ser 209  [ 79 ]. 

 CK2 is important for muscle regeneration and progression of myogenic progeni-
tor cells. During normal myoblast cell differentiation, the expression of CK2α and 
CK2α′ remained unchanged while CK2β transcript was downregulated. CK2β 
expression is essential for cell cycle progression during muscle regeneration. Cell 
cycle progression regulation by CK2 may depend on Sds3 (suppressor of defective 
silencing 3) phosphorylation. A CK2-Sds3-Foxk1 cascade combined with CK2 
phosphorylation and inhibition of p21 and p27, cell cycle inhibitor genes, may con-
trol skeletal cellular proliferation and gene expression during muscle regeneration. 
In support of this observation,  CK2α ′ knockouts have impaired skeletal muscle 
regeneration [ 80 ]. 

 CK2 transcripts and activity levels were studied in muscle diseases such as limb 
girdle muscular dystrophy, mitochondrial myopathy, and neurogenic atrophy. 
In general, CK2β levels were lower in diseased compared to muscle tissue control. 
Only a few samples of each disease had abnormally elevated CK2α transcript levels, 
and CK2 activity was only elevated in a few samples of limb girdle muscular dys-
trophy. In this study, since samples originated from different anatomical muscles, 
this could have affected the results [ 81 ].  

5.3     Kidney 

 CK2 inhibition may have a protective role in immunosuppressant-induced nephro-
toxicity after organ transplantation. Two mechanisms have been proposed. CK2 
phosphorylates KAP (kidney androgen-regulated protein), a gene expressed in kid-
ney proximal tubule cells that protects against cyclosporin A (CsA) toxicity. CK2 
phosphorylated KAP is degraded by calpain, a protease, therefore enhancing the 
susceptibility of proximal tubule cells to CsA [ 82 ]. In addition, CK2 expression is 
upregulated in rodent model of chronic CsA-induced nephropathy, which may 
increase apoptosis [ 83 ]. 

 Interestingly, CK2 is also a key molecule in the progression of glomerulonephri-
tis (GN), a renal infl ammation that leads to loss of renal function. CK2 was overex-
pressed in the kidneys of GN rodent models. CK2 inhibition reverts renal dysfunction 
and histological progression of GN. Therefore, inhibiting CK2 may be therapeutic 
in GN processes [ 84 ]. 

 Similar to the cilia in the olfactory sensory neurons, mutations in ciliary pro-
teins in the kidneys can eventually cause renal complications. For example, neph-
rocystin is mutated in nephronophthisis (NPHP), a group of renal cystic diseases. 
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CK2 phosphorylates nephrocystin, which helps its binding to PACS-1, an intracellular 
traffi cking protein that localizes the base of the cilia, thus targeting nephrocystin to 
the base of the monocilia of polarized kidney epithelial cells. Defects in traffi cking 
are proposed to eventually cause NPHP [ 85 ].  

5.4     Extremities 

 As in muscle, CK2 may regulate limb bud formation through regulation of  myf-5 , a 
muscle-specifi c transcription factor important for myogenic determination and dif-
ferentiation [ 77 ,  78 ]. Later in development, CK2 may play a role in mineralization 
through phosphorylation of matrix proteins. It was shown that inhibition of CK2 
activity decreased the rate of mineral deposition in a time-dependent manner, where 
CK2 effects were seen only early during mineralized matrix formation. Therefore, 
CK2 is involved in the calcifi cation process in mesenchymal cells [ 86 ].   

6     CK2 in Pharyngeal Arch Derivatives 

 The effect of CK2 on the pharyngeal arches is poorly studied. A kinase activity in 
avian branchial arches, thought to be CK2, phosphorylates the protein treacle, the 
product of the  TCOF1  gene that is mutated in Treacher Collins syndrome (TCS). 
TCS is a craniofacial disorder that affects the embryonic branchial arches leading to 
face abnormalities [ 87 ].  

7     Conclusion 

 CK2 plays a key role in embryonic organ development and organ physiology, 
homeostasis, and disease (Table  1 ). Importantly, we found some commonalities in 
the mechanisms that CK2 utilized to regulate these functions and processes. During 
embryonic development, CK2 may utilize similar genes to develop organs such as 
the muscle and the limb bud (i.e.,  myf-5 ). For proper cell morphology in both the 
central nervous system (CNS) and eye, CK2 regulated cytoskeletal components 
(i.e., microtubules). We also found that CK2 controls cell function through microtu-
bule and myofi bril protein phosphorylation in the CNS and in muscle, respectively 
(i.e., neurotransmission and contraction, respectively). In the CNS and its associ-
ated organs such as the auditory organ, CK2 also regulates neurotransmission by 
regulating K +  and Na +  channels. CK2 can also impact organ function through 
increased intracellular transport to the cilia in the optic and olfactory organs and in 
the kidney (through centrins and PACS-1). 
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 Just as CK2 regulates normal cell and organ function, CK2 may also be involved 
in disease in organs derived from all germ cell layers. For example, CK2 plays a 
pro-survival role in the CNS and in the eye and heart in diseased conditions  (diabetes, 
infarction). CK2 can also regulate immunosuppressant-induced damage in the kid-
neys and CNS. In addition, it minimizes pathogen damage due to fungal, bacterial, 
and viral infections ( C. albicans ,  S. pneumoniae , and infl uenza A). In addition, CK2 
also plays an important role in diseases not reviewed here such as cancer [ 4 ,  88 ]. In 
some instances, an embryonic substrate of CK2 drives cancer progression. For 
example, CK2 phosphorylation of Pax3 also helps the development of alveolar 
rhabdomyosarcoma, a childhood solid muscle tumor. CK2 is already being investi-
gated as a cancer therapeutic target, and it could be also a target for other diseases 
mentioned above. 

 In summary, CK2 is involved in organogenesis and organ function, but further 
research is needed to understand the specifi c molecular mechanisms controlled by 
CK2 during organogenesis and organ function and their similarities.      
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      Protein Kinase CK2: A Window into 
the Posttranslational Regulation of the 
E(spl)/HES Repressors from Invertebrates 
and Vertebrates 

             Adam     T.     Majot    ,     Tyler     R.     Sizemore    ,     Mohna     Bandyopadhyay    , 
    Lucas     M.     Jozwick    , and     Ashok     P.     Bidwai    

    Abstract     The basic helix-loop-helix (bHLH) repressors encoded by the  Drosophila 
Enhancer of split Complex  ( E(spl)C ) are the terminal effectors of Notch signaling, 
a pathway that is highly conserved through Metazoa. Although the E(spl) proteins 
are structurally conserved, one region that exhibits length and sequence heterogene-
ity is the C-terminal domain (CtD), which links the b/HLH domains to the terminal 
WRPW tetrapeptide, facilitating recruitment of the corepressor Groucho. 
Consequently, the CtD has been largely thought to act as a nonfunctional linker. 
However, studies are revealing that this region is not only key to controlling E(spl) 
repressor activity ( cis -inhibition) but is subject to sophisticated regulation through 
posttranslational modifi cations (PTM). These modifi cations are mediated by pro-
tein kinases, phosphatase(s), and accessory factors, which together regulate 
phospho- occupancy, conferring spatial and temporal control over E(spl) protein 
activities and levels. We suggest that E(spl)M8 is a paradigm for understanding the 
regulation of mammalian E(spl) homologues by PTM. In the case of E(spl)M8, 
repressor activity fi rst requires multisite phosphorylation led by CK2, with steady 
state control provided by the phosphatase PP2A. The later participation of addi-
tional kinases would activate a phosphodegron, enabling timely clearance of the 
protein. Controlled activation and deactivation may both be essential for repeated 
rounds of Notch signaling, employing different E(spl) repressors. This mode of 
regulation likely impacts a preponderance of E(spl) members, underscoring its 
importance to Notch signaling. PTM therefore imposes greater functional diversity 
among the E(spl) proteins, which are themselves differentially expressed during 
development. Aberrant posttranslational modifi cation of the human E(spl) homologues, 
the HES proteins, may underlie diverse developmental disorders and cancer, both 
of which have been linked to defects in Notch signaling.  
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1         Protein Kinase CK2 

 CK2 is a Ser/Thr protein kinase that has been highly conserved throughout eukaryotic 
evolution [ 1 – 3 ]. This enzyme is composed of catalytic (α) and non-catalytic (β) 
subunits, which associate both in vivo and in vitro to form the tetrameric α2β2 holo-
enzyme. On its own, the CK2α subunit is competent to recognize and phosphorylate 
most target proteins [ 4 ], whereas CK2β, in large part, modulates catalytic activity. 
The substrate specifi city of CK2, an acidophilic protein kinase, is well defi ned and 
best described as S/T-E/D-x-D/E [ 5 ,  6 ]; the presence of additional Asp/Glu resi-
dues either N- or C-terminal to the phosphoacceptor(s) further enhances phosphory-
lation of target proteins. This recognition site is invariably devoid of the basic amino 
acids Lys/Arg, and the presence of these residues within the consensus abrogates 
targeting by CK2. Moreover, the presence of phospho-Ser (pSer) or phospho-Thr 
(pThr) C-terminal to the primary phosphoacceptor also stimulates CK2 activity 
toward a particular protein [ 7 ], revealing that this enzyme can act in cooperation 
with other protein kinases (hierarchical phosphorylation) or can progressively phos-
phorylate a target protein on its own. An excellent and perhaps extreme example is 
Nopp140, a nuclear/cytoplasmic shuttling protein that is phosphorylated at >70 
sites by CK2 [ 8 ]. It should also be noted that in some instances, CK2 has been found 
to target Tyr residues [ 9 ,  10 ], raising the prospect that this enzyme may, in fact, 
regulate a broader spectrum of proteins. 

 Since its discovery in 1953 [ 11 ,  12 ], many targets of CK2 have been identifi ed by 
biochemistry, in vivo studies, and through computational analyses of genome 
sequences, the latter greatly facilitated by its unique recognition site in combination 
with the observation that acidic micro-domains are typically solvent accessible. 
These studies reveal that the CK2 phosphoproteome is extraordinarily large [ 13 – 16 ] 
and encompasses virtually all aspects of cell biology such as cell proliferation [ 17 ], 
cell-cycle control [ 18 – 20 ], regulation of transcription [ 21 ,  22 ], heterochromatin for-
mation [ 23 ], cell signaling and animal development (see below), the circadian clock 
[ 24 – 26 ], and possibly in learning and memory [ 27 ]. Importantly, CK2 is the 
etiological agent for theileriosis, a B- and T-cell lymphoproliferative disorder in 
cattle infected with the parasite  Theileria parva  [ 28 – 31 ], and accordingly targeted 
overexpression of CK2 in the mouse model elicits the development of lymphomas 
[ 32 ,  33 ]. In addition, CK2 has been closely linked both to the development of tumors 
and to metastasis [ 34 – 37 ], reasons for which substantial efforts are underway to 
develop specifi c inhibitors of this enzyme. Given the large number of interactions 
in vivo and its roles in cell proliferation and cancer, loss of CK2 elicits cell lethality 
in all unicellular/metazoan organisms that have been experimentally tested, such as 
yeast [ 17 ,  38 ,  39 ], fruit fl ies [ 26 ,  40 ], and mammals [ 41 ].  
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2     CK2 Regulation of Signaling and Development 

 Given its ability to target diverse cell biological processes and act as an oncogene, 
signifi cant efforts have sought to understand how CK2 regulates cell signaling and 
animal development. Earlier efforts revealed that signaling by insulin and epidermal 
growth factor (EGF) were associated with the activation of CK2 [ 42 ,  43 ] and that 
this enzyme directly regulates wingless/Wnt signaling [ 44 – 47 ] and the Hedgehog 
pathway [ 48 ]. Expectedly, CK2 regulates animal development, which hinges on the 
coordinated activities of a handful of signaling pathways. In addition, this enzyme 
plays a vital role in embryonic development via the targeting of proteins such as 
Antennapedia [ 49 ], Engrailed [ 50 ], Cut [ 51 ], Odd Skipped [ 52 ], β-Catenin [ 53 ], and 
Orb [ 54 ]. Despite its importance to eukaryotes, the “Gordian knot” in our under-
standing of CK2 is its regulation in vivo. No second messengers have so far been 
identifi ed that modulate CK2 activity in vivo, and despite being thought to be con-
stitutively active, this enzyme does not phosphorylate its targets in a constitutive 
manner. One such example is yeast cdc37, which is phosphorylated in precise coor-
dination with the cell cycle [ 19 ]. The possibility remains open that CK2 is regulated 
by the dynamic formation of molecular complexes with its targets in coordination 
with scaffolds, other kinases, and phosphatases.  

3      Drosophila  CK2 and the Notch Signaling Pathway 

 Studies in our lab using the fruit fl y  Drosophila  as a model organism are revealing 
the importance of CK2 to the Notch signaling pathway. Here we fi rst briefl y review 
the structure and composition of  Drosophila  CK2 and later discuss previous and 
ongoing studies that are beginning to reveal a level of complexity in Notch signaling 
that was previously unrecognized. We focus on the Notch pathway in  Drosophila , a 
preeminent genetic model that has been instrumental in the identifi cation of the core 
components and regulators of this pathway and has laid the foundations for our 
understanding of the mechanisms of Notch signaling, its importance to the develop-
ment of other animals, and its association with disease states (see below). 

3.1      Drosophila  CK2 

  Drosophila  CK2 was fi rst purifi ed from embryos and, like its mammalian counterpart, 
was shown to be a tetrameric α2β2 holoenzyme with the ability to form fi lamentous 
structures [ 55 ,  56 ]. It has, in fact, been suggested that these fi laments may represent 
an inactive state of CK2, perhaps hinting at a mode of regulation of this enzyme 
in vivo. Unlike mammals, the  Drosophila  genome encodes for a single CK2α subunit, 
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whereas it contains multiple CK2β subunits that are encoded by independent genes. 
These include the dominant CK2β subunit and the β-like protein Stellate (Ste) 
[ 57 ,  58 ], both X-linked, and the autosomal β′ [ 59 ] and SSL [ 60 ] subunits. Of these, 
expression of the CK2β gene appears the most complex; it gives rise to multiple 
splice variants, which encode protein isoforms with distinct C-terminal tails that dif-
fer in their ability to rescue the effects of loss of the CK2β gene [ 61 ,  62 ]. To date, 
genetic analysis has been conducted on the CK2α, CK2β, and Stellate. Loss of CK2α 
elicits lethality at the fi rst larval stage [ 26 ], whereas that of CK2β is embryo lethal 
[ 25 ,  62 ]. The  Stellate  locus appears to be a unique case. Normally, this gene is main-
tained in a silent state due to silencing by the Y-linked  Suppressor of Stellate  ( Su(Ste) ) 
locus (also known as  crystal ), and accordingly, in XO males (lacking the Y chromo-
some),  Stellate  is massively derepressed in the testis, and the protein accumulates as 
star-shaped crystals that disrupt spermatocytes and elicit sterility. In all cases, the 
β′, SSL, and Stellate proteins appear competent to associate with CK2α in vitro 
and form an active tetrameric holoenzyme. However, it remains unknown if these 
alternative isoforms alter CK2 substrate specifi city in a tissue-specifi c manner.  

3.2     Notch Signaling 

 Identifi ed almost a hundred years ago, Notch is a ubiquitous metazoan signaling 
pathway whose components and mechanisms of signaling are highly conserved 
[ 63 – 69 ]. Earlier studies revealed that Notch was vital for neurogenesis, but it has 
since been realized that this pathway regulates diverse aspects of animal develop-
ment, including that of the early embryo, as well as the heart [ 70 ], vertebrae [ 71 – 73 ], 
blood vessels [ 74 ], and immune system [ 75 ], and also plays roles in the adult animal 
via the regulation of circadian rhythms [ 76 ,  77 ]. 

 The core components of the  Drosophila  Notch signaling pathway consist of the 
Notch receptor, its ligands Delta or Serrate, the transcription factor Suppressor of 
Hairless (Su(H)), and its transcriptional targets, the genes of the  Enhancer of split 
Complex  ( E(spl)C , Fig.  1f ). The  E(spl)C  encodes seven basic helix-loop-helix 
(bHLH) repressors (Mδ, Mγ, Mβ, M3, M5, M7, and M8) and their corepressor 
Groucho [ 78 – 81 ], all with clearly identifi ed structural and functional homologues in 
vertebrates, which have been named the Hairy-E(spl)-like (HES) or the Hairy- E(spl)-
related (HER) proteins [ 82 – 84 ]. While deceptively simple with regard to its core 
components, studies over the years have uncovered that Notch signaling is dynami-
cally regulated by glycosylation, protein traffi c and endocytosis [ 85 ,  86 ], ubiquity-
lation [ 87 ], and proteolytic cleavage, and these have revealed an astonishing level of 
biological complexity [ 85 ]. One area that has been considered the simpler part of 
this pathway is the E(spl)/HES/HER proteins that are the terminal readout(s) of 
Notch signaling and which have been considered to function in a largely dosage-
dependent manner.    
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  Fig. 1    Notch signaling during fl y neurogenesis. ( a ) The adult notum is marked with characteristic 
positioning of macro- and microchaetae. ( b ,  c ) The adult retina is comprised of ~700 hexagonally 
arrayed facets, each comprised of eight photoreceptors. The R7 rhabdomere sits directly above the 
R8. ( d ) R8 and SOP specifi cation requires Notch signaling to restrict proneural clusters to single cells 
that maintain neural competency. ( e ) Bristle formation requires a series of asymmetric cell divisions. 
( f ) During lateral inhibition, presumptive R8s and SOPs stimulate Notch signaling in neighboring 
cells. Resultant E(spl)C expression diminishes proneural gene expression. ( g ) Failed lateral inhibi-
tion results in multiple SOPs and twinned bristles. ( h ) Retinal differentiation requires Atonal, whose 
expression is progressively narrowed to individualized cells, R8s, by Notch signaling. The R8 recruits 
R1–R7 photoreceptors through stereotyped, inductive signaling. Notch is also required for rotation 
around the DV midline and specifi cation of the R7 and cones       
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4     The Role of Notch Signaling in Neurogenesis 

 The mechanisms by which Notch regulates development are, perhaps, best 
understood in neurogenesis during which this pathway mediates binary cell fate 
determination. The two external sensory organs in  Drosophila  that have been widely 
used to analyze Notch signaling are the sensory bristles and the compound eye. 
These sensory organs serve as excellent readouts of Notch pathway activity because 
the bristles occupy stereotyped positions on the body and the eye is composed of 
ommatidia (unit eyes or facets) that are arranged in a precise hexagonal pseudocrys-
talline array (see Fig. 1a, b ). Importantly, changes in Notch pathway activity perturb 
the arrangement/position and number of bristles and the hexagonal architecture of 
the eye. Both of these perturbations are easy to detect by light microscopy, and the 
underlying defects in cell type specifi cation can then be precisely revealed by 
sophisticated molecular/genetic and immunological assays. 

 The process of neural cell fate determination begins with the expression of bHLH 
transcriptional activators encoded by the genes of the  achaete-scute complex  ( ASC , 
[ 88 ,  89 ]) or  atonal  [ 90 ,  91 ]. While the ASC activators drive bristle formation, Atonal 
is the primary factor for eye formation. The ASC/Atonal proteins bind to hexameric 
DNA elements (E-boxes) within their own enhancers, resulting in a feedback stimu-
lation of their expression, a process called proneural autoactivation or “self- 
stimulation” [ 92 – 97 ]. This initial expression of ASC/Atonal occurs in groups of 
equipotential cells, which have been termed the “proneural clusters” (PNCs, see 
Fig.  1d ). Later, however, ASC/Atonal expression is maintained in only a single cell 
from each PNC, whereas all other cells (of the PNC) are forced to adopt a non- 
neural fate. The cell that maintains ASC expression is called the bristle sensory 
organ precursor (SOP), while that which maintains Atonal expressivity in the eye is 
the R8 photoreceptor. The mechanism of this binary cell fate determination also 
drives oogenesis, myogenesis, hematopoiesis, etc., processes that are Notch depen-
dent. Because the nature of Notch signaling is somewhat distinct between the bristle 
(selection of the bristle SOP) and eye (selection of the R8 photoreceptor), we briefl y 
discuss differences and similarities. 

4.1     Development of the Bristle 

 Each bristle is composed of fi ve cell types (neuron, glial, sheath, shaft, and socket) 
that arise from successive divisions of a single SOP (Fig.  1e , adapted from [ 98 ]). 
Following its selection from an ASC-positive PNC, the SOP goes on to form the pI 
cell, which then undergoes three asymmetric cell divisions, all of which are depen-
dent on Notch signaling. The cumulative result of these asymmetric divisions is the 
specifi cation of four distinct cell types (see above) that together form a functional 
bristle sensory organ. Consistent with its reiterative role in the bristle, loss of 
Notch elicits distinct phenotypes. First, loss of Notch in the PNC (prior to SOP 
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selection) results in the formation of supernumerary (juxtaposed) SOPs (Fig.  1g ), 
which manifest in the adult as ectopic bristles. Second, loss of Notch during division 
of the pI cell results in the specifi cation of two pIIb cells, which go on to form 
duplicated neurons and sheath cells. Because of the loss of the pIIa cell fate, the 
shaft and socket cells fail to form, which phenotypically results in the loss of the 
external structures (Fig.  1e ). Third, loss of Notch after formation of the pIIa cell 
results in the replacement of the socket cell with a shaft cell; this manifests as split 
bristles. Fourth, loss of Notch after formation of the pIIIb cell results in replacement 
of the sheath cell with a neuron; this manifests as a “dual neuron” phenotype. 
Numerous studies over the years have revealed that ectopic expression of any E(spl) 
member leads to the loss of the bristle SOP and its progeny cell types. However, 
technical challenges have stymied a determination of which specifi c E(spl) member 
(or combination) mediates the effects of endogenous Notch signaling at each distinct 
stage of bristle ontogeny. Of relevance to the multiple roles for Notch in this sensory 
organ, targeted knockdown of CK2 has been shown to elicit the specifi cation of 
ectopic bristles as well as split and missing bristles [ 99 ], phenotypes consistent with 
roles for this kinase in SOP selection from a PNC, and the asymmetric divisions of 
the pIIa and pIIIb cells, respectively (summarized in Fig.  1e ). The relevance of these 
effects of CK2 to the E(spl) repressors is discussed below.  

4.2     Development of the Eye 

 The  Drosophila  eye is composed of ~750 facets, each of which contains 8 photore-
ceptors (called retinula cells R1–R8, numbered according to their clockwise orien-
tation in the adult eye; see Fig.  1b, c ). Facets are patterned from a wave of 
differentiation, termed the morphogenetic furrow (MF), which sweeps from poste-
rior to anterior across the larval eye disc. The passage of the MF is accompanied by 
the induction of the proneural transcriptional activator Atonal, whose expression is 
required for both continued MF propagation and differentiation of the R8 cell type, 
which is the fi rst photoreceptor specifi ed in each facet. The R8, once specifi ed, 
sequentially recruits to itself all other cell types (R1–R7, cones, pigment cells) of 
the facet. Thus, the initial positioning of R8s in the MF is critical to proper pattern-
ing of the adult eye superstructure. MF movement across the eye disc occurs over a 
period of ~48 h, thereby providing a spatial and temporal perspective on specifi cation 
of R8 cells and all secondary cell types. 

 R8 specifi cation requires two modes of Notch signaling that are separated by 
time, space, and the manner of signaling [ 100 ]. Hedgehog signaling fi rst elicits 
Atonal expression in a broad swath of cells (akin to PNCs) at the anterior margin of 
the MF (Fig.  1h ), whereupon Notch is required for induction of high-level Atonal 
[ 101 ,  102 ]. This phase of Notch signaling does not involve expression of the E(spl) 
proteins, as it is Su(H) independent [ 103 ]. In contrast, at the posterior margin of the 
MF, Notch elicits the expression of E(spl) proteins, which then restrict Atonal 
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expressivity to a single cell—the future R8 photoreceptor. This process contrasts to 
that which produces the bristle in that the R8 is mitotically arrested and relies upon 
recruitment of surrounding cells to construct facets. Consequently, loss of the  atonal  
gene leads to the absence of all R8 cells and abolishes eye development. In addition 
to R8s, lateral inhibition by E(spl) proteins is used reiteratively to specify R1–R7 
cell types, cones, and the interommatidial bristle (IOB) whose developmental 
pathway shares many, but not all, of the genetic determinants that also specify the 
bristles [ 104 ,  105 ]. 

 Consistent with this model for biphasic Notch signaling, loss of E(spl) proteins 
impairs refi nement of the Atonal-positive PNCs and results in the specifi cation of 
extra juxtaposed R8 cells (Fig.  1d ). This over-specifi cation of the R8 cells results in 
a “rough eye” phenotype, an outcome also seen with the overexpression of Atonal 
[ 91 ]. These fi ndings reveal that a precise balance between the activities of Atonal 
versus E(spl) proteins is vital for proper R8 birth and for eye development. As in the 
case of bristle development (see above), knockdown of CK2 elicits ectopic R8s and 
rough eyes [ 99 ], revealing that this protein kinase plays a similar role in R8 
selection.  

4.3     Selection of the Bristle SOP and R8 Photoreceptor 

 The mechanisms by which Notch signaling resolves a PNC to generate a single SOP 
or R8 are strikingly similar. During this process, Notch drives the determination of 
binary cell fates (SOP vs. non-SOP and R8 vs. non-R8). This process called lateral 
inhibition [ 106 ,  107 ] occurs in an E(spl)-dependent manner [ 66 ,  108 ,  109 ]. Specifi cally, 
the future SOP/R8 expresses the Notch ligand Delta at a level suffi cient to activate 
Notch in adjacent cells of a PNC (Fig.  1f ). In these responding cells, expression of 
 E(spl)C  ensues, and these bHLH proteins then inhibit ASC/Atonal activities. 
Therefore, the broad expression of ASC/Atonal becomes progressively refi ned such 
that a single ASC/Atonal-positive cell remains from each PNC. Accordingly, loss of 
Notch or its downstream components leads to the emergence of extra (juxtaposed) 
SOPs and neuronal hypertrophy. Moreover, forced overexpression of E(spl) repres-
sors elicits dominant inhibition of the SOP fate, revealing that these bHLH proteins 
are the terminal effectors of this pathway. The conservation of the E(spl) proteins, and 
their importance to diversifying Notch signaling, is illustrated by the conservation 
of the HES/HER bHLH proteins in vertebrates. It is, however, important to note that 
E(spl) proteins are unlikely to act in a redundant manner, because individual members 
exhibit tissue-specifi c expression patterns [ 110 ] that refl ect different architecture of 
the binding sites for Su(H) [ 111 ]. 

 Although the mode of signaling within a PNC occurs in a juxtacrine manner, it 
should be noted that Notch signaling can occur over several cell diameters, mediated 
through fi lopodia [ 112 ,  113 ].   
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5     CK2 Regulation of Notch Signaling 

 Extensive studies have explored the mechanisms by which E(spl)/HES antagonize 
SOP and R8 fate through the repression of ASC and Atonal. Stereotypical E(spl)/HES 
bHLH repressors contain a highly conserved architecture consisting of a bHLH, 
Orange (a second HLH), and an ultimate tetrapeptide WRPW. The N-terminus of 
the bHLH is comprised of a clustering of basic residues that mediate E(spl)-DNA 
interaction. The bHLH also facilitates homo- and/or heterodimerization between 
E(spl) proteins. From the bHLH, a linker of variable length leads to a second HLH, 
referred to as the Orange domain. Orange promotes interaction with non-E(spl)/
HES proteins [ 114 ], and WRPW mediates recruitment of the corepressor Groucho. 
Between the Orange and WRPW is a region of length and compositional heteroge-
neity, which we call the C-terminal domain (CtD). As discussed below, the CtD 
appears key to the repressive activities of certain E(spl) members, and within it is a 
resident phosphorylation domain (P-domain) that conserves sites for several protein 
kinases (see below). 

 Despite almost 30 years of investigations on repression by E(spl) proteins, no 
universal mechanism has emerged. It was initially proposed that E(spl) proteins 
bind DNA and elicit repression of target genes upon recruitment of Groucho [ 115 ], 
target gene recognition being conferred by DNA elements called the N-boxes 
[ 116 ,  117 ]. However, this model fell out of favor because, unlike the genes of the 
 ASC , no N-boxes have been identifi ed in the enhancers of  atonal  [ 118 ], a gene vital 
for eye development [ 90 ,  91 ] and whose expression pattern is refi ned by E(spl) pro-
teins [ 100 ]. An alternative and prevailing model proposed that protein–protein inter-
actions regulate repression, dispensing the role for DNA-binding [ 119 ,  120 ]. In this 
model, E(spl) proteins directly interact with enhancer-bound ASC/Atonal proteins, 
and this (physical) interaction is mediated through the Orange domain that forms 
the second HLH motif. This model is strongly supported by the fi ndings that E(spl) 
proteins directly interact with ASC/Atonal in biochemical and yeast two-hybrid 
assays [ 121 – 125 ]. The observation that CK2 phosphorylates E(spl)-M8, E(spl)-M7, 
and E(spl)-M5 [ 126 ] has revealed the importance of posttranslational modifi cation 
(PTM) in the regulation of these Notch effectors, raised the prospect of nonredun-
dancy, and begun to unravel the mechanism by which a dominant mutation in the 
 m8  gene ( E(spl)D ) abolishes eye development.  

6     Relevance of CK2 Regulation of M8 and the Eye Defects 
of the  E(spl)D  Mutation 

 The  E(spl)D  mutation, identifi ed in 1956 [ 127 ,  128 ] based on its ability to abolish 
eye formation, truncates the M8 protein (referred to as M8*) and deletes the CtD 
(Fig.  2 ), including the WRPW motif [ 124 ,  129 ]. Despite not binding Groucho, M8* 
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displays exacerbated repression of Atonal, thereby blocking R8 birth and eye 
development. Such a developmental defect could not be conferred simply by forced 
overexpression of full-length M8 [ 125 ,  130 ] or by a variant lacking just the WRPW 
motif [ 131 ]. It was presciently proposed by the late Dr. José Campos-Ortega that the 

  Fig. 2    Conserved sites for CK2 in E(spl)-M8, E(spl)-M7, and E(spl)-M5. ( Top ) Schematic of the 
E(spl) proteins and location of functional domains. Note that the Orange domain is also predicted 
to form an HLH motif. The M8* protein is encoded by the dominant mutation  E(spl)D . Alignment 
of M8, M7, and M5 from 12  Drosophila  species illustrating the conserved CK2 and MAPK sites 
( highlighted in bold ). Note that human HES6 (hHES6) also contains a similarly located P-domain 
that conserves the CK2 and MAPK sites. Inset next to M8 sequences shows a model for regulation 
of repressor activity by M8. The number in parenthesis after the sequences denotes n residues 
between the P-domain and the    C-terminal WRPW motif.  Drosophila  species are abbreviated as  D. 
simulans  (D-sim),  D. sechellia  (D-sec),  D. melanogaster  (D-mel),  D. yakuba  (D-yak),  D. erecta  
(D-ere),  D. ananassae  (D-ana),  D. pseudoobscura  (D-pse),  D. persimilis  (D-per),  D. willistoni  
(D-wil),  D. mojavensis  (D-moj),  D. virilis  (D-vir), and  D. grimshawi  (D-gri)       
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region between the Orange domain and WRPW may have a regulatory infl uence on 
E(spl)–M8 activity [ 130 ], but the reasons for the hyperactivity of M8* remained 
unresolved. We had identifi ed that CK2 phosphorylates M8/M5/M7 (see Fig.  2 ) at 
a highly conserved site in the region deleted in M8* [ 126 ]. Remarkably, in the case 
of M8, replacement of the CK2 phosphoacceptor (Ser 159 ) with Asp resulted in a 
form of the protein that mimicked the eye defects of M8* ( E(spl)D ), and both 
M8-S 159 D and M8* displayed equivalent interactions with Atonal that were not seen 
with wild-type M8 or its CK2 refractory variant M8-S 159 A [ 125 ]. We thus proposed 
that the CtD of M8 auto-inhibits the Orange domain (see inset next to M8 in Fig.  2 ); 
phosphorylation by CK2 alleviates this interaction to then permit repressor activity. 
The  E(spl)D  mutation thus removes this critical auto-inhibitory (control) region, 
resulting in a protein that is CK2 independent and hyperactive. Indeed, forced over-
expression of just the 56 amino acid CtD peptide rescues the eye defects of  E(spl)D , 
whereas a CtD peptide that replaces the CK2 site (Ser 159 ) with Asp was nonfunc-
tional [ 132 ]. These fi ndings provided strong evidence that intramolecular  interactions 
regulate M8 activity in a CK2-responsive manner in vivo.  

 The importance of the CK2 site is highlighted by its invariant positioning in 
E(spl)-M8, E(spl)-M5, and E(spl)-M7 proteins from 12  Drosophila  species that 
diverged ~50 × 10 6  years (myr) ago (Fig.  2 ). This remarkably conserved P-domain 
resides in the CtD, which is otherwise variable in length and sequence between the 
individual E(spl) proteins (data not shown). The subsequent fi nding that a similar 
P-domain is present in human HES6 (hHES6, see Fig.  2 ), which is regulated in an 
identical manner by CK2 [ 133 ], renders it likely that a highly conserved regulatory 
mechanism controls E(spl)/HES activity. While these studies established the 
importance of CK2 to Notch pathway output, it was not applicable to other mem-
bers such as Mδ, Mβ, and M3, because these proteins lacked an identifi able CK2 
consensus site.  

7     Four  Drosophila  E(spl) Members Are Targeted by CK2 

 To better understand the importance of PTM in the regulation of E(spl) proteins, we 
conducted detailed bioinformatics analyses, which revealed that a fourth member 
E(spl)-Mγ contains CK2 sites that appear signifi cantly different from those in M5, 
M7, and M8. This is best highlighted by sequence alignments of E(spl)-Mγ from 12 
species representing ~50 myr of  Drosophila  evolution (Fig.  3a, b ). Remarkably, 
E(spl)-Mγ from all 12 species harbor three highly conserved consensus sites for 
CK2 (Fig.  3a ). Two of these predicted sites, Thr 45  and Ser 48 , are located within the 
loop of the HLH domain adjacent to the N-terminal basic domain. Of these, Ser 48  
appears to be the stronger site as it meets the consensus for CK2, while Thr 45  may 
potentially be targeted by CK2 in a hierarchical manner, but only upon prior phos-
phorylation at Ser 48 . It is of interest to note that of the seven E(spl) bHLH proteins 
in  Drosophila , E(spl)-Mγ is the sole member that contains potential site(s) for CK2 
within the HLH domain (data not shown). The third and strongest predicted CK2 
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site (Ser 195 ) is located in close proximity to the C-terminal WRPW motif (Fig.  3a ), 
and once again it is a unique feature of E(spl)-Mγ isoforms. In addition, this site is 
notable because Ser 195  is fl anked by a number of acidic amino acids (Asp/Glu), a 
hallmark of “high-likelihood” targets of CK2. Although the E(spl)-Mγ protein from 

  Fig. 3    Conserved sites for CK2 in E(spl)-Mγ. ( a ) Schematic of the Mγ protein and location of 
functional domains. Alignment of Mγ from 12  Drosophila  species illustrating the conserved CK2 
and MAPK sites ( highlighted in bold ); the C-terminal CK2 site meets the strict consensus. The 
 gray box  denotes the insertion of one/two amino acids in the Mγ protein from select  Drosophila  
species. Note that all Mγ isoforms harbor an insertion of 22 residues that separates the CK2 and 
MAPK sites. ( b ) Phylogenetic relationship between the  Drosophila  species analyzed in panel 
A. Note loss of the 2 residues in the melanogaster group       
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several  Drosophila  species harbor the insertion of one/two amino acids N-terminal 
to Ser 195 , in no case is the DS 195 EDEE motif perturbed (see Fig.  3a , the numbering 
is based on the  D. melanogaster  sequence). Biochemical analysis is revealing that 
CK2 primarily targets Ser 195  (Jozwick and Bidwai, unpublished), and the evaluation 
of the consequences of this modifi cation on E(spl)-Mγ activity in vivo is currently 
underway. Thus, the CK2 site is a conserved feature of the P-domain in four E(spl) 
proteins. In addition, the P-domains of M8, M7, M5 (Fig.  2 ), and Mγ (Fig.  3 ) con-
serve additional Ser residues, one of which meets the consensus for MAPK, an 
enzyme implicated in R8 selection (Sect.  10 , see below).  

 The known evolutionary relationships between the 12 species representing seven 
groups of fruit fl ies [ 134 ] reveal that this insertion/deletion of the two amino acids 
closely correlates to specifi c branches of the  Drosophila  family (Fig.  3b ). This com-
parison reveals that the two-residue insertion was a feature of the ancestral E(spl)-Mγ 
protein in the Hawaiian group ( D. grimshawi ), virilis group ( D. virilis ), repleta 
group ( D. mojavensis ), and obscura group ( D. pseudoobscura  and  D. persimilis ), 
with a one residue deletion unique to the willistoni group ( D. willistoni ). Both resi-
dues were lost ~13 myr ago with the emergence of the melanogaster group. That this 
region of E(spl)-Mγ has been subject to insertion/deletion suggests that the one/
two-residue insertion (in the aforementioned ancestral species) is unlikely to alter 
the overall structure of the protein or is vital for function.  

8     Molecular Synteny of the  E(spl)C  Across 
 Drosophila  Species 

 The  E(spl)C  in  Drosophila  encompasses ~60 kb. The existence of multiple E(spl) 
proteins within a single locus presents an opportunity to determine the strictness of 
conservation of this locus across the genus, with respect to both the number of 
homologues and their positions relative to each other. Our analysis (Fig.  4a ) reveals 
remarkable molecular synteny of the  E(spl)C  across 12  Drosophila  species, indicat-
ing that this locus has remained essentially unchanged over 50 myr. In all species 
examined, the order and direction of transcription of individual E(spl) transcripts 
are the same. In the case of  D. melanogaster , the  E(spl)C  is located on chromosome 
III such that the  mδ  gene is centromere proximal, whereas  groucho  is telomere 
proximal (Fig.  4a ). This arrangement is shared in the ancestral Hawaiian group and 
those most closely related to it, the virilis, repleta, and willistoni groups. In contrast, 
the obscura group and three members of the melanogaster group,  D. yakuba ,  D. 
erecta , and  D. ananassae , display an inversion of the entire  E(spl)C  such that 
 groucho  is now centromere proximal and  mδ  is telomere proximal. It therefore 
seems to be the case that two inversion events have occurred, the fi rst ~37 myr ago 
and the second ~3 myr ago. This extraordinary synteny of the  E(spl)C  and that four 
members of this locus exhibit essentially invariant CK2 consensus sites, which 
make for a strong evolutionary argument that these bHLH proteins likely perform 
distinct functions during development.  
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  Fig. 4    Intrinsic disorder in the CtD of  Drosophila  E(spl) and human HES6. ( a ) Molecular synteny 
of the  E(spl)C . Those members that conserve the CK2 sites are shown as  block arrows , and the  dotted 
line  denotes a complete inversion of the locus, although the order of the transcription units remains. 
( b ) The indicated proteins were analyzed for disordered regions. The CtD is  shaded gray , the region 
of disorder is in  black , and sites for CK2 and MAPK are denoted as  red dots . The length of the pro-
teins and scale bar are indicated. Regions of intrinsic disorder reported are those with a >70 % disor-
der probability output. In all cases, regions with low probability of disorder or low scores are omitted. 
Abbreviations are Dm,  D. melanogaster , and Hs,  Homo sapiens . Inset on the right: I-TASSER pre-
dictions of the M8 and HES6 proteins. Note that the CtD regions in both proteins are predicted to be 
unstructured. The accession numbers for the sequences are E(spl)-M3, FBpp0084332; E(spl)-M5, 
FBpp0084352; E(spl)-M7, FBpp0084334; E(spl)-M8, FBpp0084335; E(spl)-Mβ, FBpp0084355; 
E(spl)-Mγ, FBpp0084329; E(spl)-Mδ, FBpp0084328; and human HES6, BAA96082       
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 To further illustrate the importance of conservation at this locus, we look to fl ies 
more distantly related to  Drosophila . Stalk-eyed fl ies and tsetse fl ies, which are 
isolated from the  Drosophila  lineage by 60–100 myr, share strikingly similar 
homologous  E(spl)  loci [ 135 ]. The genome of  T. dalmanni , a stalk-eyed fl y, encodes 
eight E(spl) bHLHs, all of which directly correspond to  Drosophila  counterparts in 
addition to a duplication of M5 (Fig.  4a ). Aside from this duplication, the order and 
arrangement of each gene is conserved. Similarly, the tsetse fl y,  G. morsitans , 
encodes fi ve E(spl) bHLHs, lacking M3 and M5. Of note, CK2 sites are also con-
served in select members from stalk-eyed and tsetse fl ies. The remarkable stability 
of this locus and the CtD/P-domain strongly suggests that each E(spl) member 
serves a distinct developmental role.  

9     Intrinsic Disorder in the E(spl)/HES Proteins 

 It is becoming increasingly appreciated that certain regions within diverse proteins 
have a high propensity for “intrinsic disorder” (ID). Originally considered an oddity, 
this feature is being identifi ed in numerous proteins that regulate transcription, cell 
signaling, and development [ 136 – 139 ]. In addition, these regions of ID often corre-
late with sites for regulation by PTM such as phosphorylation. We thus sought to 
correlate the presence of ID regions with sites for phosphorylation among the seven 
 Drosophila  E(spl) repressors and human HES6. Sequences were analyzed by a num-
ber of web-based programs, and the results are shown schematically in Fig.  4b . 
Remarkably, the predominant region of ID in all  Drosophila  E(spl) proteins and 
human HES6 localizes to the CtD. Another smaller region of ID localizes to the loop 
within the HLH motif, or in the middle of the Orange domain, which is also pre-
dicted to form an HLH domain (not shown). However, these regions of ID are not 
found in all isoforms, and their presence in a loop is to be expected in an HLH motif. 
The major region of disorder in the CtDs is variable in both length and position 
(Fig.  4b ). Notable among these are M8/M5/M7 and HES6 where the sites for phos-
phorylation (known and predicted) are located within the disordered region. In con-
trast, although M3 and Mβ contain regions with ID, neither harbors sites for CK2, 
MAPK, or other protein kinases (data not shown). Mδ lacks an ID region or sites for 
phosphorylation. In contrast, Mγ appears unique in that the CK2 and MAPK sites 
fl ank the ID region. In the absence of defi ned 3D structures of any E(spl)/HES/HER 
proteins, predictions of ID are, at best, speculative. To bolster the case, we used 
I-TASSER, a computational approach to predict 3D structures [ 140 ]. This approach 
has proven adept at accurately predicting the structures of numerous proteins. Indeed, 
we fi nd that the CtDs of M8 and Mγ are unstructured (Fig.  4b ), as are those for 
M5 and M7 (data not shown). The possibility is high that phosphorylation effects on 
Mγ are unlikely to be similar to those with M5, M7, M8, and HES6. 

 It is unsurprising that ID predominates within the CtDs of E(spl) members. As is 
to be expected, E(spl) architecture offers little variation in either the bHLH or 
Orange domains. It is worth speculating that the CtD may have originally served as 
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a placeholder, allowing distance between the Orange domain and WRPW, to prevent 
steric inhibition of Groucho interaction. Once this locus had become amplifi ed, the 
CtD, under no selective pressures but to be of a suffi cient number of residues, may 
have been subject to accelerated changes through evolution. In such a case, it is 
plausible that the CtD could have assumed regulatory roles and, furthermore, that 
those regulatory roles could become modulated by the acquisition of kinase consen-
sus sites. Such kinase sites would then become fi xed in a select group of repressors, 
each under differing evolutionary constraints, as seen across  Drosophila . In support 
of these possibilities, phospho-occupancy and the length of the CtD do infl uence the 
activities of the Orange domain and that of the WRPW motif [ 141 ].  

10      The CK2 Site, the P-Domain, and Multisite 
Phosphorylation of E(spl) Members 

 The high conservation of the CK2 site among fl y M8, M5, M7, Mγ and human HES6 
is noteworthy, because it reveals the presence of additional conserved Ser residues (see 
Figs.  2  and  3 ). In the case of HES6, it has been reported that the PxSP motif is targeted 
by MAPK [ 142 ], an effector of receptor tyrosine kinase (RTK) signaling. Although the 
developmental consequences of phosphorylation of HES6 by MAPK are presently 
unknown, a number of observations in  Drosophila  point to a role in the regulation of 
E(spl) proteins. For example, epidermal growth factor receptor (EGFR) signaling is 
known to be active during R8 selection [ 143 ], as is active (   dual-phosphorylated) MAPK 
[ 144 ], and loss of  Drosophila  EGFR leads to the emergence of extra, supernumerary 
R8s, a phenotype akin to that upon loss of E(spl) or CK2 (see above).    Additionally, 
removal of the canonical EGFR/MAPK target protein pointed has no effect of R8 
development [ 145 ], further suggesting that RTK signaling impinges upon noncanoni-
cal substrate such as E(spl). These fi ndings thus raise the prospect that E(spl)-M8 activ-
ity is regulated through multisite phosphorylation and that PTM affords a means to 
fi ne-tune M8 activity in vivo. Indeed, our ongoing studies are revealing that the hyper-
active CK2-mimetic M8-S 159 D variant is rendered inactive by replacement of Ser 151  (of 
the PxSP motif) with Ala (Bandyopadhyay and Bidwai, unpublished). The possibil-
ity is thus high that two regulatory inputs (CK2 and MAPK) modulate Notch pathway 
activity through phosphorylation of M8. The potential roles for the additionally conserved 
Ser residues in the P-domain of M8 (Fig.  2 ) are discussed below.  

11     Control of E(spl) Activity Through Multisite 
Phosphorylation 

 The close clustering of the CK2 and MAPK sites in M8 (Fig.  5a ) raises immediate 
questions on their order of modifi cation, their effects on repressor activity, and 
the potential roles for the two additionally conserved Ser residues that lie between 
the two kinase sites. In this section, we discuss the potential interplay between the 
four Ser residues of the P-domain in control over M8 activity.  
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 The accumulation of evidence for multisite phosphorylation now hints at the 
possibility of a sophisticated regulation of E(spl) activity. Thus far, we have impli-
cated CK2 as a potentiator of M8-mediated repression of proneural gene activity and, 
by proxy, the repressive capabilities of Mγ, M5, and M7. Given the elaborate mea-
sures required to activate M8, it stands to reason that subsequent modifi cations may 
have opposite effects. In such a scenario, two likely downregulatory mechanisms 
emerge: dephosphorylation via phosphatase activity and phosphodegron- mediated 
protein degradation. 

  Fig. 5    Model for regulation of M8 through multisite phosphorylation. ( a ) E(spl)-M8 CtD matches 
the canonical Slmb-consensus site. Human HES6 (h-HES6) may encode a noncanonical motif for 
recognition by β-TrCP. Phosphoserine (denoted as pS) can be substituted by Asp or Glu. ( b ) CK2 
and MAPK phosphorylations activate M8 and prime for modifi cation by CK1 and GSK3-β. M8 
downregulation is facilitated by PP2A (dephosphorylation) and Slmb (ubiquitylation). Although 
CK2 and MAPK potentiate M8 repressor activity, the immediate effect of phosphorylation by CK1 
and GSK3-β is unclear. ( c ) Notch signaling oscillates throughout  Drosophila  retinal differentia-
tion, similar to cycles of Notch activity observed in somitogenesis       
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11.1     PP2A Opposes M8 Activity via Dephosphorylation 

 M8 serves a distinct, temporally isolated role in its repression of Atonal, because 
neither early nor late M8 expression perturbs patterning of the developing retina 
(Fig.  5c , see [ 131 ,  132 ]). The dynamism required of cells of the eye disc strongly 
suggests that M8 is subject to a shutoff mechanism that is as potent and rapid as the 
processes governing its activation. Interestingly, CK2 interacts with PP2A [ 146 ], 
supporting a role for this phosphatase as an antagonist of either CK2 or, potentially, 
other local sites on CK2 target proteins. 

 The PP2A holoenzyme features three subunits, A, B, and C [ 147 – 149 ].    A-subunit 
acts as a scaffold, C-subunit provides catalytic activity, and B-subunit confers sub-
strate specifi city to the C-subunit, whose shallow active site precludes binding to 
target proteins. Previous studies have implicated the C-subunit microtubule star 
(Mts) in opposition to Notch signaling [ 150 ]. However, the  Drosophila  genome 
encodes a number of known or putative B-subunits to the PP2A holoenzyme. We 
have recently reported the identifi cation of Widerborst (Wdb) as the PP2A B-subunit 
that recognizes M8 as substrate [ 151 ]. Unique among B-subunits, Wdb loss of func-
tion interacts with multiple Notch alleles, in all cases resulting in enhanced Notch 
signal output. In support of Wdb as a direct modifi er of HES activity, the CK2- 
phosphomimetic variant M8-S 159 D was expressed under the control of a heterolo-
gous, Notch-independent transactivator. In congruence with the modifi cation of 
Notch alleles, Wdb modulates the eye defects elicited by M8-S 159 D; activity was 
enhanced by Wdb loss of function but suppressed by Wdb gain of function. Such 
evidence supports a direct role for Wdb and PP2A in mitigating M8 repressor activ-
ity and similar roles in the regulation of HES members with similar CtD architec-
ture such as Mγ, M5, and M7 (see Figs.  2  and  3 ).  

11.2     Phosphodegron-Mediated Clearance of M8 

 Interestingly, a large-scale  Drosophila  screen of protein–protein interactions [ 152 ] 
revealed M8 as an interaction partner with supernumerary limbs (Slmb). Slmb, the 
ortholog of mammalian β-TrCP, is the F-box component of the SCF E3-ubiquitin 
ligase that is responsible for the identifi cation of substrate fated for degradation via 
the 26S proteasome. Slmb has been shown to interact with the acidic D/E-D/E-G-
ϕ- x-D/E sequence motif, where D/E can be equally represented by pSer/pThr. 
The regulation of several conserved signaling pathways relies upon the modifi ca-
tion or degradation of transcription factors that bear such phosphodegrons, such as 
cubitus interruptus (Ci) of the Hedgehog pathway and β-catenin of the Wg/Wnt 
pathway [ 153 ] and, more broadly, the cell-cycle regulator Cdc25a [ 154 ]. Notably, 
Slmb lacks a documented interaction with any core components of the Notch 
signaling pathway. 
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 The Slmb-consensus motif occupies residues 154–159 of the M8-CtD (SSGYHS, 
Fig.  5a ), and a similar, acid-rich motif is present in human HES6. The most conser-
vative defi nition of the Slmb consensus requires phosphorylation of Ser 154 , Ser 155 , 
and Ser 159  of M8-CtD. As previously discussed, Ser 159  is modifi ed by CK2, and 
Ser 151 , located just three residues upstream of the putative phosphodegron, may be 
modifi ed through EGFR/MAPK, leaving the modifi cation of residues 154 and 155 
to question. Using the dually phosphorylated M8-CtD (pSer 151+159 ) as a template, the 
conserved kinases CK1 and GSK3-β could modify both Ser 154  and Ser 155 , respec-
tively, eliciting formation of the Slmb phosphodegron.  

11.3     Cooperativity of Wdb and Slmb Interactions 

 The suggestion of proteasomal degradation of several E(spl) members elicits several 
questions. Under most circumstances, phosphatase activity would appear to contra-
indicate the formation of a phosphodegron. Clearance of M8 as cells are emerging 
from the MF would downregulate Notch signaling following completion of lateral 
inhibition; thus, phosphatase activity against any phosphorylated residue of the 
degron would predictably enhance E(spl) activity. However, Wdb opposes M8-S 159 D 
function, arguing against the possibility that PP2A opposes modifi cation at the CK2 
site. Thus, Ser 151  is the only suitable target for phosphatase activity that reconciles 
the tandem employment of phosphodegron formation and local dephosphorylation, 
allowing both pathways to contribute to reducing E(spl) activity. 

 We therefore propose a mechanism (Fig.  5b ) where CK2 and MAPK fi rst phos-
phorylate residues 151 and 159, which prime for subsequent phosphorylation of 
residues 154 and 155. With the completion of the phosphodegron, Ser 151  can then be 
dephosphorylated with no apparent impact on Slmb interaction. Thus, Wdb and 
Slmb might cooperate to extinguish M8 through two steps: fi rst, Wdb dephosphory-
lates Ser 151  to reduce M8 activity and second, Slmb facilitates ubiquitylation and 
proteasomal degradation. Furthermore, we fi nd it no coincidence that this putative 
phosphodegron exists in the CtDs of those E(spl) members that may be subject to 
repeated, sequence-specifi c phosphorylation events (see below). In the least, those 
members that require phospho-activation (a temporally regulated event) might also 
require a robust method to ensure a timely shutdown.   

12     CK2, Eye Development, and the Nonredundancy 
of E(spl) Proteins 

 As stated above, the selection of the R8 photoreceptor from a cluster of Atonal- 
positive cells closely correlates with the expression of three E(spl) proteins, 
i.e., M8, Mδ, and Mγ, and in only those cells destined for the non-R8 fate [ 100 ]. 
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To confer the R8 fate, Atonal must directly interact with the product of the 
 daughterless  gene [ 155 ], and dimers of Atonal + Daughterless [ 156 ] then activate 
transcription of the downstream gene  senseless , which is essential for R8 cell dif-
ferentiation [ 157 ]. It seems counterintuitive that M8, Mδ, and Mγ would be redun-
dant for repression of Atonal, because they markedly differ in the CtD length 
and sequence, its region of ID, and the organization/spacing of the kinase sites for 
regulation by PTM. In addition, genetic evidence supports the aforementioned argu-
ment. For example, forced expression of only Mδ can repress Atonal activity, albeit 
weakly [ 100 ], but this protein is unlikely to be the primary repressor of Atonal 
because animals homozygous for mutation of the  mδ  transcription unit do not dis-
play sustained Atonal activity or signifi cantly perturbed eyes [ 158 ]. This is in con-
trast to M8, whose mutation ( E(spl)D ) severely impairs eye development by 
dominantly repressing Atonal. Overexpression of Mγ during R8 photoreceptor 
patterning elicits no eye defects (Jozwick and Bidwai, unpublished), in a manner 
akin to wild-type M8. Moreover, E(spl) proteins form homo-/heterodimers and 
directly interact with Atonal, Daughterless, and Senseless in yeast two-hybrid 
assays. The possibility thus remains that homo-/heterodimers of E(spl) proteins 
interact in a target-specifi c (differential) manner with Atonal, Daughterless, or 
Senseless in vivo, an aspect that cannot be discerned in explicit two-hybrid assays. 
Systematic biochemical and genetic analyses will be required to identify which 
E(spl) proteins form heterodimers with Mγ and if phosphorylation infl uences their 
binding in a preferential manner with Atonal, Daughterless, or Senseless. 

 In summary, preponderances of E(spl) proteins are targets of CK2 and conserve 
a site for MAPK, implicating these protein kinases in regulating Notch signaling 
and serving as a node between the Notch and EGFR pathways. These sites of phos-
phorylation co-localize with regions that are predicted to be intrinsically disordered 
but are positioned differently in each isoform, raising the prospect that these bHLH 
repressors do not serve redundant (anti-neural) functions. Although the roles of 
multisite phosphorylation (of M7, M5, Mγ, and HES6) remain to be resolved during 
development, our studies suggest that PTM is likely to be more central to these 
proteins than has been recognized [ 159 ]. Future efforts are needed to clarify the 
roles of phosphorylation in dimerization of E(spl) proteins, their ability to bind and 
repress proneural factors such as Atonal, Daughterless, and Senseless, and deter-
mine if these modifi cations occur in a tissue-specifi c manner in the developing ner-
vous system and elsewhere. 

 We believe that our fi ndings have implications on the oscillatory nature of Notch 
signaling. For example, somitogenesis requires, in addition to RTK signaling, 
employment of a “ Notch clock ,” in which periodic activation of the Notch pathway 
allows for proper segmentation of somites from unspecifi ed mesoderm [ 71 ]. It 
stands to reason that both periodic Notch signaling and, therefore, cyclical E(spl)/
HES expression are anciently conserved characteristics of bilaterian development. 
Routine, wavelike modulation of E(spl)/HES expression would likely be accompa-
nied by mechanisms to ensure timely downregulation of E(spl)/HES function, such 
as those that we have discussed. PTM regulation of E(spl)/HES proteins would 
then constitute an anciently conserved mode of regulating this aspect of periodic 
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Notch activity. Interestingly, differentiation of the  Drosophila  eye disc features 
periodic Notch signaling, fi rst in R8 resolution and twice again in determination of 
R1–R7 photoreceptors (Fig.  5c ). Even though the eye disc may appear to be dis-
tinct, the underlying mechanisms are unlikely to be fundamentally different. Such 
similarities strengthen the likelihood that our fi ndings derived from  Drosophila  
neurogenesis have implications on E(spl)/HES in somitogenesis and other contexts 
requiring repeated (pulsatile) Notch signaling. 

 Given the close associations between CK2, MAPK, and cancer, it will be of inter-
est to determine if altered activities of these kinases result in defective Notch signaling 
[ 160 ], which has been linked to broad-spectrum diseases, such as Alagille syndrome 
[ 161 ] and Williams–Beuren syndrome, and disorders affecting the immune system 
[ 75 ], cardiac development [ 162 ], and cancer [ 37 ,  163 ,  164 ], and is increasingly being 
recognized as an important target for therapeutic intervention [ 165 ].     
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      Tissue-Specifi c Functions and Regulation 
of Protein Kinase CK2 
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and     Mathias     Montenarh    

    Abstract     CK2 is a ubiquitously expressed protein kinase which seems to be 
required for the viability of cells. An increasing number of CK2 substrates raise the 
questions how CK2 can phosphorylate so many different substrates and how these 
phosphorylation reactions are regulated. One key answer to these questions seems 
to be the subcellular localization of CK2 and its individual subunits. Here, we have 
addressed another strategy for the regulation of CK2, i.e. a tissue-specifi c expres-
sion, subcellular localization and tissue-specifi c substrates. In the case of pancreatic 
β-cells, we show that there is a hormonal impact by insulin which is similar to the 
hormonal regulation by androgens in prostate cancer cells. Furthermore, the subcel-
lular localization of CK2 is specifi cally regulated by the metabolic status, i.e. glu-
cose concentration in the pancreatic β-cells. Also the enzymatic activity as well as 
the binding to a pancreas-specifi c transcription factor Pdx-1 is modulated by the 
glucose concentration in pancreatic β-cells. Furthermore, the CK2 kinase activity 
seems to be an important survival factor for pancreatic β-cells. Thus, one key for the 
understanding of the pleiotropic effects of CK2 seems to be the determination of the 
regulation of CK2 in specifi c tissues.  

  Keywords     Protein kinase   •   CK2   •   Phosphorylation   •   Pancreas   •   Islet   •   Beta cells   • 
  Transcription factor  

1         Introduction 

 In 1954 Burnett and Kennedy fi rst described protein kinase CK2 (formerly known 
as casein kinase 2) in rat liver extracts [ 1 ]. Meanwhile protein kinase CK2 has been 
investigated in many organisms from yeast to man. It turned out that CK2 is a pleio-
tropic and ubiquitously expressed serine and threonine kinase, which is highly con-
served during evolution. The predominant form of CK2 in mammalian cells is a 
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holoenzyme consisting of two catalytic CK2α or CK2α′ subunits and two non- 
catalytic β subunits [ 2 ,  3 ]. There is increasing evidence that the individual subunits 
have functions different from the holoenzyme. Although CK2α and CK2α′ genes 
are located on different chromosomes, both proteins share 90 % sequence identity 
in the N-terminal 330 amino acids [ 4 ]. In the C terminus CK2α has a 20-amino-
acid- long tail not present in CK2α′. CK2α is phosphorylated by cdk1 in a cell cycle- 
dependent manner [ 5 ,  6 ]. These phosphorylation sites are all located within the 
unique region of the CK2α subunit. This may be the reason for the functional differ-
ences between CK2α and CK2α′. CK2β is autophosphorylated by CK2α and also 
by cdk1 in a cell cycle-dependent manner [ 7 ]. A number of studies have shown that 
CK2 can also be phosphorylated by other protein kinases [ 6 – 10 ]. It remains, how-
ever, to be elucidated whether phosphorylation of the subunits indeed plays a role in 
the regulation of CK2. Crystallographic data shed more light on the composition of 
the holoenzyme where a dimer of CK2β binds two CK2α or CK2α′ [ 11 – 14 ]. 
Experiments in yeast and mice have demonstrated that CK2α and CK2β are essen-
tial for viability [ 15 – 18 ]. In contrast CK2α′ knockout mice are viable, but male 
mice are infertile due to a defect in spermatogenesis [ 19 ,  20 ]. These results indicate 
a specifi c function of CK2α and CK2α′ which cannot be compensated by either of 
the two. This specialization cannot be explained by major differences in the enzy-
matic activity of CK2α and CK2α′ because both proteins have identical catalytic 
sites. CK2 seems to have some features which are not shared with other protein 
kinases. CK2 belongs to the rather few kinases that can use either GTP or ATP as 
phosphate donors. Furthermore, CK2 mainly phosphorylates serine or threonine 
residues within a cluster of acidic residues [ 21 – 23 ]. A minimal consensus sequence 
for CK2 has been defi ned as S/T-X-X-D/E, where X can be any amino acid. 
Interestingly, phosphoserine or phosphotyrosine can be used as an acidic residue 
within the consensus sequence indicating that CK2 might play a role in hierarchical 
phosphorylation events. So far, CK2 is regarded as a constitutively active, second-
messenger- independent protein kinase [ 24 ,  25 ]. There are now many reports on 
cellular regulators of CK2 [ 26 – 29 ]. Although we are far away from understanding 
how CK2 is regulated, an interaction of CK2 with cellular proteins or other factors 
in the cells seems to be one regulatory mechanism for CK2. 

 One other regulation for CK2 seems to be its subcellular localization. CK2 was 
found from the nucleus to the plasma membrane, and it seems that CK2 phosphory-
lates substrates at specifi c subcellular localizations [ 30 ]. Furthermore, binding part-
ners of CK2 might help to target CK2 to specifi c localization within the cell where 
the enzyme meets certain substrates.  

2     Tissue-Specifi c Expression and Regulation of CK2 

 CK2 is not only distributed in various locations in the cell as mentioned above but 
also at different stages of development and in all tissues of higher organisms. In a 
detailed study Maridor et al. investigated the relative distribution of mRNAs for 
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CK2α, α′ and β subunits in chicken tissues [ 31 ]. Most strikingly the expression of 
CK2β was not balanced with the expression of CK2α and CK2α′. Furthermore, 
most tissues were found to express one of the two catalytic subunits predominantly. 
In 1994 Mestres et al. detected CK2 in nearly all organs of the mouse embryo [ 32 ]. 
It was further shown that the level of CK2 transcripts usually correlates well with 
the protein expression profi le. In the skin, however, high levels of transcripts were 
found, whereas the protein expression level was low. It was further shown that the 
rat brain in general expressed higher levels of CK2 than other tissues. Thus, this 
observation was an early indication for a tissue-specifi c expression of CK2 which 
might indicate a different and specifi c activity in certain tissues and organs [ 33 – 35 ]. 
Furthermore, the CK2α′ subunit is more abundant in neurons than in glia cells 
which supports the idea about individual functions of CK2α and CK2α′ and which 
might indicate tissue-specifi c activities for each of these subunits. As reported by 
several authors, beside the brain, high activities and expression levels were found 
for rat and mouse testes [ 36 – 38 ]. For other organs and tissues, there are controver-
sial reports about the CK2 expression level or CK2 activity which might be due to 
differences in the methods applied for the analysis [ 19 ,  36 – 41 ]. 

 CK2 is not only highly abundant in the brain; there are also a number of sub-
strates for CK2 in synaptic and nuclear compartments, which have implications for 
information storage, synaptic plasticity, synaptic transmission and neuritogenesis 
and development [ 42 ]. CK2 kinase activity was found in all brain regions such as 
the cortex, septum, hippocampus, caudate-putamen, thalamus, olfactory bulb, cer-
ebellum and spinal cord [ 40 ,  43 – 45 ]. The expression of the CK2 subunits was 
mainly analyzed by the immune reactivity in different areas of the brain [ 40 ,  46 ]. 
Blanquet already described a long list of potential and confi rmed substrates of CK2 
such as signalling molecules, cytoskeleton and structural proteins, transcription fac-
tors and DNA replication factors which play a role in the nervous system [ 42 ]. 
Furthermore, there is accumulating evidence that CK2 plays a role in neurodegen-
erating diseases, although the mode of action is not yet well understood [ 46 – 49 ]. 
Interestingly, immunohistochemical studies on Lewy bodies, one of the hallmarks 
of Parkinson’s disease, revealed positive staining for CK2β but not for CK2α [ 50 ], 
indicating individual functional roles of CK2 subunits in the brain and brain disor-
ders. This observation is further supported by recently published experiments where 
CK2β was shown not to be essential for central nervous system development [ 51 ]. 

 Another tissue that has been thoroughly investigated for CK2 and its specifi c role 
in proliferation regulation is the prostate. Already in 1971 Ahmed and his co- 
workers started studies on the role of CK2 in the prostate [ 52 ]. It was rapidly shown 
that alterations in the CK2 activity depending on the androgenic status were due to 
a rapid shuttling of CK2 from chromatin structures into the nucleus and to the 
nuclear matrix [ 53 ,  54 ]. Furthermore, androgen withdrawal in rats was followed by 
a rapid loss of CK2 from nuclear compartments [ 55 ] and induction of apoptosis. 
Administration of androgens resulted in a rapid shuttling of CK2 to the nuclear 
matrix which goes along with elevated cell growth and suppression of apoptosis. 
These data are clear indications for a tissue-specifi c signalling on CK2.  
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3     Expression, Subcellular Localization and Regulation 
of CK2 in Pancreatic β-Cells 

 An implication of CK2 in another tissue, namely, the pancreatic β-cells, was fi rst 
described in 1997 [ 56 ]. Zhang and Kim showed that a glucose-induced expression of 
the acetyl-CoA carboxylase is partly blocked in the presence of CK2α. This inhibi-
tory effect was not observed in the absence of glucose or at low glucose concentra-
tion. It turned out that the transcription factor Sp1 regulates the promoter of acetyl-CoA 
carboxylase. Sp1 is a substrate for CK2, and Sp1 phosphorylation by CK2 downregu-
lates its DNA binding activity. On the other hand, elevated glucose concentration in 
β-cells of the pancreas is the signal for the synthesis of insulin and its release from 
β-cells. Whether there is a link between the regulation of the transcription factor Sp1 
by CK2 phosphorylation and the insulin production and secretion was not addressed. 
It was, however, shown by Sommercorn et al. that insulin stimulates CK2 kinase 
activity in pre-adipocytes and not in pancreatic β-cells [ 57 ,  58 ]. Years later a very 
similar stimulation of the CK2 kinase activity was demonstrated also in pancreatic 
β-cells without affecting the CK2 protein level [ 59 ]. 

 Further support for a role of CK2 as a mediator of the insulin metabolism came 
from experiments which demonstrated that CK2 phosphorylated the transcription 
factor Pdx-1 at threonine 231 and serine 232. The sequence around these two phos-
phorylation sites is highly conserved in the animal kingdom indicating a functional 
unit of general importance. Pdx-1 is a crucial factor for the glucose-stimulated insu-
lin synthesis. It turned out that inhibition of the CK2 kinase activity stimulates the 
transactivation of the insulin gene [ 60 ]. The same results were obtained with a 
Pdx-1 mutant where the CK2 phosphorylation sites were mutated to alanine resi-
dues indicating that Pdx-1 phosphorylation by CK2 might play a role in the regula-
tion of the transcription of insulin. It was further shown that inhibition of CK2 
activity led to an increase in the amount of insulin which was released from the 
pancreatic β-cells. 

 Pancreatic β-cells are highly sensitive to alterations in the glucose level. 
Therefore, it was an interesting question whether CK2 might also be involved in 
the glucose- mediated signalling in this type of cells. It was recently shown that 
CK2α is co- localized with Pdx-1 in primary mouse islets [ 61 ]. Moreover, further 
experiments showed that Pdx-1 and CK2α not only co-localized, but they can also 
be co- precipitated from extracts of primary mouse islet. A Duolink ®  in situ proxim-
ity ligation assay (PLA) confi rmed binding of CK2α to Pdx-1 in pancreatic islets. 
Immunofl uorescence studies revealed that the subcellular localization of CK2 and 
of Pdx-1 was glucose sensitive, i.e. in the absence of glucose, Pdx-1 and CK2 
reside in the cytoplasm, whereas after addition of glucose, both proteins were 
translocated into the nucleus. Kinetic experiments revealed that Pdx-1 and CK2 
were translocated independently and with a different kinetic into the nucleus. Only 
under high glucose concentration CK2α and Pdx-1 were bound to each other which 
was detected by co-immunoprecipitation as well as by PLA. The glucose sensi-
tivity seems to be restricted to glucose-sensitive pancreatic β-cells, because in 
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glucose-insensitive pancreatic β-cells, CK2α and Pdx-1 were both located in the 
nucleus at low and high glucose concentration [ 61 ] (Fig.  1 ). In order to analyze the 
subcellular localization of CK2α in totally different tissues, we used the hormone-
sensitive prostate cancer cell line LNCaP [ 62 ] and embryonal endothelial cells 
(eEND) [ 63 ]. As shown in Fig.  2a, b  in both cell lines under low and high glucose 
concentrations, CK2α was located in the cell nucleus. Thus, these results further 
support the idea that glucose is a regulator for the subcellular localization of Pdx-1 
and CK2 in glucose-sensitive cells.   

 Pdx-1 has been shown to be phosphorylated by CK2 at threonine 231 and serine 
232 [ 60 ]. Therefore, in the next step we asked whether the CK2 phosphorylation of 
Pdx-1 might have an infl uence on the subcellular localization of Pdx-1. MIN6 cells 
were incubated without glucose for 8 h. As expected Pdx-1 and CK2α were found 
in the cytoplasm (Fig.  3a ). Then, cells were incubated with 25 mM glucose in the 
 presence of 50 µM TBB to inhibit CK2 enzyme activity. Cells were analyzed for the 
localization of Pdx-1 and CK2α after 2, 4 and 24 h. As shown in Fig.  3b , both Pdx-1 
and CK2α were found exclusively in the nucleus after 4 h. Co-localization of both 
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  Fig. 1    Regulation of the subcellular localization and binding of Pdx-1 to CK2 depending on the 
glucose concentration in pancreatic β-cells.  Arrows  show a stimulatory effect       
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proteins was demonstrated by merging the green fl uorescence for Pdx-1 with the red 
fl uorescence for CK2α which resulted in a yellow colour of the co-localized 
proteins.  

 In another experiment we transfected Pdx-1 in its wild type (myc-Pdx-1 WT ) or in 
its mutant conformation (myc-Pdx-1 T231A/S232A ) into the pancreatic β-cell line βTC-3. 
We analyzed the subcellular localization of the proteins by immunofl uorescence 
studies using an antibody directed to the myc-tag (Fig.  4 ). We never found a 
 difference in the localization of wild type or mutant-Pdx1 which supports the data 
obtained with a CK2 inhibitor.  

 Thus, we have found that the subcellular localization of Pdx-1 and CK2 is depen-
dent on a glucose stimulus in glucose-sensitive pancreatic β-cells and that the phos-
phorylation of Pdx-1 by CK2 presumably does not have an infl uence on its 
localization. 

 Diabetes type 2 is characterized by elevated levels of blood glucose owing to 
insulin resistance in the adipose tissue, muscle, liver and/or impaired insulin secre-
tion from pancreatic β-cells. To adapt to the increased metabolic load caused by 
insulin resistance, pancreatic islets usually respond with increased β-cell prolifera-
tion as well as by enhancing insulin production. Upon elongated exposure to high 
glucose, β-cells adaption fails and there is a progressive decline in β-cell function 
and survival. The underlying mechanisms for β-cell death remain to be clarifi ed. 
Here, we analyzed the fate of β-cells in the presence of high glucose. In order to 
study an infl uence of CK2 on cell viability, we counted pancreatic β-cells INS-1 
after treatment with different glucose concentrations and in the presence or absence 
of the CK2 inhibitor CX-4945. As shown in Fig.  5a , we found a slight reduction in 
the percentage of living cells after 24 h. There was no further drop in the percentage 
of living cells after 48 and 64 h. In the presence of CX-4945, we found, however, a 
considerable drop in the percentage of living cells after 48 h and even more pro-
nounced after 64 h. In the next step we addressed the question whether this drop in 
survival of the cells might be due to apoptosis. As a marker of apoptosis, we decided 

  Fig. 2    ( a ) Subcellular localization of CK2 under 0 mM ( a ) and 5 mM ( b ) glucose in LNCaP cells. 
LNCaP cells [ 71 ] were starved in glucose-free RPMI 1640 medium (Gibco) supplemented with 
1 % glutamine and 10 % (v/v) fetal calf serum for 5 hours before they were treated with 0 mM or 
5 mM glucose. After 4 h the cells on the coverslips were stained with rabbit antibody #26 against 
CK2α [ 72 ], rabbit antibody #30 against CK2α′ [ 72 ], rabbit antibody #269 against CK2β [ 72 ] and 
DAPI for nuclei staining. As secondary antibody, the FITC-labelled Alexa Fluor™ 594 was used. 
Immunofl uorescence was analyzed with a ZEISS Axioskop: Ocular (10×), objective (Plan 
APOCHROMAT 40 × Oil). ( b ) Subcellular localization of CK2 under 0 mM and 5 mM glucose in 
eEND cells. eEND cells [ 73 ] were starved in glucose-free Dulbecco’s Modifi ed Eagle’s medium 
(Gibco) containing 1 % glutamine supplemented with 10 % (v/v) fetal calf serum for 5 h before 
they were treated with 0 mM or 5 mM glucose. After 4 h the cells on the coverslips were stained 
with antibodies against CK2α, CK2α′, CK2β and DAPI for nuclei staining. As secondary antibody, 
the FITC-labelled Alexa Fluor™ 594 was used. Immunofl uorescence was analyzed with a ZEISS 
Axioskop. Ocular (10×), objective (Plan APOCHROMAT 40 × Oil)         
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to analyze the cleavage of poly ADP-ribose polymerase (PARP cleavage) as a late 
event in apoptosis. As shown in Fig.  5b , in the presence of normal glucose concen-
tration, there was no PARP cleavage for up to 48 h. In the presence of high glucose, 
PARP cleavage was already observed after 48 h under 25 mM glucose. Most inter-
estingly, in the presence of normal glucose concentration and in the presence of 
25 mM glucose, there was clearly a signal for the cleavage product of PARP when 
cells were in addition treated with the CK2 inhibitor CX-4945. These data show that 
treatment of pancreatic β-cells with high glucose concentrations leads to apoptosis 

  Fig. 3    Subcellular localization of Pdx-1 and CK2α under 0 mM ( a ) and 25 mM ( b ) glucose in 
MIN6 cells after treatment with 50 µM TBB. MIN6 cells [ 74 ] were cultured on coverslips and 
incubated in glucose-free DMEM containing 1 % glutamine supplemented with 15 % fetal calf 
serum and 100 µM β-mercaptoethanol for 8 h before incubation with 0 mM and 25 mM glucose 
and parallel treatment of 50 µM TBB. After 0.5, 2, 4 and 24 h, the cells on the coverslips were 
stained with the mouse monoclonal antibody against Clone 267712 (R & D Systems, Wiesbaden) 
Pdx-1 and CK2α (#26) as well as DAPI for nuclei staining. As secondary antibodies, the FITC-
labelled Alexa Fluor™ 488 and Alexa Fluor™ 594 were used. Immunofl uorescence was analyzed 
with a ZEISS Axioskop. Ocular (10×), objective (Plan APOCHROMAT 40 × Oil)       
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of pancreatic β-cells and that CK2 inhibition accelerates apoptosis. It was previously 
shown that 2.5 mM and 5 mM glucose stimulated CK2 kinase activity, whereas 
25 mM glucose already reduced the enzyme activity [ 61 ]. These results further 
 support our hypothesis that CK2 inhibition contributes a synergistic effect to high 
glucose conditions and potentiates apoptosis.   

4     Discussion 

 CK2 is a pleiotropically expressed protein kinase. This enzyme is absolutely essen-
tial for survival of cells which was demonstrated by the embryonic lethality of 
CK2α and CK2β knockout mice [ 17 ,  18 ]. One reason for the embryonic lethality 
might be the great number of cellular substrates which is already known to be 

  Fig. 4    Subcellular localization of myc-Pdx-1 WT  and myc-Pdx-1 T231A/S232A  in pancreatic β-cells. 
βTC-3 cells [ 75 ] were maintained in Dulbecco’s Modifi ed Eagle’s Medium (Gibco) containing 
5.5 mM  D -glucose and 1 % glutamine supplemented with 15 % (v/v) fetal calf serum and 100 µM 
β-mercaptoethanol (β-MSH). Cells were transfected with myc-tagged Pdx-1 WT  and Pdx-1 T231A/S232A  
constructs. Forty-eight hours post-transfection, cells were incubated with a mouse anti-myc anti-
body followed by FITC-labelled secondary antibody Alexa Fluor™ 488. DAPI was used as an 
indication of the nucleus. Immunofl uorescence was analyzed with a ZEISS LSM 510 confocal 
microscope       
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phosphorylated by CK2 [ 23 ]. Two    intriguing questions were: How can CK2 
 phosphorylate so many different substrates in the cell and how are these phosphory-
lation reactions regulated? One possible answer to these questions might be the 
subcellular localization of CK2 in various cellular compartments, which seems to 
be highly dynamic [ 64 ,  65 ]. By this dynamic process, CK2 can meet different 

  Fig. 5    ( a ) Viability of INS-1 cells in media with different glucose concentrations and inhibition of 
CK2 activity. INS-1 cells [ 73 ] were starved in glucose-free RPMI 1640 medium (Gibco) contain-
ing 10 % (v/v) fetal calf serum and 50 µM β-mercaptoethanol (β-MSH) as well as 1 mM sodium 
pyruvate. Cells were incubated for 24, 48 and 64 h in RPMI 1640 media with 0 mM, 5 mM or 
25 mM glucose. CK2 activity was inhibited by 10 µM CX-4945 (Selleckchem, Munich, Germany) 
or as control, cells were treated with DMSO, respectively. Cells were harvested and washed with 
PBS, and living cells were detected with the Luna™ automated cell counter (Logos Biosystems, 
Anyang City, Korea). For counting dead cells the cell suspension was mixed with 20 µl of the diazo 
dye trypan blue and counted. The graph shows the mean values of three counts. The standard 
deviation is indicated. ( b ) PARP cleavage in INS-1 cells in media with high glucose concentrations 
and CK2 inhibition .  INS-1 cells were incubated in media with 5 mM or 25 mM glucose with 
10 µM CX-4945 or DMSO as a control for 24 and 48 h. The cell extracts were analyzed on a 10 % 
SDS-polyacrylamide gel and transferred on a PVDF membrane by Western blotting. The blot was 
stained with antibodies against PARP (#95425, Cell Signalling, Frankfurt, Germany) and α-tubulin 
(Clone DM1A, Sigma-Aldrich, Munich, Germany)       
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substrates depending on their subcellular localization. Furthermore, there is increasing 
evidence for a tissue- specifi c expression of CK2 and their substrates. It may also 
be that CK2 phosphorylates specifi c substrates only in a particular tissue. Here, we 
have summarized recent fi ndings about the specifi c role of CK2 in β-cells of the 
pancreas which might have implications for diabetes. 

 We have shown that the subcellular localization of CK2 is regulated by the 
 glucose concentration, i.e. under low glucose conditions, CK2 is located in the cyto-
plasm, whereas under normal and high glucose, CK2 is found in the nucleus. Under 
the same conditions also the transcription factor Pdx-1 translocates from the cyto-
plasm into the nucleus. Moreover, this translocation of Pdx-1 and of CK2 seems to 
be independent of each other and independent from the phosphorylation of Pdx-1 
by CK2. Binding of Pdx-1 to CK2 was only detected under high glucose conditions. 
A re-localization of CK2 depending on the androgen level was reported for prostate 
cells [ 66 ,  67 ]. In this case CK2 was translocated from the nucleoplasm and  chromatin 
to the nuclear matrix. These two examples might indicate that tissue-specifi c signals 
are implicated in directing CK2 to distinct places in the cell where CK2 might meet 
specifi c substrates. One of these specifi c substrates in pancreatic β-cells is the tran-
scription factor Pdx-1. 

 Pharmacological inhibition of CK2 leads to apoptosis of cancer cells [ 68 ,  69 ], 
whereas normal healthy cells are unaffected [ 70 ]. Here, we demonstrated that high 
glucose led to apoptosis of pancreatic β-cells. Furthermore, inhibition of CK2 seems 
to accelerate this process, and moreover, also at low glucose concentration, CK2 
inhibition triggers apoptosis of pancreatic β-cells. These results indicate that CK2 
inhibition synergizes with high glucose concentration with respect to apoptosis 
induction. Thus, from the data known so far for pancreatic β-cells, CK2 seems to be 
implicated in the regulation of the synthesis of insulin. Elevated insulin production 
may induce an ER stress response. In the case of prolonged insulin synthesis, the 
ER stress response resists. In the case of a severe ER stress, cells go into apoptosis. 
One has to bear in mind these consequences for the pancreatic β-cells and insulin 
production when CK2 inhibitors are used for the treatment of cancer patients.     
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    Abstract     CK2 and Akt (also known as PKB) are two antiapoptotic protein kinases, 
which phosphorylate hundreds of substrates. While CK2 is constitutively active, 
Akt, under physiological conditions, is activated by external growth/proliferation 
signals. However, in cancer, on the one hand, the mechanism of Akt activation is 
frequently dysregulated and, on the other, CK2 is usually overexpressed. Both 
kinases are therefore involved in tumorigenesis and considered promising drug 
targets. 

 CK2 profoundly intersects the Akt signaling: it phosphorylates several compo-
nents of the Akt pathway, producing positive effects on stimulatory elements while 
blocking the inhibitory ones. The fi nal outcome is that CK2 potentiates the Akt 
survival message. 

 Here we summarize the major contact points between the two kinases, focusing 
on the direct connection due to the CK2-dependent phosphorylation of Akt1 Ser129, 
but also on different levels of integration, spanning from the Akt activation mecha-
nism at plasma membrane to the downstream effectors. It will be also highlighted 
how this orchestrated circuitry involving Akt and CK2 is aberrantly amplifi ed under 
certain pathological circumstances, offering sites for therapeutic intervention. 
However, we will also review recent fi ndings concerning specifi c regulation of dif-
ferent Akt isoforms by CK2, which can explain some of their divergent functions 
and warn against a too cursory pharmacological targeting of CK2/Akt, which 
instead can be planned only once a comprehensive picture of their connections in a 
specifi c tumor cell type has been depicted.  
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  Abbreviations 

   AML    Acute myeloid leukemia   
  B-ALL    B-cell acute lymphoblastic leukemia   
  CLL    Chronic lymphocytic leukemia   
  CML    Chronic myeloid leukemia   
  Fbxo9    F-box only protein 9   
  GF    Growth factor   
  NEP    Neprilysin   
  PAF    Platelet-activating factor   
  PD-1    Receptor programmed death 1   
  PH    Pleckstrin homology   
  PHLPP    Pleckstrin homology domain leucine-rich repeat protein phosphatase   
  PI3K    Phosphoinositide 3-kinase   
  PIP 3     Phosphatidylinositol-3,4,5-trisphosphate   
  Plk3    Polo-like kinase 3   
  PML    Promyelocytic leukemia gene   
  PP2A    Protein phosphatase 2A   
  T-ALL    T-cell acute lymphoblastic leukemia   
  Tel2    Telomere maintenance 2   
  TIF-1A    Transcription initiation factor I   
  Tti1    Tel2-interacting protein 1   

1           Introduction 

 Protein kinase CK2 is a ubiquitous and constitutively active Ser/Thr protein kinase, 
usually present in cells as a tetrameric holoenzyme composed of two catalytic and 
two regulatory subunits. α and the less represented isoform α′ are the catalytic sub-
units, while the β subunits form a dimer which has a major role in determining 
substrate selection [ 1 ]. CK2 is highly pleiotropic and phosphorylates hundreds of 
substrates, impinging on practically all cellular processes [ 2 ]; however, it has a rec-
ognized major function as an antiapoptotic agent. Several targets have been identi-
fi ed by which CK2 promotes cell survival and resistance to apoptosis (as reviewed 
in [ 3 – 6 ]); among them, there are different components of the PI3K/Akt pathway. 

 Akt, also known as PKB, is another prosurvival kinase, whose signaling is fre-
quently deregulated in cancer [ 7 ,  8 ]. Three different isoforms of Akt exist, named 
Akt1 (or PKBα), Akt2 (or PKBβ), and Akt3 (or PKBγ); they share the same activa-
tion mechanism [ 9 ], which relies on the phosphorylation of two key residues, 
Thr308 in the catalytic domain and Ser473 at the C-terminal hydrophobic tale 
(numbering refers to Akt1). Under physiological conditions, the Akt pathway is 
triggered by external growth/proliferation stimuli which, activating PI3K, promote 
an increased concentrations of PIP 3 ; this binds to the PH domain of Akt and recruits 
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it to the plasma membrane, where it can be activated by the action of the upstream 
kinase PDK1 (which phosphorylates Thr308) and of the complex mTORC2 (which 
phosphorylates Ser473). An alternative Ser473 kinase has been proposed, DNA-PK, 
whose action would be particularly important following DNA damage [ 10 ]. Once 
Akt is phosphorylated on Thr308 and Ser473 and the structural inhibition exerted 
by the PH domain is removed [ 11 ], the enzyme can move to its targets (largely rep-
resented by nuclear proteins), phosphorylate them, and produce its effects. These 
are mainly related to cell growth, proliferation, and survival, although important 
metabolic processes are also under the control of Akt, with different roles according 
to the specifi c Akt isoform (see below). As crucial elements of the PI3K/Akt signal-
ing under healthy conditions, several phosphatases have been identifi ed as able to 
turn off the pathway. In particular, the lipid phosphatase PTEN dephosphorylates 
PIP 3 , stopping the signal at an upstream level, while the Ser/Thr phosphatases PP2A 
and PHLPP1/2 have been shown to dephosphorylate the Akt residues Thr308 and 
Ser473, respectively [ 12 ]. Not surprisingly, the complexity of this signaling mecha-
nism, while allowing fi ne tuning, also offers numerous possibilities of malfunction-
ing; indeed, many cancers are characterized by upregulated PI3K/Akt signaling, 
and oncogenic mutations of individual components are also known [ 13 ]. 

 As mentioned above, Akt signaling is among the targets that CK2 exploits to 
execute its survival message. There are several cross points between the two kinases, 
with the global effect of potentiating the Akt signaling. This implies that even in the 
absence of gain-of-function mutations of Akt pathway components, its signaling 
can become hyperactive under cellular conditions where CK2 is aberrantly high, as 
typically occurs in cancer cells. 

 Here we review the different levels of interconnection between CK2 and Akt, 
which span along the whole pathway, starting from the plasma membrane and 
 getting the nucleus.  

2     The Paradox of PTEN Regulation by CK2 

 As mentioned above, PTEN is a lipid phosphatase which reverses the action of 
PI3K, thus preventing an excessive and untimely activation of PI3K/Akt signaling. 
Indeed, PTEN is considered a tumor suppressor, and several loss-of-function tumor-
igenic mutations have been identifi ed [ 14 ,  15 ]. 

 The phosphorylation of PTEN by CK2 has been known for several years [ 16 ]; 
the phosphorylated sites have been identifi ed at the C-terminus [ 17 ], the main tar-
gets being Ser370, Ser385, and Thr366 (this latter identifi ed as phosphorylated by 
other kinases as well, see below). Their phosphorylation was initially related to an 
enhanced stability of the protein, which becomes more resistant to proteasome deg-
radation. However, the C-terminal tail of PTEN has the double role of maintaining 
protein stability and inhibiting PTEN activity [ 18 ], and it was later evident that the 
phosphorylation of the C-terminal sites by CK2 was accompanied by a reduced 
catalytic activity. Consistently, overexpression of CK2 has been evoked to explain 
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why samples from T-ALL patients showed constitutive hyperactivation of the  PI3K/
Akt pathway without PTEN gene alterations and with PTEN protein levels para-
doxically higher than in normal T cells [ 19 ]. Similar data were reported for adult 
B-ALL specimens [ 20 ]. In summary, CK2, by phosphorylating PTEN, maintains a 
huge amount of an inactive form of the enzyme, thus providing potentiation of the 
PI3K signaling. CK2 overexpression can therefore be crucial for all those tumors 
where abnormal Akt activity is accompanied by higher, instead of lower, levels of 
PTEN protein compared to normal cells [ 21 ]. The scenario is further complicated 
by the observation that other kinases may contribute to the phosphorylation of the 
PTEN C-terminal sites: it has been found that GSK3β phosphorylates Ser362 and 
Thr366, with a hierarchical mechanism requiring a priming action of CK2 [ 22 ], and 
a negative-feedback loop has been proposed for the action of GSK3β, which is 
inhibited by the Akt-mediated phosphorylation. Moreover, it has been found that 
also Plk3 phosphorylates Thr366 and Ser370 [ 23 ]. These other kinases are therefore 
expected to cross the action of CK2 in the regulation of PTEN function. However, 
the understanding of how their signals are integrated, and to which extent their 
effects synergize, is still largely unknown. 

 The direct phosphorylation of PTEN is not the only mechanism by which CK2 
counteracts the function of PTEN: it has been recently reported [ 24 ] that an interact-
ing partner of PTEN, neprilysin (NEP), is a substrate of CK2. NEP is a membrane 
metalloproteinase whose N-terminal cytoplasmic domain recruits PTEN to its site 
of action. When NEP is phosphorylated at Ser6 by CK2, it becomes unable to inter-
act with PTEN, which fails to localize at the plasma membrane and is no more able 
to dephosphorylate PIP 3 . We can therefore hypothesize that high levels of CK2 can 
cause Akt hyperactivation also by determining an excessive level of NEP 
phosphorylation. 

 The action of CK2 at the PTEN level has several physiological and pathological 
consequences. For example, it has been reported that the receptor programmed 
death 1 (PD-1), an inhibitor of T-cell receptor responses, acts by inhibiting CK2 
expression and activity, thus preventing the phosphorylation of the PTEN C-terminal 
sites [ 25 ]. Kang and coauthors [ 26 ] demonstrated that the CK2/PTEN connection is 
crucial for the Akt activation during PAF-mediated anaphylactic shock, and, for this 
reason, they propose CK2 as a possible target for the control of this pathological 
condition. 

 It has been also proposed that the signaling mediated by stimulation of leptin and 
adiponectin receptors requires the inhibition of PTEN due to its CK2-dependent 
phosphorylation; the adiponectin receptor (AdipoR1) has been also shown to physi-
cally interact with the regulatory β subunit of CK2 [ 27 ,  28 ]. 

 As schematically depicted in Fig.  1 , a multifaceted role is therefore recognized 
to CK2 in controlling PTEN functions; in cancer cells, where CK2 activity is abnor-
mally high, this level of CK2 action can be crucial to sustain Akt activity, as recently 
reviewed in [ 29 ].   
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3     The Direct CK2/Akt Cross Talk (Fig.  2 ) 

    Our previous work [ 30 ] has demonstrated that Akt1 is a direct target of CK2, both 
in vitro and in vivo; CK2 phosphorylates Akt1 at Ser129, a site located in the linker 
region, which connects the PH and the catalytic domain. The phosphorylation of 
this site, in addition to the canonical ones at Thr308 and Ser473, confers higher 
catalytic activity to Akt1, as judged from the phosphorylation of some of its sub-
strates, such as GSK3, FHKR, and AFX, implying that downregulation of CK2 
negatively affects Akt pathway even in PTEN-null cells [ 30 ]. These fi ndings sug-
gest that CK2 is a general and valuable target in order to counteract a hyperactive 
PI3K/Akt signaling, and in fact several papers have been published showing that 
treatment of different cancer cells with CK2 inhibitors produces the downregulation 
of Akt signaling. Without the pretension to be exhaustive, we can mention studies 
in blood cancer cells such as AML [ 31 ,  32 ], CLL [ 33 ], CML [ 34 ], and T-ALL [ 35 ], 
in prostate cancer cells [ 36 – 38 ], in breast cancer cells [ 39 ], in lung cancer cells 
[ 40 – 42 ], in glioblastoma [ 43 ,  44 ], in skin squamous cell carcinoma [ 41 ], or in thy-
roid cancer cells [ 45 ]. At present, the level of Akt1 phosphorylation at Ser129, 
checked by means of appropriate phospho-specifi c antibodies, is widely used as a 
reliable report of the cellular activity of CK2; being this site rapidly dephosphory-
lated upon blockage of CK2 activity [ 46 ], its analysis is particularly useful in stud-
ies on CK2 inhibitors. 

  Fig. 1    Regulation of PTEN functions by CK2. The PIP 3  concentration balance due to the action 
of PI3K and PTEN is represented. The indicated sites of CK2 intervention have the global effect 
of maintaining a high level of PIP 3 , with consequent potentiation of Akt signaling       
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 Although the exact mechanism by which phosphorylation at Ser129 activates 
Akt is still poorly understood, a number of observations and consequences have 
been reported. For example, we found that phospho-Ser129 stabilizes the associa-
tion of Akt with Hsp90 [ 47 ]; since the complex of Akt with this chaperone protein 
is known to protect Thr308 from dephosphorylation by PP2A [ 48 ], we concluded 
that Akt phosphorylation by CK2 promotes its maintenance in an active form. 
Ser129 phosphorylation has been later demonstrated to be required for the Akt- 
mediated upregulation of the β-catenin pathway: in particular, the increase in the 
β-catenin transcriptional activity, its nuclear localization, and the consequent over-
expression of survivin are prevented when a mutant of Akt1, not phosphorylatable 
at Ser129, is expressed [ 49 ]. 

 Phosphorylation of Akt1 on Ser129 was also revealed as a key element of the 
ephrin B3-mediated signaling, a pathway frequently deregulated in cancer [ 40 ]. 

  Fig. 2    Direct connections between CK2 and Akt. The mechanism of Akt activation is depicted, 
with full activity reached upon Thr308, Ser473, and Ser129 phosphorylation. Also shown are the 
effects of Ser129 in mediating Hsp90 recruitment and prevention of dephosphorylation by PP2A, 
Ser129 importance in the activation of β-catenin functions, and the Akt-mediated phosphorylation 
of α CK2 at Thr13 that regulates its activity toward TIF-IA. The Akt molecule is in green, showing 
its domain organization ( PH  pleckstrin homology domain,  KD  kinase domain,  HM  hydrophobic 
motif)       
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 Apart from these indirect effects of the CK2-dependent phosphorylation of Akt, 
the site location suggests a possible prominent role in Akt structural and functional 
features: Ser129 is in the linker region, a fl exible 40-amino-acid segment, which is 
expected to play a function in the regulation mechanism by which the PH domain 
can be “in” or “out” with respect to the catalytic domain, conferring close (inactive) 
or open (active) conformation states, respectively [ 50 ,  51 ]. In future, the determina-
tion of the PH/linker structure and of tridimensional connections to the other parts 
of the Akt molecule will be necessary to better understand the regulation mecha-
nism driven by Ser129 phosphorylation. It will also help in clarifying to which 
extent this phosphorylation is somehow dependent and/or correlates to those of the 
canonical sites, Thr308 and Ser473. Our preliminary results would suggest that, 
despite the constitutive activity of CK2, its phosphorylation of Akt is slightly 
increased under conditions of Akt stimulation, when also Thr308 and Ser473 are 
phosphorylated (unpublished results). 

 Another mechanism by which CK2 would control Akt is a physical interaction 
between the two kinases, which have been demonstrated to form a stable complex 
where both individual α and β subunits of CK2 bind to Akt; it has been proposed 
that this interaction enhances Akt kinase activity independently of CK2-mediated 
phosphorylation [ 52 ]. Therefore, CK2 would play a double direct role in the regula-
tion of Akt activity, exploiting two distinct mechanisms: protein phosphorylation 
and protein-protein interaction. 

 Further complexity in the interconnections between CK2 and Akt has been 
recently added by the report that CK2 itself is phosphorylated by Akt at Thr13. 
Interestingly, only once its Thr13 is phosphorylated, CK2 can phosphorylate tran-
scription initiation factor I (TIF-IA), which is an essential player in the transcrip-
tion of ribosomal DNA. The authors therefore propose that TIF-IA represents a 
key element in the concerted mechanism by which Akt and CK2 regulate rRNA 
synthesis [ 53 ]. 

 As it will be discussed below, the abundance of cooperative actions and intercon-
nections of CK2 and Akt with the common aim of promoting cell survival suggests 
that the exploitation of their combined inhibition may represent a promising strat-
egy for cancer therapy.  

4     Other Levels of CK2/Akt Cross Talk 

 Both CK2 and Akt are highly pleiotropic enzymes, counting more than 300 and 100 
substrates, respectively [ 2 ,  8 ]. In this multitude of targets, several additional points 
of connection between the two signaling pathways are expected, besides the well- 
known intersections described above. Among the many fi ndings already reported in 
this regard, we focus on the following ones. 
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4.1     The PML Connection 

 PML is a tumor suppressor whose phosphorylation by CK2 is known to promote its 
ubiquitin-mediated proteasomal degradation [ 54 ], and this is a proven mechanism 
by which CK2 favors tumorigenesis. However, PML is also crucial in the regulation 
of Akt activity, since it interacts with the two Akt phosphatases PP2A and PHLPP2. 
It has been reported that PML specifi cally recruits PP2A and Akt into PML nuclear 
bodies, allowing the dephosphorylation of the Akt activation site Thr308 [ 55 ]; 
Trotman and coauthors also confi rmed their results by showing that PML-null cells 
accumulate active Akt into the nucleus due to impaired PP2A phosphatase activity 
toward Akt. More recently, a similar mechanism has been described for PHLPP2, 
the phosphatase active toward phospho-Ser473 of Akt1: PML interacts with 
PHLPP2 in the nucleus and provides a scaffold platform for the functional interac-
tion of the phosphatase with Akt [ 37 ]. Therefore, both in the case of PP2A and of 
PHLPP2, the binding to PML has the effect of promoting Akt dephosphorylation 
and inactivation and represents a crucial element of the anti-survival and tumor sup-
pressor program driven by PML (Fig.  3a ). It is evident that, whenever CK2 activity 
is too high and PML is committed to proteolysis, as typically occurs in tumor cells, 
Akt is maintained more phosphorylated and more active (Fig.  3b ).   

4.2     The Hsp90/Cdc37 Connection 

 The chaperone system Hsp90/Cdc37 is an important target of CK2: both proteins 
are affected by CK2 which, by phosphorylating Cdc37 Ser13, regulates their activ-
ity in controlling the folding and the maintenance of a number of protein kinases in 
their active state [ 56 ]. Although this control by CK2 is quite unspecifi c and directed 
to several enzymes, it is evident that, being Akt among the major client proteins of 
Hsp90/Cdc37, a high activity of these chaperones has profound effects on Akt sig-
naling and undoubtedly represents a profi table strategy by which CK2 potentiates 
the Akt survival message.  

4.3     The mTORC Connection 

 Among the many substrates of CK2, Tel2 and Tti1 proteins have been identifi ed 
[ 57 ]. These proteins interact with mTOR and are essential components of the 
mTORC1 and mTORC2 complexes. While mTORC1 controls cell growth and pro-
tein synthesis (by activating S6 kinase 1), mTORC2 is responsible of Akt Ser473 
phosphorylation and regulates cell survival [ 58 ]. Fbxo9 is the ubiquitin ligase that 
mediates Tel2/Tti1 degradation. It has been demonstrated that, in multiple myeloma 
cells, Fbxo9 specifi cally targets Tel2 and Tti1 within mTORC1 only when they are 
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phosphorylated by CK2 which, in response to growth factor deprivation, has moved 
to the cytosol and co-localized with them. As a consequence, mTORC1 is inacti-
vated, while mTORC2 and Akt pathway are activated to sustain survival. 

 There could be several other CK2/Akt interconnecting points, suggested, for 
instance, by the identifi cation of common substrates or signaling pathways affected 
by both the kinases, mostly not investigated for their relationships, yet. Among 
them, we would just like to mention the likely intersection of CK2 and Akt pathway 
at the level of insulin signaling: while the metabolic role of Akt and its regulation of 
cellular response to insulin have been described in detail and are well-known events 
(see [ 8 ] for review), the implication of CK2 in this fi eld is still only poorly docu-
mented. It has been reported that insulin treatment of pancreatic β cells results in an 
elevated CK2 kinase activity, while, on the other hand, the inhibition of CK2 
increases the insulin level [ 59 ]. As reviewed in [ 60 ], CK2 has therefore a role in 

  Fig. 3    Effects of CK2 on the PML-dependent regulation of Akt. Two conditions are represented 
of low ( a ) and high ( b ) CK2 expression level, corresponding to normal or tumor cells, respectively. 
When CK2 activity is too high, PML is phosphorylated and sent to proteasome. The consequent 
low amount of PML prevents its association to the phosphatases PP2A and PHLPP2 and their 
targeting to Akt, with the consequence of a more phosphorylated and more active Akt       
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hormonal regulation of carbohydrate metabolism, and future work will possibly 
disclose its interplay with the Akt signaling also at this level. It has to be considered, 
however, that the primary Akt isoform in insulin-responsive tissues is Akt2; given 
the different regulation by CK2 of Akt1 and Akt2 (see below) not obvious connec-
tions are expected, and any preconception should be avoided on this regard.   

5     Isoform Specifi city in the Akt/CK2 Connection 

 Of the three isoforms of Akt, Akt1 and Akt2 are more ubiquitously expressed, while 
Akt3 is usually expressed at lower levels and with a more specifi c tissue distribution 
[ 61 ,  62 ]. 

 Despite the high homology of the isoforms, and their largely overlapping func-
tions, several isoform-specifi c functions have been identifi ed [ 63 – 66 ], and in par-
ticular an opposite effect on cell migration has been reported for Akt1 and Akt2: 
Akt1 exerts an anti-migration and anti-invasion role in some cancer cells [ 67 ], while 
Akt2, on the contrary, has a positive effect on cell motility (reviewed in [ 68 ]). 
Interestingly, a special role in differentiating Akt involvement in cell migration has 
been assigned to the linker region (where the CK2-dependent site is located), and a 
specifi c Akt1 substrate, palladin, has been also identifi ed whose phosphorylation is 
related to the effects of Akt1 on breast cancer cell migration [ 69 ]. The identifi cation 
of Ser129 as the CK2 site was initially obtained in Akt1-transfected cells [ 30 ]. The 
homologous site in Akt2, Ser131, still displays a consensus sequence for CK2 phos-
phorylation (Fig.  4a ); however, we have recently demonstrated that Akt2 is not a 
CK2 substrate in cells [ 70 ]. We have also found that the phosphorylation of Ser129 
by CK2 in Akt1 is essential for its recognition of palladin, providing an explanation 
of why Akt2, where the homologous site is not affected by CK2, is unable to phos-
phorylate this protein. This concept is schematized in Fig.  4b . The reasons of CK2 
failure to phosphorylate Akt2 are under investigation. Presently, we can exclude that 
it is determined by different subcellular localization or by the presence of a disulfi de 
bridge known to specifi cally occur in Akt2 in the vicinity of Ser131 [ 71 ].  

 We do not know whether other Akt isoform-specifi c substrates can be affected by 
Ser129 phosphorylation; however, the lesson learnt from the case of palladin suggests 
that this site can act as a sophisticated device, able to distinguish between isoforms 
and to dictate divergent cellular functions. It was already argued [ 72 ] that the pharma-
cological targeting of Akt has to be carefully considered in the light of the antimeta-
static role of palladin phosphorylation by Akt1 in certain cancer cells; in the scenario 
of CK2/Akt connection, we suggest to add caution also in planning the employment 
of anti-CK2 drugs, which, blocking Akt1 Ser129    phosphorylation, in some circum-
stances could enhance cell motility and invasive migration of cancer cells. 

 As far as the isoform specifi city is concerned in the frame of CK2/Akt relation-
ship, it is worth to mention that differences have been observed also from the side 
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of CK2: we found that the monomeric catalytic subunit α of CK2 is slightly more 
active than the tetrameric enzyme α 2 β 2  on Akt1, at least when Akt1 is already 
 phosphorylated at Thr308 and Ser473 [ 30 ]. Another intriguing observation is that 
the knockdown of the CK2 catalytic isoform α′ in pancreatic adenocarcinoma cells 
exerts more profound effects on the PI3K/Akt pathway than the knockdown of CK2 
α, which is also less effective in reducing Akt Ser129 phosphorylation [ 73 ]. 

 To which extent these fi ndings could have general validity and physiological 
relevance is still to be determined.  

  Fig. 4    Differential phosphorylation of Akt1 and Akt2 by CK2. ( a ) The structure organization of 
Akt1 and Akt2 is shown ( PH  pleckstrin homology domain,  KD  kinase domain,  HM  hydrophobic 
motif). The sequence surrounding Ser129 of Akt1 and the homologous site Ser131 of Akt2 are 
highlighted and aligned. Both sites display the minimal consensus for phosphorylation by CK2 
( underlined ), represented by an acidic residues at +3 position respect to the target site [ 74 ]. ( b ) The 
role of Akt1 phosphorylation at Ser129 in its targeting of palladin is represented ( left side ). As 
shown on the  right side , the absence of CK2-dependent phosphorylation can explain why Akt2 
does not phosphorylate palladin, permitting its pro-migration action       
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6     Conclusions 

 Most of the above described interventions of CK2 in the Akt signaling are summa-
rized in Fig.  5 . CK2, being constitutively active, is defi ned as a lateral player [ 6 ], 
acting in a fi gurative horizontal way on a vertical, stimulus- dependent pathway; this 
is highlighted once more by the multiple sites where CK2 exerts its modulation of 
the PI3K/Akt pathway. Considering that both CK2 and Akt are frequently upregu-
lated in cancer, one should conclude that CK2 inhibition is a potential antitumor 
therapy with the benefi t of also blocking Akt and its survival message. Indeed, the 
fi rst anti-CK2 drug is giving preliminary promising results in clinical studies [ 75 ]. 
In the light of their multifaceted cooperation, also the combined inhibition of both 
CK2 and Akt is expected to be highly successfully in inducing apoptosis of cancer 
cells. This approach has been already applied, showing, for example, that inhibition 
of the PI3K pathway potentiates the nocodazole-induced apoptotic response of cells 
treated with CK2 antisense oligodeoxynucleotides [ 52 ]; interestingly, Cheong and 

  Fig. 5    Lateral player action of CK2 on the Akt signaling. The fi gure summarizes several levels of 
CK2 intervention, whose effects are positive on the stimulatory components of the Akt pathway, 
while negative on the inhibitory ones       
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colleagues found that PI3K/Akt and CK2 inhibitors at subtoxic concentrations syn-
ergistically induce apoptosis in AML cells, while healthy hematopoietic stem cells 
are instead resistant [ 32 ].  

 However, as often happens, “all that glitters is not gold”: the divergent roles of 
Akt1 and Akt2, and our observation that CK2 can act by promoting an anti-migra-
tion role of Akt1, warn against cursory and hurried conclusions on the opportunity 
to inhibit CK2 as a general antitumor approach. We suggest that only a comprehen-
sive picture of the different connections between CK2 and Akt in a specifi c tumor 
cell type would allow to understand if, for that tumor, a therapeutic strategy could 
be proposed based on dual targeting these kinases.   
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      Cellular Zinc Signalling Is Triggered by CK2 

                Thirayost     Nimmanon     and     Kathryn     M.     Taylor    

    Abstract     Zinc is an essential trace element involved in various biological pro-
cesses. Too much or too little cellular free zinc can cause detrimental effects and cell 
death. The intracellular level of zinc is controlled by three groups of proteins: ZnT 
transporters (SLC30A, zinc exporters), ZIP channels (SLC39A, zinc importers) and 
zinc-binding proteins such as metallothioneins. Zinc channel, ZIP7, a hub of zinc 
release from the stores, has long been associated with aggressiveness and develop-
ment of anti-endocrine resistance in breast cancer. However, little is known about its 
regulatory mechanism. Recently, we have demonstrated that this ZIP channel is 
post-translationally triggered by CK2 phosphorylation on two cytoplasmic residues 
resulting in zinc release from the stores and activation of downstream effectors 
which lead to cancer growth. This CK2-triggered zinc release acts to inhibit multi-
ple protein tyrosine phosphatases, resulting in direct stimulation of normal growth, 
migration and, in increased amounts, also cancer growth. Interestingly, another ZIP 
channel, ZIP6, with a known role in EMT and cancer metastasis is also predicted to 
be phosphorylated by CK2. ZIP channels are therefore new substrates of CK2 that 
may help explain CK2-related cancer phenotypes, including cell proliferation, cell 
migration and metastasis.  

  Keywords     Zinc signalling   •   SLC39A7   •   ZIP7   •   CK2   •   Phosphorylation   •   Cancer  

1         The Importance of Zinc in Cells 

 Zinc is an essential trace element known to be involved in various biological pro-
cesses and required for normal cell growth and development. Even though there is 
only 30 nmol or 2 g of zinc distributed in all tissues and fl uids in the human body 
[ 1 ], we cannot live without it. In fact, it is the second most abundant metal, after 
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iron, in the human body. Zinc has been associated with more than 3,000 enzymes 
and proteins, which constitute approximately 10 % of the proteome [ 2 ,  3 ], and 
shown to be the only metal detected in all classes of enzymes according to the 
IUPAC system [ 4 ]. Not surprisingly, therefore, it plays important roles in virtually 
all cellular processes, being involved in signal transduction, gene expression and 
apoptosis [ 5 ]. We need zinc even before we are born, since zinc plays essential roles 
in embryogenesis and organogenesis [ 6 ]. Zinc is crucial for growth and develop-
ment [ 6 ], and proper zinc homeostasis may help prevent ageing-associated patho-
logical conditions [ 7 ]. Zinc is required for proper functions of immune system [ 8 ] 
and free radical scavenging system [ 9 ], protection of the body from invaders and 
protection of the cell from free radical damage. Furthermore, zinc participates in 
cellular metabolism, proliferation, growth and differentiation [ 1 ] and has been 
shown to function as a neuromodulator and signalling molecule in the brain [ 10 ]. 

 Importantly, zinc has been experimentally demonstrated in mast cells to be 
released from the cellular stores upon activation by an extracellular stimulus, 
producing a ‘zinc wave’ and activating multiple intracellular signalling cascades, 
thereby fulfi lling all the criteria of an intracellular second messenger [ 11 ]. This 
role of zinc is not limited to mast cells, but it has also been found in other types 
of cells, including normal cells such as lymphocytes [ 12 ] and abnormal cells 
such as breast cancer cells [ 13 ]. For example, zinc release from the stores in 
breast cancer cells was shown to lead to activation of multiple downstream sig-
nalling cascades, resulting in cell growth and invasion [ 14 ]. Furthermore, this 
emerging role of zinc as a second messenger demonstrates how the cellular 
effects of zinc from an extracellular stimulus can be observed on the time scale 
of minutes in contrast to the transcription and DNA-binding properties of zinc, 
which take hours or days to accomplish. Therefore, zinc signalling may have a 
signifi cant role in intracellular biological processes on a scale comparable to 
calcium signalling.  

2     Cellular Zinc Homeostasis and ZIP Channels 

 Zinc does not freely traverse cellular membranes. The movement of zinc ions across 
cell membranes therefore requires specifi c transport proteins, consisting of ZnT 
transporters (SLC30A) and ZIP channels (SLC39A). ZnT transporters, or zinc 
exporters, decrease cytosolic zinc bioavailability, probably via Zn 2+ /H +  exchange 
[ 15 ], by mobilising zinc from the cytoplasm to the cellular stores or eliminating zinc 
from the cell. In contrast, ZIP channels, or zinc importers, increase cytosolic zinc 
bioavailability by taking up zinc from the extracellular space or releasing zinc from 
the stores [ 16 ,  17 ]. In addition, zinc-binding proteins, particularly the cysteine-rich 
metallothioneins, orchestrate zinc homeostasis through a buffering reaction, con-
trolling the free zinc level within picomolar levels under steady-state conditions, 
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and a muffl ing reaction, modulating the transiently altered free zinc level under 
nonsteady-state conditions [ 18 ]. 

 According to the phylogenetic tree, human ZIP channels are classifi ed into four 
subfamilies: gufA subfamily (ZIP11), subfamily I (ZIP9), subfamily II (ZIP1-3) 
and LIV-1 subfamily (ZIP4-8, ZIP10 and ZIP12-14) [ 19 ] (Fig.  1 ). Using computer 
prediction analysis of the sequences, ZIP channels are proposed to have eight trans-
membrane (TM) domains with a long amino-terminus and a short carboxyl- terminus 
on the extracytoplasmic side, as well as a long histidine-rich cytoplasmic loop 
between TMs III and IV [ 20 ]. The cytoplasmic loop contains a histidine-rich repeat, 
defi ned as the presence of three to six consecutive HX motifs (H = histidine, X = any 
amino acid) [ 21 ], and is predicted to be the metal-binding site [ 19 ] (Fig.  2a ). 
Exclusively for the LIV-1 subfamily, all the members, including ZIP7, are shown to 
have additional histidine-rich motifs at their amino-terminus and extracytoplasmic 
loop between TMs II and III [ 19 ] (Fig.  2b ).   

 In contrast to all the other ZIP channels which are located on the plasma mem-
brane, ZIP7 and ZIP13 are localised to intracellular membranes. ZIP7 has been 
found in the ER [ 22 ] and the Golgi [ 23 ], whereas ZIP13 is detected solely in the 
Golgi [ 24 ]. ZIP7 and ZIP13 are therefore believed to play a role in the control of 
zinc release from intracellular stores rather than the acquisition of zinc from outside 
the cell. 

 Based upon the muffl er model, when zinc is taken up by a cell, the imported zinc 
is immediately muffl ed by the muffl er metallothioneins, which then deliver zinc to 
the internal stores, such as the ER, via a ZnT transporter, such as ZnT5, ZnT6 and 
ZnT7 [ 18 ,  25 ], depicted in a schematic shown in Fig.  3 . Upon the activation of ZIP7 
by CK2 phosphorylation [ 13 ], zinc is released from these stores via the ZIP7  channel 

  Fig. 1    Phylogenetic tree of human ZIP channels. Rooted phylogram was generated from the 
amino acid sequences of all the human ZIP channels retrieved from the NCBI database, using the 
ClustalW2 web service [ 66 ]; according to similarity of the sequences, human ZIP channels can 
be classifi ed into four subfamilies: GufA (ZIP11), subfamily I (ZIP9), subfamily II (ZIP1-3) and 
LIV-1 subfamily (ZIP4–8, ZIP10 and ZIP12–14)       
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which resides on the ER membrane and is proposed to be a hub for zinc release from 
the stores [ 26 ]. The released zinc in turn exerts its cellular effects via widespread 
inhibition of protein tyrosine phosphatases [ 27 ], resulting in activation of various 
tyrosine kinases [ 26 ]. To control the extent of zinc action, the metallothioneins muf-
fl e any excess zinc and eventually deliver it again to the cellular stores or alterna-
tively eliminate it from the cell [ 18 ] (Fig.  3 , dotted lines) via ZnT1 which is the only 
zinc exporter located on the plasma membrane [ 28 ].   

  Fig. 2    Topological model of ZIP channels. The predicted structure of ZIP channels ( a ) and ZIP7 
as a representative of the LIV-1 subfamily ( b ). In general, ZIP channels are proposed to have eight 
transmembrane domains, with a long extracytoplasmic amino-terminus, a long histidine-rich intra-
cytoplasmic loop between TM III and TM IV and a short extracytoplasmic carboxyl-terminus. 
Specifi cally, a histidine-rich region is defi ned as an area with a (HX) n  motif, where H signifi es 
histidine and X signifi es any amino acid residue and n ranges from 3 to 6. In contrast to other 
groups of ZIP channels, those in the LIV-1 subfamily have additional histidine-rich regions at their 
amino-terminus and extracytoplasmic loop between TMs II and III. HIS, histidine-rich repeats 
with number of histidine residues indicated       
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3     CK2 Triggers ZIP7-Mediated Zinc Release 

 To investigate if the ZIP channels could be activated by post-translational modifi ca-
tion such as phosphorylation, the sequences were screened for potential phosphory-
lation sites using a variety of online databases. In order to optimise the success of 
this screening, we only took forward those predicted sites that had also been detected 
in mammalian cells by mass spectrometry from whole genome phosphor screens 
[ 29 ,  30 ]. This approach still found multiple sites for ZIP7, including two consecu-
tive serine residues S 275  and S 276  [ 31 ], both of which reside in the intracytoplasmic 
loop between TMs III and IV. Interestingly, these residues are highly evolutionarily 
conserved in ZIP7 sequences of other species (Fig.  4 ) and match the CK2 consensus 
motif  S/T -X-X-E, where S is serine, T is threonine, E is glutamine and X is any 
amino acid. Furthermore, most of these sites contain many additional acidic resi-
dues downstream of the phosphorylation site, which has previously been shown to 
increase the likelihood of phosphorylation by CK2 [ 32 ,  33 ].  

 Importantly, we have experimentally confi rmed in a recent study that ZIP7 func-
tion is triggered by CK2 phosphorylation on serine residues S 275  and S 276  [ 13 ]. In 
this study, we showed that external stimulation, which activates zinc release from 
the stores, resulted in global tyrosine phosphorylation in the cells from 10 min after 
such stimulation [ 13 ]. This tyrosine phosphorylation was preceded by association 

  Fig. 3    Role of the muffl ing reaction in intracellular zinc homeostasis. According to the muffl er 
model, after zinc is taken up from the extracellular space via a ZIP channel, the cytosolic free zinc 
is immediately muffl ed by the cysteine-rich metallothioneins ( purple straight thick arrow ) and the 
zinc is then shuttled directly to the stores, such as the ER. Upon activation by CK2 phosphoryla-
tion, zinc is released from stores via a ZIP7 channel allowing inhibition of tyrosine phosphatases. 
Excess zinc ions can be delivered back to the stores or removed from the cells via a ZnT transporter 
( dashed arrows ).  MT  metallothioneins,  ER  endoplasmic reticulum       
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of CK2α with ZIP7, which was demonstrated both by immunoprecipitation and the 
relatively new method of proximity ligation assay. The latter method produces red 
fl uorescent dots when two molecules are within 40 nm, indicative of their physical 
interaction which can be fully quantifi ed [ 13 ]. This technique demonstrated binding 
of CK2α with ZIP7 which also caused serine phosphorylation of ZIP7 at 2 min after 
external stimulation [ 13 ]. CK2α binding to ZIP7 resulted in ZIP7-dependent zinc 
release from the stores 5 min after external stimulation and consequential activation 
of the downstream effectors of zinc store release such as AKT and ERK [ 13 ]. Both 
the zinc release and the activation of AKT and ERK were successfully prevented by 
CK2 inhibition confi rming that these changes were attributed to CK2 binding to 
ZIP7 and the subsequent zinc release [ 13 ]. 

 To confi rm the specifi c sites in ZIP7 to which CK2 bound, we performed site- 
directed mutagenesis, substituting the two serine residues S 275  and S 276  for alanine to 
prevent phosphorylation on these residues. The result showed that the mutation suc-
cessfully prevented CK2 binding, prevented ZIP7 serine phosphorylation, prevented 
ZIP7-mediated zinc release, prevented activation of the downstream effectors of 
zinc release and prevented ZIP7-driven cell migration [ 13 ]. 

 Taking all this data together, we have therefore demonstrated that CK2 triggers 
ZIP7-mediated zinc release from intracellular stores [ 13 ]. ZIP7 phosphorylation by 
CK2 on residues S 275  and S 276  was the trigger to open the ZIP7 zinc channel gate 
releasing zinc from the intracellular stores and increasing the zinc bioavailability in 
the cytoplasm. One major manifestation of this zinc release is the inhibition of 
widespread tyrosine phosphatases which will prevent deactivation of widespread 
tyrosine kinases and thus prolong the type of activation often associated with cancer 
[ 14 ]. This zinc release also causes activation of downstream effectors particularly 
mitogen-activated protein kinases (MAPKs) and AKT, collectively with activated 
tyrosine kinases resulting in promotion of cell growth and invasion [ 13 ] (Fig.  5 ). 

  Fig. 4    Alignment of ZIP7 channels in mammals. The peptide sequences of ZIP7 were aligned 
with the TCoffee alignment tool [ 67 ]. The 50 % identical ( black ) and complementary ( grey ) resi-
dues are shaded. ZIP7 is found in various mammals, including human, Sumatran orang-utan, chim-
panzee, rhesus monkey, dog, bovine, horse, pig, sheep, mouse and rat. The high conservation 
between the two serine residues in the intracytoplasmic loop between TM III and IV equivalent to 
S275 and S276 in human ZIP7 is indicated ( red box )       
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Additionally, both zinc [ 34 ] and AKT [ 35 ] have been shown to inhibitorily phos-
phorylate glycogen synthase kinase 3 beta (GSK-3β), a known suppressor of 
epithelial- mesenchymal transition (EMT) [ 36 ]. Zinc release from the stores there-
fore exerts its intensifi ed inhibitory effect on GSK-3β, both directly and through 
activation of AKT, and thereby potently contributes to cell migration (Fig.  5 ). This 
profound fi nding has inevitably supported the importance of this ZIP channel, ZIP7, 
as a gatekeeper of zinc release from the stores and a hub of tyrosine kinase activa-
tion in the cell [ 13 ,  26 ].   

4     ZIP7-Mediated Zinc Release Drives Aberrant Cancer Growth 

 Tissue-specifi c dysregulation of ZIP channel expression, with corresponding 
changes in cancerous tissue zinc level, has been implicated in many types of cancer 
[ 37 ,  38 ]. Among all the ZIP channels that have been implicated in cancers, ZIP7 

  Fig. 5    CK2 triggers ZIP7-mediated zinc release from stores and downstream effects. ZIP7 phos-
phorylation by CK2 on residues S 275  and S 276  triggers ZIP7-mediated zinc release from the intracel-
lular ER store [ 13 ]. The increased cytoplasmic zinc bioavailability directly causes activation of 
AKT [ 13 ,  14 ] as well as inhibition of both GSK-3β [ 34 ] and protein tyrosine phosphatases (PTPs) 
[ 27 ]. The activated AKT in turn activates multiple signalling pathways and causes inhibitory phos-
phorylation of GSK-3β [ 35 ], acting synergistically with zinc. The inhibition of PTPs results in 
widespread uncontrolled activation of tyrosine kinases. Given that GSK-3β is a known suppressor 
of EMT, AKT is a hub of multiple signalling pathways, and tyrosine kinases play various roles in 
carcinogenesis; CK2-triggered ZIP7-mediated zinc release from the ER ultimately promotes cell 
proliferation and migration [ 13 ,  14 ]       
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has been closely associated with breast carcinogenesis [ 38 ]. To investigate the 
clinical importance of ZIP7 in breast cancer patients, we correlated ZIP7 gene 
expression in breast cancer samples with clinical outcome using data available 
from the Oncomine database [ 39 ]. ZIP7 was shown to be one of the 10 % of genes 
whose overexpression are associated with poor prognostic states in terms of relapse 
rate, mortality rate and tendency to develop lymph node metastasis and invasion 
[ 26 ]. We have also supported the association of ZIP7 with clinical outcome in a 
small clinical series, demonstrating positive correlation of ZIP7 mRNA expression 
with indicators of breast cancer progression, including the proliferation marker 
Ki-67, the epidermal growth factor receptor ErbB3 and lymph node spreading [ 40 ]. 
Furthermore, the plot generated using the Kaplan–Meier plotter survival analysis 
tool [ 41 ] demonstrated that patients with high ZIP7 gene expression are associated 
with a decreased relapse-free survival when compared to those with low ZIP7 
expression (Fig.  6a ). The difference between the two groups starts to be detected at 
20 months after diagnosis and increases to 10 % at 120 months after diagnosis 
(Fig.  6a ). In comparison to ZIP7 expression, patients with high CK2 expression 
have an even more remarkable decrease in their relapse-free survival, since both 
high CK2α and CK2β expressions are associated with a decrease in the relapse-
free survival when compared to patients expressing lower levels of these genes. 
These differences between the groups are detected as early as 10 months after 
diagnosis and gradually increase up to 10 % at 40 months after diagnosis for both 
CK2α (Fig.  6b ) and CK2β (Fig.  6c ). Altogether, these fi ndings suggest that ZIP7 
plays an important role in breast cancer progression, thereby having great potential 
to be a clinical target for breast cancer treatment. However, given that ZIP7 gene 
expression does not have as much adverse impact on relapse-free survival as CK2 
expression, ZIP7 is likely to be just one of many substrates of CK2 that are respon-
sible for breast cancer progression.  

 In human breast cancer, ZIP7 has been shown to increase in expression in a 
breast cancer model that is resistant to either tamoxifen or fulvestrant [ 40 ]. 
Interestingly, ZIP7 is the only ZIP channel from the LIV-1 subfamily that is overex-
pressed in the tamoxifen-resistant model [ 40 ], which not only grows in the presence 
of the drug but also contains double the amount of zinc [ 40 ] and harbours a more 
aggressive behaviour, including increased cell mobility and invasiveness when 
compared to tamoxifen-responsive MCF-7 cells [ 42 ]. Therefore, the potential 
involvement of this channel in the development of anti-endocrine resistance as well 
as the observed aggressive behaviour of this cell model cannot be overstated. 

 We have experimentally proved that ZIP7 is essential for zinc redistribution from 
the stores in tamoxifen-resistant breast cancer cells, which causes activation of tyro-
sine kinase receptors and Src-dependent pathways [ 14 ]. These zinc-activated path-
ways in turn activate their downstream effectors, particularly mitogen-activated 
protein kinase (MAPK) and AKT, and thereby the overall result is increased cell 
growth and motility [ 14 ]. These fi ndings therefore suggest that inhibition of ZIP7- 
mediated zinc release has high potential to be a novel strategy for the treatment of 
anti-hormonal resistant breast cancer, the complete mechanism of which needs fur-
ther examination. 
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 Our discovery that CK2 triggers ZIP7-mediated zinc release (Fig.  5 ) therefore 
provides a mechanism for the role of CK2 in cancer progression. Given that the 
protein kinase CK2 has important roles in various pathobiological features of can-
cers while having numerous potential substrates to which the effects can be attrib-
uted [ 43 ], it is highly possible that the phosphorylation of ZIP7 by CK2 mediates 
some of the well-characterised CK2-related cancer-promoting effects [ 44 ]. 
Additionally, CK2 cellular functions are closely associated with zinc, not only 
because the CK2 holoenzyme requires two zinc ions [ 45 ] (Fig.  7 ) but also because 

  Fig. 6    Impact of ZIP7 and CK2 gene expressions on relapse-free survival in breast cancer patients. 
The Kaplan–Meier plots were generated using the Kaplan–Meier plotter survival analysis tool [ 41 ] 
for the percentage of breast cancer patients who survived up to 12 years without relapse ( n  = 3,455). 
The group with a high gene expression (in  red ) of ZIP7 ( a ), CK2α ( b ) and CK2β ( c ) is compared 
to those with a low expression (in  black ) of the same gene. High expression of these three genes is 
associated with a signifi cantly lower distant relapse-free rate when compared to their low- 
expression counterparts. The fi ndings suggest that ZIP7 is one of many substrates of CK2 that are 
responsible for breast cancer aggressiveness       
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it is a zinc-binding protein which requires the presence of a zinc ribbon motif to play 
a pivotal role in the formation of the CK2β homodimer [ 46 ,  47 ]. Given that CK2 has 
been believed to be constitutively active [ 48 ], it is plausible that, following CK2- 
triggered zinc release from cellular stores, zinc itself binds each regulatory beta- 
subunit of CK2, thereby functioning as a feedback regulator of CK2 activity.   

5     Potential for CK2 Phosphorylation of Other ZIP Channels 

 Inasmuch as ZIP7 is functionally regulated by phosphorylation, it is entirely possi-
ble that other ZIP channels may also be regulated by the same mechanism. We have 
observed that phosphorylation sites that have been confi rmed by mass spectrometry 
in mammalian cells were detected not only in ZIP7 but also in ZIP3, ZIP4, ZIP6, 
ZIP8 and ZIP10 [ 26 ]. We have therefore screened for potential phosphorylation 
sites in all ZIP channels using the predictive software that is available from a variety 
of online databases. Importantly, some sites in ZIP6 perfectly match the consensus 
motif for CK2 binding,  S/T -X-X-E. These include residues S 471  [ 49 ], S 478  [ 49 – 52 ] 
and T 479  [ 52 – 55 ] (Fig.  8 ). Importantly, when using online platforms PhosphoSitePlus 
[ 56 ] and KinomeXplorer [ 57 ], these sites are also predicted to be phosphorylated by 
protein kinase CK2. Additionally, residues T 567 , T 573  and S 583  for ZIP10 have been 
predicted to be phosphorylated by CK2 according to the PhosphoNET database 
(Kinexus Bioinformatics Corporation), with only residue S 583  matching the CK2 
consensus motif. Moreover, none of the predicted sites for ZIP10 can be clearly 
assigned because of their failure to reach the maximum probability according to the 
PHOSIDA [ 58 ]. Thus, while ZIP6 has a high potential to be modifi ed by CK2, the 
tendency for ZIP10 to be phosphorylated by CK2 is still questionable.  

 ZIP6 is known to be involved in EMT, both during the development process and 
cancer metastasis [ 38 ]. During zebrafi sh gastrulation, ZIP6 has been reported to 
play an important role in the EMT process in participation with signal transducer 

  Fig. 7    Structure of the tetrameric CK2 holoenzyme with its zinc-binding site. This fi gure demon-
strates the crystal structure of tetrameric CK2, which contains two zinc molecules within the beta- 
subunit of the enzyme [ 45 ]       
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and activator of transcription 3 (STAT3) and transcription factor Snail [ 59 ], both of 
which are involved in breast cancer metastasis [ 60 ,  61 ]. Based upon this fi nding, we 
further investigated the mechanistic role of ZIP6 in EMT in breast cancer metastasis 
[ 62 ], confi rming the ZIP6 transcriptional transactivation by STAT3 [ 62 ]. We have 
also shown that the ZIP6 protein was produced as a pro-protein, stored in the ER 
[ 62 ] and required N-terminal cleavage to relocate it to the plasma membrane where 
it was activated and able to import zinc into the cell [ 62 ]. This ZIP6-mediated zinc 
infl ux then caused inhibitory phosphorylation of GSK-3β [ 62 ], either directly [ 34 ] 
or mediated by zinc-activated AKT [ 35 ], as previously mentioned. Inhibition of 
GSK-3β in turn resulted in nuclear retention of Snail and transcriptional repression 
of E-cadherin, leading to cell detachment [ 62 ] (Fig.  9 ). Furthermore, these detached 
cells were revealed to acquire anoikis resistance, thereby having increased ability to 
migrate and metastasise [ 62 ]. In summary, the role for ZIP6 in breast cancer EMT 
and its mechanistic link to GSK-3β inhibition and Snail-mediated E-cadherin 
repression have now been fi rmly established. However, it is still not known how 
ZIP6- mediated zinc transport is controlled which opens an opportunity to introduce 
CK2 phosphorylation as a candidate for a key ZIP6 functional regulator.   

6     Zinc Signalling as a Target and/or Cancer Biomarker 

 The discovery that ZIP7 is functionally controlled by CK2 now provides ZIP7 as a 
potential therapeutic target as well as a potential biomarker of cancer status. 

6.1     Targeting ZIP7 Using CK2 Inhibitors 

 ZIP7 is listed among the top 10 % of genes that are overexpressed in tumours with 
poor prognosis, and its mRNA expression is signifi cantly correlated with cases of 
breast cancer that have high levels of poor outcome indicators such as Ki67 [ 40 ]. 

  Fig. 8    Sites in ZIP6 predicted to be phosphorylated by CK2. This schematic demonstrates the 
amino acid sequence of ZIP6 between residues 265 and 286 which resides in the intracytoplasmic 
loop between TMs III and IV. We show the phosphorylation sites that have been experimentally 
confi rmed in mammalian cells for ZIP6 by mass spectrometry and predicted to be phosphorylated 
by CK2, including residues S 471  [ 49 ], S 478  [ 49 – 52 ] and T 479  [ 52 – 55 ]       
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ZIP7 may therefore share a common cancer-promoting role with CK2, which is 
thought to be essential for the cancer phenotype, acting as an oncogene upon over-
expression [ 63 ]. This is further supported by the demonstration that a high expres-
sion of either ZIP7 or CK2 is associated with a signifi cant decrease in the relapse-free 
survival when compared to a low-expression counterpart (Fig.  6 ). 

 We have demonstrated by manipulation of ZIP7 levels and activity that ZIP7 was 
responsible for the observed increase in cell growth, invasion and activation of 
downstream effectors of cellular zinc release [ 14 ]. The discovery that CK2 phos-
phorylation triggers ZIP7-mediated zinc release allows the application of the safe 
and well-tolerated CK2 inhibitors [ 64 ,  65 ] as a novel strategy to treat breast cancer 
and even to prevent the development of anti-endocrine resistance in breast cancer. 
Additionally, provided that zinc exerts its cellular effects by causing widespread 
sustained activation of tyrosine kinases via its inhibitory effects on protein tyrosine 
phosphatases [ 27 ], blocking of zinc mobilisation from the stores theoretically fur-
ther benefi ts cancer patients by means of inhibiting a great variety of pathways 
associated with tyrosine kinases [ 14 ,  37 ] and potentially preventing the develop-
ment of resistance to therapy.  

  Fig. 9    Mechanistic role of ZIP6 in EMT. This fi gure demonstrates the ZIP6 signalling pathway 
associated with EMT. Upon activation by N-terminal cleavage, ZIP6 is relocated to the plasma 
membrane and mediates zinc infl ux into the cytoplasm [ 62 ]. The imported zinc inhibitorily phos-
phorylates GSK-3β both directly [ 34 ] and indirectly via its activation effect on AKT which also 
phosphorylates GSK-3β [ 35 ]. The inhibition of GSK-3β causes nuclear retention of the nuclear 
transcription factor Snail [ 68 ], resulting in transcriptional repression of E-cadherin, cell migration 
and metastasis [ 62 ]       
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6.2     Phosphorylated ZIP7 as a Cancer Biomarker 

 ZIP7 has been associated with breast cancer aggressiveness and anti-hormonal 
resistance [ 40 ]. ZIP7 activity therefore has high potential to be a good marker indi-
cating the biological behaviour of breast cancer as well as its potential to become 
resistant to anti-hormonal therapy, a serious problem in the cancer clinic. The dis-
covery that ZIP7 is activated by post-translational modifi cation implies that the total 
ZIP7 level may not necessarily refl ect the actual ZIP7 activity in a tumour, thus the 
need for specifi c determination of the level of phosphorylated or active form of 
ZIP7 instead. Furthermore, the level of phosphorylated ZIP7 may also be indirectly 
indicative of CK2 activity and helpful for predicting the responsiveness of a tumour 
to CK2 inhibitor treatment. Our group have developed a monoclonal antibody that 
recognises ZIP7 when its residues S 275  and S 276  are phosphorylated, and we are cur-
rently verifying the effi ciency and clinical usefulness of this antibody.      
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    Abstract     Protein kinase CK2 has emerged as a major signal involved in diverse 
cellular functions of health and disease. The nature of its broad of range of functions 
is underscored by the large number of potential substrates of CK2 present in various 
locales in the cell. CK2 has gained much attention for its role in cancer biology, 
which is attributed to its functions both in cell growth and proliferation as well as in 
the regulation of cell death. Indeed, it appears that CK2 impact on cell death may be 
one of its most important functions, especially in the context of cancer biology where 
both cell proliferation and cell death are dysregulated and elevated CK2 in cancer 
would have an effect on both of these activities. Just as CK2 has been proposed to 
have a global role in cell growth-related activities, it appears that it may have an 
analogous global role in the suppression of apoptosis when it is elevated and induce 
cell death when it is downregulated. In this review, we have highlighted the current 
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status of CK2 involvement in the processes related to cell death with a focus on 
apoptosis. It is proposed that a newly identifi ed mechanism of CK2 regulation of 
cell death relates to its impact on early intracellular dynamics of Ca 2+  signaling 
which profoundly alter mitochondrial function and lead to cell death.  

  Keywords     Protein kinase CK2   •   Apoptosis   •   Cell death   •   Suppression of apoptosis   
•   Mitochondria   •   Endoplasmic reticulum   •   Ca 2+    •   ROS   •   Bcl-2   •   Bcl-xL   •   Stress   • 
  IAPs   •   Survivin   •   Mitochondrial membrane potential   •   Mitochondrial permeability 
transition  

  Abbreviations 

   CK2    The adopted acronym for previous name casein kinase   
  CK2α    42 kDa catalytic subunit of CK2   
  CK2 α′    38 kDa catalytic subunit of CK2   
  CK2β    28 kDa regulatory subunit of CK2   
  DR    Death receptor   
  ER    Endoplasmic reticulum   
  IAPs    Inhibitor of apoptosis proteins (including cIAP1, cIAP2, XIAP, 

and survivin)   
  MNA    1,8-Dihydroxy-4-nitro-anthracene-9,10-dione   
  OGN    Oligonucleotides   
  NM    Nuclear matrix   
  RIP1    Receptor-interacting protein-1   
  ROS    Reactive oxygen species   
  TBB    4,5,6,7-Tetrabrombenzotriazole   
  TBCA    Tetrabromocinnamic acid   
  TNFα    Tumor necrosis factor α   
  TRADD    TNF receptor type I-associated death domain protein   
  TRAF2    TNF receptor-associated factor-2   
  TRAIL/Apo2-L    Tumor necrosis factor-related apoptosis-inducing ligand   

1           Introduction 

    The acronym “CK2” was adopted over 20 years ago to replace the previously used 
misnomer “casein kinase” since casein is not a genuine physiological substrate for 
protein kinase CK2. Indeed, the issue of distinguishing CK2 from other protein 
kinases belonging to the group of casein kinases has been addressed in considerable 
detail recently [ 1 ] and is discussed further in this    book (Chap.   13    ). Over time, CK2 
has emerged as an important player in an ever-increasing number of cellular  activities 
in health and disease states, acquiring a status of “master regulator” of cell functions. 
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Among its numerous activities, CK2 regulation of cell death (such as apoptosis), 
originally documented in 2001, has emerged as a key role [ 2 – 4 ] and, as was com-
mented in a recent review, may possibly be the most important function of CK2 [ 1 ]. 
Notwithstanding the critical roles of CK2 in normal cell functions including develop-
ment (e.g., [ 5 – 16 ]), the study of CK2 in the context of neoplastic diseases has been a 
particularly fertile area of research ever since it was originally observed that this 
kinase was elevated in proliferating normal and neoplastic cells [ 13 ,  17 ]; over time it 
has been extensively documented that CK2 is consistently elevated in all the cancers 
that have been studied (for reviews, see, e.g., [ 18 ,  19 ]). CK2 is elevated (albeit tran-
siently) during normal and benign cell proliferation; however, this is in contrast to the 
consistent and stable increase compared to the levels in normal counterpart cells 
observed during cancer cell proliferation (e.g., [ 20 ]). The observed involvement of 
CK2 in normal and neoplastic cell proliferation raised the issue of the basis of its 
function in cancer cells. Thus, the discovery of the ability of elevated CK2 to potently 
suppress cell death represented a key feature of this kinase that is distinct in cancer 
vs normal cells, revealing, for the fi rst time, a fundamental link of this signal to the 
cancer cell phenotype [ 4 ,  21 ,  22 ]. It may be recalled that two of the well-known 
characteristics of cancer cells that distinguish them from normal cells are unrestricted 
cell proliferation and even more importantly a universal ability to evade cell death; 
these features are among the hallmark characteristics of cancer cells discussed in an 
elegant recent review on the subject [ 23 ]. In this chapter, we present an account of the 
emerging broad involvement of CK2 in the regulation of cell death with a focus on 
our contributions to this area of research.  

2     A Brief Overview of Modes of Cell Death 

 Several hallmark characteristics of cancer cells have been documented [ 23 ]. The 
process of cell death, an integral part of cell biology, has been recognized to be 
hijacked by cancer cells resulting in their tremendous capability to evade death, 
thus becoming a highly signifi cant hallmark of cancer [ 23 ]. Studies on cell death 
have identifi ed several mechanisms involved in the execution of this process. 
Among them, the process of apoptosis or programmed cell death appears to 
represent a major mode of cell death. Both proliferation and death are deregu-
lated in cancer, but the latter is now recognized to play a particularly prominent 
role in the pathogenesis of cancer (see, e.g., [ 24 ]). Indeed, it appears that in some 
cancers the deregulation of cell death (apoptosis) plays an even more important 
role than deregulation of cell proliferation, a notable example being that of pros-
tate cancer [ 25 ]. 

 The manner of cell death characterized as necrosis (often referred to as homicide) 
has been known for a long time as a major mechanism in response to pathological 
events (see, e.g., [ 26 ]); however, over time it has been recognized that cells can 
undergo various types of death. The term “programmed cell death” was  originally 
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proposed to describe physiological activity during organ developmental [ 27 ]. 
Subsequently, a major form of programmed cell death was defi ned by the term 
“apoptosis” [ 28 ]. In recent years, apoptosis has gained much attention as a key 
mechanism of cell death responsive to a large variety of inducers. However, addi-
tional pathways such as autophagy, necroptosis, and autosis continue to gain atten-
tion, as has been discussed extensively in numerous review articles (see, e.g., [ 24 , 
 29 – 41 ]). It is noteworthy that diverse mechanisms of cell death as indicated above do 
have several common features including involvement of certain signaling pathways; 
further, multiple mechanisms of cell death may occur simultaneously. Here we pro-
vide a very brief account of the topic of apoptosis to recapitulate some salient fea-
tures that will be addressed subsequently in the context of the involvement of CK2 as 
a modulator of cell death activity. 

 Apoptotic cell death has been identifi ed to occur via intrinsic or extrinsic path-
ways. The intrinsic pathway is followed in response to intracellular damage which 
could be initiated by various types of agents. The extrinsic pathway is involved 
when membrane-associated death receptors are activated through the action of their 
cognate ligands. The intrinsic pathway (also referred to as type I apoptosis) can be 
activated by a wide range of chemical and physical agents co-opting mitochondria 
as the focal point with activation of Bcl-2 family proteins (including BH3-only 
members) eventually resulting in the release of cytochrome  c . Cytochrome  c  
combines with APAF1 (apoptotic protease activating factor-1) to form the apopto-
some, and upstream caspases are recruited resulting in their activation and action 
on the executioner caspase-3 and caspase-7 [ 40 ,  42 ]. The release of cytochrome  c  
refl ects the damage to mitochondria indicated by a change in mitochondrial perme-
ability transition. The entire process of type I apoptosis is under the regulatory con-
trol of antiapoptotic (e.g., Bcl-2) and proapoptotic (e.g., Bax/Bak) members of the 
Bcl-2 family. Several members of the caspase family are known to be involved in 
various stages of apoptosis and respond to specifi c death signals (e.g., [ 40 ]). For 
example, while caspase-3-mediated apoptosis is a frequent pathway in type I apop-
tosis, other caspases such as caspase-2, caspase-4, and caspase-12 have been docu-
mented to serve as the prime mediators of execution in response to stress-mediated 
apoptosis (e.g., [ 42 – 45 ]). 

 A second apoptotic pathway refers to the extrinsic pathway which involves death 
receptors (DRs) activated by proapoptotic and pro-infl ammatory cytokines includ-
ing, e.g., Fas ligand (FasL) and TNFα (for details see, e.g., [ 40 ]). In this context, the 
discovery of Apo2-L/TRAIL is of particular note; the complexity of death 
 receptor- mediated apoptosis in various systems has been discussed in detail [ 46 , 
 47 ]. In general, this pathway follows the formation of death-inducing signaling 
complex (DISC) leading to the activation of caspase-8. In analysis of FADD- and 
TRADD- dependent DR signaling, it has been observed that while FADD signaling 
follows the caspase-8 activation pathway to apoptosis, the TRADD signaling leads 
to the assembly of an apical complex that contains RIP1, TRAF2 or TRAF5, and 
inhibitor of apoptosis proteins cIAPs 1 and 2, causing activation of diverse gene 
expression programs through the NF-κB pathway. Interestingly, caspase-8 is also 
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known to act on Bid causing its cleavage and entry of t-Bid into mitochondria, 
thereby resulting in expansion of the apoptotic machinery [ 40 ,  46 ]. It is clear 
that interplay of members of the apoptotic machinery (including all the caspases) 
contributes to dynamic regulatory functions in the outcome of the cell fate in 
response to various proapoptotic signals [ 40 ,  48 ]. 

 As mentioned earlier, a number of non-apoptotic mechanisms of cell death 
have been elaborated on in recent years. These include, e.g., necrosis (an oldest 
known mechanism of pathological cell death involving several types of necrosis), 
necroptosis (considered as regulated necrosis or possibly a combination of both 
necrosis and apoptosis), and autophagy; however, as noted above, additional 
names denoting extra aspects of cell death process continue to emerge. The term 
necroptosis indicates that the process of necrosis follows a regulated program and 
that the morphological features of necroptosis are distinct from that of necrosis 
and apoptosis [ 49 ]. DNA damage-mediated cell death involving, e.g., poly-ADP-
ribose polymerase 1 (PARP1), leads to necrotic cell death or necroptosis [ 50 ]. 
Several of the pathways involving cell death indicate the involvement of Ca 2+ ; in 
this context, it is noteworthy that cellular Ca 2+  shifts were among the earliest 
changes observed and preceded the appearance of necrosis which emphasizes the 
time scale of observations subsequent to the induction of injury [ 26 ,  51 ]. 
Additional distinct features of this type of cell death include the involvement of 
RIP1 kinase activity [ 52 ] and the possible function of small molecule inhibitors 
(called necrostatins) in blocking necroptosis [ 40 ]. Autophagy is another non-
apoptotic form of cell death and appears to be regulated by a group of autophagy-
related genes ( ATG ). It is well known that under nutrient deprivation, autophagy 
provides a mechanism of cell survival; however, under many conditions where 
apoptosis is unavailable, it assumes the function of inducing cell death [ 40 ,  53 ]. 
A cross talk between functions of antiapoptotic Bcl-2 and autophagy protein 
Beclin-1 is strongly suggested [ 54 ]. Other roles of apoptosis are also known as, 
e.g., in host defense mechanisms involving NOD-like receptors (see, e.g., [ 40 ]). 
One may speculate a role of CK2 in this aspect since many of the viral proteins 
are phosphorylated by CK2 [ 14 ]. 

 The brief discussion of some but not all of the pathways of death indicates 
the breadth of the impact of this function on cell biology in normal and disease 
states and in particular the importance of these pathways in the pathobiology of 
cancer cells pertaining to the deregulation of cell death as among the fundamen-
tal characteristics of the cancer cell phenotype. It has been proposed that CK2 
has a global function in activities related to cell growth [ 55 ,  56 ] and emerging 
supporting evidence continues to mount in the literature (e.g., [ 57 ]). Likewise, 
it appears that CK2 may have a global function in the activities related to cell 
death, and thus it would be an intriguing aspect of studies on CK2 to determine 
the potential sites of action of CK2 in modulating various modes of cell death. 
In the ensuing discussion, we have attempted to present the current status of this 
fi eld with emphasis on the role of CK2 in the regulation of the apoptotic 
machinery.  
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3     CK2 and Cell Death Related to Loss of Growth Factors 

 One of the earliest hints of the function of CK2 in cell growth and cell death was 
derived from studies on androgenic regulation of rat ventral prostate [ 58 ,  59 ]. This 
organ is strictly dependent on the availability of androgens for continued growth 
and undergoes rapid cell death leading to involution upon loss of androgen expres-
sion, which served as an original model to describe apoptosis [ 60 ]. It was observed 
that loss of androgens in the rat resulted in a rapid induction of cell death in the 
ventral prostate which was preceded by rapid decline in phosphorylation of nonhis-
tone proteins which related to the loss of nuclear-associated protein kinase activity 
(subsequently identifi ed as CK2) [ 58 ,  59 ,  61 ,  62 ]. Studies revealed that CK2 was 
distributed in the nuclear and cytoplasmic fractions and that within the nucleus it 
appeared to be distributed in the nucleoplasm and chromatin and nuclear matrix 
structures [ 62 ,  63 ]. These studies further established that the loss of CK2 from the 
nuclear compartments preceded cell death in rat ventral prostate in animals sub-
jected to androgen deprivation revealing a novel observation on dynamic rapid shut-
tling of CK2 within the cellular compartments depending on the status of growth 
signaling [ 62 ,  64 ,  65 ]; subsequently, this concept was further expanded in other 
studies [ 66 ]. Analogous observations to those made in the rat ventral prostate were 
made in cultured prostate cancer cells that responded to growth factors and/or 
androgen [ 67 ]. To sum, these investigations from the authors’ laboratory provided 
two fundamental observations which hinted at the role of CK2 in the regulation of 
cell death, namely, CK2 dynamic shuttling in and out of the nuclear compartment 
on institution of growth signal or its loss, respectively, and the regulation of cell 
survival decision based on the nuclear CK2 status. Subsequently, analogous obser-
vations were reported relating to the function of parathyroid hormone-related pro-
tein (PTHrP) which is known to protect cells from apoptotic stimuli, an activity that 
correlates with its nuclear translocation; it was found that inhibition of apoptosis by 
this protein was associated with increased and sustained expression of nuclear CK2 
level [ 68 ]. Involvement of various cellular organelles has been discussed as playing 
a role in cell death signaling [ 69 ]; the above-described observations exemplify the 
role of the nucleus in apoptotic activity by serving as the dynamic locale of a regula-
tory signal such as CK2.  

4     CK2 Regulation of Apoptosis Induced by Chemicals, 
Drugs, and Physical Agents 

 While the studies described in the above section strongly hinted at the involvement 
of CK2 in cell death, a more defi nitive function of CK2 in regulation of cell death 
was originally provided in work dealing with drug-induced cell death where it was 
demonstrated that increased expression of CK2 resulted in blocking of cell death 
promoted by etoposide and diethylstilbestrol [ 2 ]. These compounds induced cell 
death in a dose- and time-dependent manner in prostate cancer cells which was 
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associated with an initial shuttling of CK2 from the cytosolic fraction to the nucleus 
with a high association with the nuclear matrix. Further, it was found that when 
CK2 subunits were transiently overexpressed in various cell lines, there was a strong 
protection against cell death following CK2α and CK2α plus CK2β overexpression 
but not following CK2β overexpression alone. The results were analogous for both 
etoposide and diethylstilbestrol drugs and for different prostate cancer cell lines, 
suggesting that the protective effect of CK2α refl ected a general characteristic of 
CK2 function relating to the activity of the CK2α catalytic subunit [ 2 ]. As discussed 
subsequently, downregulation of CK2 impacts the mitochondrial apoptotic circuitry, 
and in that context it is interesting to note that downregulation of CK2α was found 
to cause a reduction in the expression of the message for Bcl-xL [ 70 ]. 

 In line with the above data are the observations that the presence of chemical 
inhibitors of CK2 such as apigenin or TBB caused a dose- and time-dependent inhi-
bition of cell viability in a variety of cell lines. The effect of these agents related to 
the inhibition of CK2 catalytic activity since transfection of cells with kinase-dead 
CK2α (K68M) expression plasmid or treatment of cells with CK2α siRNA or anti-
sense oligonucleotides (OGN) also demonstrated a potent loss of cell viability [ 71 ]. 
Likewise, it was originally documented that treatment of cells with antisense or 
siRNA to CK2α induces apoptosis in cell culture and in mouse xenograft cancer 
models [ 22 ,  70 – 76 ]. Analogous observations have been made in numerous reported 
studies and have been the subject of several recent reviews (see, e.g., [ 18 ,  77 ,  78 ]). 

 Chemopreventive agents generally induce moderate apoptotic activity in cells 
and are known to affect a diverse range of cellular signaling pathways [ 79 ,  80 ]. 
It was therefore of interest to determine the effect of two of the chemopreventive 
agents (epigallocatechin-3-gallate or EGCG and resveratrol) on CK2 signaling in 
certain prostate cancer cells [ 81 ]. These studies demonstrated that apoptosis induced 
by EGCG and resveratrol was associated with signifi cant downregulation of CK2 
activity and expression in cancer cells. Overexpression of CK2α protected cells 
against the effects of these agents suggesting that targeting of the CK2 signal may, 
in part, play a role in the chemopreventive activity of polyphenolic chemopreventive 
agents such as EGCG and resveratrol in cancer cells. It was reported that apigenin 
inhibited 22Rv1 xenograft tumor growth by upregulating IGFBP3 protein [ 82 ]; a 
possible mechanism of this observation may relate to IGFBP3 being a substrate for 
CK2 which is inhibited by apigenin [ 83 ]. 

 Physical agents such as heat and radiation are known to induce cell death. It has 
been reported that heat shock and UV radiation in different cells induce rapid 
 translocation of CK2 to the nuclear compartment, with a signifi cant increase in the 
nuclear matrix [ 3 ,  84 ,  85 ]. Likewise, it was subsequently shown that CK2 undergoes 
nuclear translocation and inhibits apoptosis caused by ionizing radiation [ 86 ]. 
In another study, it was demonstrated that UV-induced NF-κB activation depended 
on phosphorylation of IκBα at a cluster of C-terminal sites with the CK2 consensus 
phosphorylation sequence. This response also involved p38 MAP kinase so that 
inhibition of this pathway increased UV-induced cell death; thus, these investigators 
proposed that the p38-CK2-NF-κB axis represented an important component of the 
mammalian UV response [ 87 ]. Several of the above examples accord with the infl u-
ence of CK2 on the intrinsic mode of apoptosis.  
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5     Regulation of Death Receptor-Mediated Apoptosis by CK2 

 As described above, death receptors play an important role in the mediation of cell 
death (extrinsic apoptosis), and induction of apoptosis in cancer cells has been doc-
umented via the death receptor pathway [ 30 ,  40 ,  46 ]. Several observations have 
suggested a strong link of CK2 to the regulation of extrinsic mode of apoptosis in 
prostate, colon, and rhabdomyosarcoma cell lines [ 21 ,  88 – 90 ]. However, it may be 
noted that under certain conditions, when type II apoptosis occurs, there is involve-
ment of the mitochondrial pathway also, as exemplifi ed by TRAIL/Apo2-L where, 
depending on the dose employed, TRAIL/Apo2-L can induce both type I and type 
II apoptosis. To explore the involvement of CK2 under various conditions, an analy-
sis of CK2 regulation of death receptor-mediated apoptosis was undertaken by treat-
ing prostate cancer cells with TNFα, FasL, or TRAIL/Apo2-L. In all of these cases, 
cells underwent a rapid death which was blocked by prior overexpression of CK2α. 
Further, it was observed that cells treated with low doses of a chemical inhibitor of 
CK2 (such as apigenin or TBB) were sensitized to the action of TNFα. For example, 
cells treated with 20 µM apigenin demonstrated about 25 % apoptosis at 24 h, while 
those treated with 40 ng/ml of TNFα (in the absence of cycloheximide) were unaf-
fected; however, when the two treatments were combined, there was a signifi cant 
enhancement in the apoptotic activity, increasing to about 60 %. Likewise, TBB and 
TNFα employed at low suboptimal concentrations were ineffective in producing 
cell death individually, but when the two agents were combined at these dose levels, 
there was a potent induction of apoptosis in the treated cells [ 21 ]. 

 In a subsequent study, it was documented in prostate cancer cell lines that treat-
ment with doses of TBB and TRAIL/Apo2-L that were minimally effective for 
inducing cell death added individually caused a potent induction of apoptosis when 
added together at the suboptimal concentrations. This was evidenced by signifi cant 
activation of caspase-3, caspase-8, and caspase-9, with detection of cleaved cas-
pase- 3 and caspase-8. Under these conditions, signifi cant loss of c-FLIP L  was 
observed when cells were fi rst treated with TBB followed by treatment with TRAIL/
Apo2-L, suggesting moderate inhibition of CK2 sensitized cells to suboptimal con-
centrations of TRAIL/Apo2-L for induction of apoptosis. Apoptotic cell death was 
confi rmed by analysis of DNA fragmentation and lamin A cleavage. An examina-
tion of the mitochondrial circuitry in this experimental model demonstrated that in 
prostate cancer cell lines treated with TBB prior to TRAIL/Apo2-L, there was a 
signifi cant augmentation of the proapoptotic protein Bax with concomitant loss of 
antiapoptotic proteins Bcl-2 and Bcl-X L  and a profound increase in cytochrome  c  
release. These events were completely reversed by prior transient overexpression of 
CK2α in prostate cancer cells, as was evidenced by complete blocking of the engage-
ment of mitochondrial apoptotic proteins activated by TRAIL/Apo2-L, blocking of 
activation of caspases, and reversal of loss of c-FLIP L  [ 91 ]. An interesting observa-
tion on the regulation of apoptosis by CK2 suggested the involvement of ER stress 
response on inhibition of CK2 activity such that the mitochondrial  pathway induced 
in prostate cancer cell lines (LNCaP and PC-3) was not accompanied by activation 
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of caspase-9, but in the case of LNCaP cells, there was an associated upregulation 
of DR5 and activation of caspase-8 resulting in activation of caspase-3 [ 92 ]. It may 
also be recalled that Bid, which plays an important role in type II apoptosis, is 
cleaved by activated caspase-8 resulting in t-Bid which enters mitochondria and 
causes release of apoptosis-inducing factors—importantly, the phosphorylation of 
Bid by CK2 renders it insensitive to action of caspase-8 [ 93 ]. The various observa-
tions discussed above exemplify the strong link of CK2 in regulation of intrinsic and 
extrinsic modes of apoptosis.  

6     Regulation of Caspases by CK2 

 Given the importance of the functions of caspases in the operation of apoptosis, it 
has been of interest to determine the potential role of CK2 in regulation of caspase 
activities. In this context, an early study on the regulation of caspase-inhibiting 
protein ARC demonstrated that its phosphorylation by CK2 at Thr 149  promoted its 
targeting to mitochondria where its binding to caspase-8 took place; this suggested 
a mechanism where ARC required phosphorylation for its function [ 94 ]. A poten-
tial role of CK2 in regulation of caspases was further indicated in studies examin-
ing the activation of caspase-9 in TNF-α-treated murine cells where it was observed 
that caspase-9 was phosphorylated by CK2 at a Ser 348  which rendered it refractory 
to caspase-8 cleavage. Studies also suggested that TNF-α cross-linking resulted in 
dephosphorylation of caspase-9, thereby making it susceptible to cleavage by acti-
vated caspase-8, suggesting a pro-survival mechanism of action of CK2 [ 95 ]. 
Interestingly, it has been observed that caspase-9 is unable to be activated when 
phosphorylated by AKT [ 96 ]. Since AKT phosphorylation on Ser 129  has been 
reported to result in upregulation of its activity [ 97 ], it may be surmised that such 
a mechanism may accord with suppression of apoptosis on upregulation of CK2. 
Response of various caspase activities to downregulation of CK2 (and induction of 
apoptosis) has been documented in several studies (e.g., [ 70 ,  98 ]). A detailed 
investigation of potential regulation of caspases by CK2 was undertaken recently 
[ 99 ,  100 ]. In these studies, an elegant approach was developed to screen CK2 tar-
gets in caspase signaling by designing a peptide match program to identify 
sequences from the human proteome that contained overlapping recognition 
motifs for caspases and kinases. It was documented that protein kinase CK2 had 
the most extensive consensus sites for phosphorylation that overlapped with cas-
pase recognition motifs. Further studies identifi ed numerous shared candidate tar-
gets of CK2 and caspases, including procaspase-3. Thus, these studies implicate 
the global involvement of CK2 in the regulation of caspase signaling pathways 
[ 100 ] and accord with the aforementioned response of caspases to sensitization of 
cells using CK2 inhibitors to TNF-α- and TRAIL/Apo2-L-mediated apoptosis, 
thus reinforcing the originally proposed notion of a global impact of CK2 on cell 
death processes [ 21 ,  91 ].  
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7     Impact of CK2 on Inhibitor of Apoptosis Proteins 

 Inhibitor of apoptosis proteins (cIAP1, cIAP2, XIAP) and survivin have attracted 
considerable interest as modulators of apoptosis, and because of their elevation in 
cancer, cells have also attracted much attention as potential targets for cancer ther-
apy [ 101 – 106 ]. A study of the effect of CK2 on survivin expression demonstrated 
that treatment of cells with CK2 inhibitors TBB or DMAT causing apoptosis in 
colon and several other cancer cells demonstrated a concomitant decrease in sur-
vivin mRNA and protein. Further, it was found that augmented CK2α expression 
resulted in β-catenin-Tcf/Lef-dependent upregulation of survivin; these effects were 
abolished by TBB. Similarly, molecular downregulation of CK2α was associated 
with reduced β-catenin and survivin levels leading to the conclusion that CK2 activ-
ity promoted survival by increasing survivin expression via β-catenin-Tcf/Lef- 
mediated transcription [ 107 ]. Subsequently, it was also documented that 
CK2α-specifi c enhancement of β-catenin transcriptional activity and survivin may 
depend on AKT hyperactivation by CK2-mediated phosphorylation of AKT at 
Ser 129  [ 108 ]. Our unpublished work also confi rmed the role of transcriptional regu-
lation of survivin in response to CK2 modulation. However, it should be noted that 
posttranslational regulation of survivin is also plausible since Thr 48  in the BIR 
domain of survivin is critical to its mitotic and antiapoptotic activities and can be 
phosphorylated by CK2 in vitro [ 109 ]. 

 In studies on the impact of CK2 on IAPs in prostate cancer cells, a number of 
strategies were followed to examine the response of IAPs (including survivin) to 
altered CK2 activity [ 110 ]. It was observed that various inhibitors of CK2 affected 
the levels of IAPs and survivin in a dose-dependent manner. Suboptimal levels of 
apoptosis-inducing agents including CK2 inhibitors (TBB and apigenin), TNFα, 
and etoposide (as discussed above) individually caused moderate reductions in 
immunoreactive levels of IAPs; however, when the CK2 inhibitors were combined 
with etoposide or TNFα, there was a marked increase in the loss of IAPs (including 
survivin). These results suggested that one mechanism by which moderate inhibi-
tion of CK2 activity sensitized the cells to the effects of apoptotic agents even at 
suboptimal levels involves modulation of IAPs. Further, prior overexpression of 
CK2α in the presence of the expression plasmid pcDNA6-CK2α resulted in com-
plete blocking of the effect of these apoptosis-inducing agents (used at optimal lev-
els) on cIAP2 (used as a representative IAP) [ 110 ]. 

 Since IAPs are known to be localized to different compartments in the cell [ 104 , 
 111 ], it was interesting to note that their response to altered CK2 activity varied in 
different cellular compartments. For example, an analysis of the effect of TBB at 
optimal apoptosis-inducing concentration (80 µM) on survivin showed that it was 
heavily localized in the nuclear matrix (NM) fraction compared with cytoplasm in 
prostate cancer cells, and in the presence of TBB, the cytoplasmic signal was com-
pletely lost, while the effect on the NM-associated survivin was moderate. In the 
case of XIAP, most of it was localized in the cytoplasm with a minor amount in the 
NM fraction, and CK2 was reduced in cytosol in the presence of TBB. cIAP2 was 
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found to be present mostly in the NM fraction, and the NM CK2 subpopulation was 
dramatically reduced in the presence of TBB. In the presence of a second inhibitor 
of CK2 (MNA at 80 µM which induced apoptotic response in prostate cancer cells), 
it was confi rmed that the cIAP2 subpopulation localized predominantly in the NM 
fraction was greatly reduced in the presence of the inhibitor, while cIAP1 and XIAP 
subpopulations localized in the cytoplasmic fraction similarly demonstrated a 
strong reduction response to MNA inhibitor. In the case of survivin (present mostly 
in the NM with a small amount in the cytoplasm), the response was observed largely 
in the cytoplasmic fraction. Thus, it is clear that CK2 activity has a potent regulatory 
effect on various IAPs and that the effects are of a complex nature; studies in our 
laboratory are being directed to further analyze the mechanism of CK2 regulation of 
IAPs. It is of interest to note that IAPs have been proposed as targets for cancer 
therapy; however, because of their complex regulation by CK2, such strategies may 
be compromised by the elevated levels of CK2 in cancer cells [ 110 ].  

8     Some Examples of Other Loci of CK2 Activity Relating 
to Cell Death Regulation 

 CK2 is known to have numerous potential substrates as has been cataloged [ 14 ], and 
since the time of that report, it is most likely that many additional potential sub-
strates have been identifi ed; an example of a recent addition was mentioned above 
[ 31 ]. An examination of the various substrates of CK2 indicates their broad distribu-
tion in the cell compartments and association with diverse functions including cell 
death. Here, a few examples of some of the loci of CK2 activity relating to regula-
tion of cell death are presented. 

 The potential link of CK2 to the regulation of caspases was discussed in an ear-
lier section. It is therefore interesting to note that CK2 was previously found to 
regulate the activity of caspase-inhibiting protein ARC via its phosphorylation at 
Thr 149  which controls its subcellular localization to exert its antiapoptotic action 
[ 94 ]. CK2-mediated phosphorylation can produce its effect in ways other than pro-
ducing a direct response. For example, CK2-mediated phosphorylation may affect 
apoptotic activity of Fas-associated protein 1 (FAF1) by infl uencing its nuclear 
localization rather than directly affecting its activity [ 112 ]. Similarly, c-Myc which 
is known to promote cell proliferation or induce apoptosis under different condi-
tions was found to be stabilized by CK2-mediated phosphorylation [ 113 ], whereas 
phosphorylation of Max at Ser 11  by CK2 renders it insensitive to cleavage by cas-
pase-5 [ 114 ]. It was documented that a direct effect of CK2-mediated phosphoryla-
tion of the scaffold protein XRCC1 was to enable the assembly and activity of DNA 
single-strand break repair protein complexes in vitro and at sites of chromosomal 
breakage; various data suggested that inhibition of CK2 resulted in loss of repair of 
cellular DNA single-strand breaks by XRCC1 [ 115 ]. AKT has been considered an 
important kinase whose activation is associated with blocking of cell death, and it 
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is of particular note that AKT phosphorylation at Ser 129  results in its hyperactivation 
[ 97 ]. Effects on AKT phosphorylation by inhibition of CK2 have been documented 
[ 98 ,  116 ]. Likewise, CK2 inhibition is also apparent in the phosphorylation of 
PTEN Ser 370  and Ser 380  [ 98 ]. Other potentially important substrates of CK2 are p53 
and MDM-2; phosphorylation of MDM-2 promotes its association with p53, but at 
present further studies are needed to determine the precise role of the phosphoryla-
tion of these proteins in the context of their functions [ 117 ,  118 ]. Along this line, a 
recent observation is noteworthy which demonstrated that knockdown of CK2α in 
xenograft tumor cells resulted in increased expression of p53 and Tap63 which 
would accord with their role in growth arrest and apoptosis [ 70 ]. Another proapop-
totic protein whose function is modulated by CK2 is IGFBP-3 where it was observed 
that downregulation of CK2 enhanced the apoptotic potential of IGFBP-3 [ 83 ]; 
again, it may be speculated that under conditions where CK2 is elevated (as in can-
cers), it might result in blocking the apoptotic potential of IGFBP-3 through its 
phosphorylation. PML tumor suppressor regulates pathways involved in growth 
suppression, and induction of apoptosis was observed to show an inverse relation-
ship in its expression relative to CK2, which accords with the observation that phos-
phorylation of PML at Ser 517  by CK2 results in its ubiquitin-mediated degradation 
[ 119 ,  120 ]. On the other hand, it has been shown that PTEN, an antagonist of PI3K 
signaling with an important role in cell death and survival, is stabilized by phos-
phorylation by CK2 [ 121 ]. 

 NFκB plays diverse roles in cell function (including those related to cell death); 
phosphorylation of p65 at Ser 529  has been shown to be mediated by CK2 [ 122 ,  123 ]. 
Further, the NFκB inhibitor IκB has also been shown to be a substrate for CK2 so 
that its phosphorylation promotes its degradation [ 124 ]. In studies on the role of 
aberrant activation of NFκB in breast cancer, it was documented that inhibition of 
IKK and CK2 activity decreased NFκB activity in different breast cancer cells, 
whereas aberrant expression of IKK or CK2 resulted in increased nuclear levels of 
NFκB/Rel. Further, it was demonstrated that CK2 played a role in Her-2/neu-medi-
ated signaling and activation of NFκB. In these studies, ectopic expression of CK2 
appeared to be suffi cient to induce NFκB activation [ 125 ,  126 ]. Studies by these 
authors have led to the recognition of Wnt and NFκB pathways as two key signal 
transduction pathways that are regulated by CK2 activity in embryonic develop-
ment and in cancer [ 127 ]. Studies in cultured cells or in vivo xenograft models have 
shown that p65 Ser 529  phosphorylation is very responsive to the downregulation of 
CK2, and indeed this response can serve as a surrogate marker for altered CK2 
function (see, e.g., [ 70 ,  75 ,  76 ,  128 – 131 ]). The JAK/STAT pathway has also been 
found to be a target of CK2 function [ 132 ]. Protein B23 (nucleophosmin/numatrin), 
a ubiquitous nucleolar protein which is essential for rRNA synthesis, is also a sub-
strate of CK2 and has been used as a biomarker of CK2 activity in the cell [ 133 , 
 134 ]. Thus, it would appear that modulations in CK2 activity and function may be 
monitored by changes in the phosphorylation of some of the above-described pro-
teins which may in turn serve as markers of cellular response to altered CK2 status 
in the cell.  
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9     Temporal Events in Triggering of Apoptosis 
Following CK2 Downregulation 

 In the foregoing discussion, several examples of CK2 involvement in the modula-
tion of cell death-related activities were presented. These examples illustrated the 
involvement of various cellular compartments (such as nuclei, plasma membrane, 
ER, and mitochondria) in the regulation of cell death [ 69 ], as illustrated in Fig.  1 .  

 Mitochondria represent a major locus of regulation of apoptotic activity, and the 
regulation of apoptotic circuitry by CK2 was clearly indicated by upregulation of 
Bax and downregulation of Bcl-2 and Bcl-xL with release of cytochrome  c  on 
downregulation of CK2. Equally importantly, these events were completely blocked 
on upregulation of CK2 [ 21 ,  91 ]. An early effect on production of ROS was sug-
gested to be an early event in the activation of the mitochondrial apoptotic machin-
ery in response to downregulation of CK2 [ 135 ,  136 ]. Further investigation of the 
events that trigger the mitochondrial apoptotic circuitry on downregulation of CK2 
was reported recently [ 137 ]. In these studies, inhibitors of CK2 activity (TBB and 
TBCA) were employed to study their temporal effect on cell viability of prostate 
cancer cells. Remarkably, the CellTiter 96 ®  Aqueous One assay demonstrated that 
PC3-LN4 cells began to indicate a change in cell viability within 2 h following the 
treatment with CK2 inhibitor, and further analysis by crystal violet clonal survival 
assays demonstrated the initiation of loss of cell viability as early as 6 h following 
inhibition of CK2. These observations suggested the presence of preceding signals 
that trigger the initiation of events leading to loss of cell viability and death. Further 
analysis to address this issue indicated that there was a signifi cant loss of mitochon-
drial membrane potential (Δψ m ) in cancer cells which was somewhat lesser in a 
benign prostate epithelial cell line; these observations accorded with previous 
observation showing greater sensitivity of cancer cell lines to downregulation of 
CK2 compared with normal or benign cell lines [ 73 ]. 

 It was originally proposed that induction of apoptosis induced by downregula-
tion of CK2 was via the upstream production of H 2 O 2  [ 135 ]. However, further anal-
ysis revealed that treatment of cells with catalase (a ROS scavenger) did not block 
the changes in Δψ m  induced by CK2 inhibition; these results suggested that changes 

  Fig. 1    The cartoon illustrates 
CK2 involvement and 
function in various 
subcellular loci. This might 
occur by intracellular 
modulation of CK2 activity 
at these loci as well as via 
mechanisms such as dynamic 
shuttling as has been 
proposed [ 62 ,  66 ,  145 ]       
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in mitochondrial membrane potential preceded production of ROS on inhibition of 
CK2 [ 137 ]. Considering that mitochondrial membrane potential and permeability 
are under intimate control of cellular Ca 2+  (see, e.g., [ 138 ]), an analysis of the effect 
of BAPTA (a Ca 2+  chelator) revealed that pretreatment with this agent prior to treat-
ment of cells to TBB resulted in the prevention of loss of Δψ m  indicating the 
involvement of Ca 2+  as an early signal in response to CK2 inhibition; this was sup-
ported by the observation of rapid intracellular Ca 2+  release on the treatment of 
PC3-LN4 cells with TBB. The above study results underscore the importance of 
CK2 in the process of regulation of cell death since mitochondrial membrane per-
meability transition (MPT), Δψ m , and Ca 2+  shuttling are known to be intimately 
linked to the process of cell death [ 29 ,  139 – 141 ]. At present it is not entirely clear 
whether the effects on mitochondrial changes upon CK2 inhibition relate to the 
effects on the CK2 cytoplasmic pool in general or refl ect effects on the CK2 pool 
localized to mitochondria or both compartments. Some support for the involvement 
of mitochondrial CK2 inhibition in this process has been suggested in studies on 
the effects of CK2 inhibitors on highly purifi ed isolated mitochondria which dem-
onstrated that inhibitors of CK2 produced signifi cant changes in permeability tran-
sition and swelling within 5 min which were rescued by addition of excess Ca 2+  
chelator EGTA, thus further supporting the notion that early mitochondrial func-
tion changes are critical to initiation of apoptotic signaling and may likely be in 
response to inhibition of mitochondrial CK2 [ 137 ]. Based on these and other stud-
ies in the authors’ laboratory, a temporal sequence of events that trigger and propa-
gate the apoptotic signaling can be envisioned as shown in Fig.  2 . We hypothesize 
that one of the earliest responses to loss of CK2 activity which may involve differ-
ent cellular loci (as indicated in Fig.  1 ) is a shift in intracellular Ca 2+  fl ux that affects 
mitochondrial membrane permeability transition and mitochondrial membrane 
potential. The resultant concatenation of events involves production of ROS and 
initiation of negative effects on cell viability and proliferative capacity, such as 
through downregulation of AKT and NFκB signaling. The ensuing events that 
occur over time from this point on are the activation of apoptotic signaling (includ-
ing the Bcl-2 family of proteins), release of cytochrome  c , activation of caspases, 
cleavage of lamin A/C, loss of IAP expression, and resultant cell death. We antici-
pate that future work will further elaborate on this scheme for the impact of CK2 in 
early events associated with induction of cell death.   

10     Concluding Remarks 

 An important outcome of the discovery of CK2 impact on cell death in cancer cells 
was the consideration of its targeting for cancer therapy [ 22 ] which has now gained 
much impetus [ 142 ]. Several strategies of targeting CK2 for cancer therapy have 
emerged including a chemical inhibitor of CK2 (referred to as CX4945, adminis-
tered orally) which was found to be effective in inducing cell death in a variety of 
cancer cells and affecting the activity of several downstream pro-survival pathways 
[ 116 ,  130 ,  131 ]. A peptide inhibitor of CK2 phosphorylation sites (called 
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CIGB- 300) has been tested in preclinical and clinical studies on cervical cancer 
[ 143 ]. As discussed in detail elsewhere in this book, another approach to cancer 
therapy targeting CK2 has been to undertake its molecular downregulation employ-
ing siRNA or antisense to CK2αα′ delivered in an encapsulated format to achieve 
downregulation of both catalytic subunits of CK2 [ 70 ,  74 ,  75 ,  129 ,  144 ]. In this 
context, it is also tempting to note that the above-described observations on sensiti-
zation of cancer cells to TRAIL/Apo2-L by moderate inhibition or downregulation 
of CK2 could have strong translational implications for cancer therapy. With these 
current developments, targeting CK2 for cancer therapy has the potential of becom-
ing a reality in the not too distant future. 

 The foregoing discussion highlights the importance of identifying the mecha-
nisms involved in the regulation of cell death processes by CK2. The regulation of 
cell death via modulation of CK2 has far-reaching span and involves diverse cellular 
loci. Several of these mechanisms need to be investigated to ascertain the details of 
the intervening processes as that could contribute to novel information for identify-
ing additional combinatorial targets in cancer therapy. At present our observations 
hint that rapid intracellular shifts of Ca 2+  may be one of the earliest responses in the 
mediation of cell death in response to downregulation of CK2 and may be the inte-
grating mechanism linking cell    fate decisions in response to events at various intra-
cellular locales including the nucleus, membrane, endoplasmic reticulum, and 
mitochondria. Future studies should provide new insights into the mechanisms 
involved in the global function of CK2 as a regulator of cell death.     

  Acknowledgments   The original work in the authors’ laboratory was supported in part by the US 
Department of Veterans Affairs Merit Review Program, grant number I01BX001731 (K.A.), 
Department of Health and Human Services, and National Cancer Institute, grant numbers 
R01CA150182, R01CA15062 (K.A.), and R21CA158730 (B.T.K.). One of us (K.A.) would like 
to dedicate this work to the memory of AHU and GS.  

  Fig. 2    A proposed model showing the hypothesis on earliest events that trigger apoptotic activity 
in response to inhibition of CK2 activity or in response to apoptotic signals that affect CK2 status 
at various cellular loci. It is suggested that rapid inhibition of CK2 at various loci triggers early 
intracellular Ca 2+  shuttling that results in altered mitochondrial membrane permeability transition 
associated with loss of mitochondrial membrane potential occurring within 2 h. These events pre-
cede the formation of ROS which occurs between 4 and 6 h resulting in the initiation of decreased 
cell viability and survival. This is followed by the expression of the terminal events such as activa-
tion of Bcl-2 family, loss of IAPs, release of cytochrome  c , and activation of caspases, thus herald-
ing the “point of no return” leading to cell death [ 137 ]. Conceivably, the model could also be 
applicable to altered CK2 in response to other apoptotic inducers       
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      Protein Kinase CK2: Systematic Relationships 
with Other Posttranslational Modifi cations 
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    Abstract     A wealth of biochemical and genetic evidence has demonstrated that 
protein kinase CK2 has critical roles in the regulation and execution of numerous 
biological processes. Large-scale proteomic and phosphoproteomics studies have 
further reinforced the widespread impact of CK2 on cellular events through interac-
tions with many cellular proteins or protein complexes and through phosphorylation 
of a vast number of cellular proteins. Given its global participation in many funda-
mental processes, it is not surprising that CK2 has been implicated in numerous 
human diseases, a factor that has spurred interest in CK2 as a candidate for 
molecular- targeted therapy. Despite this growing profi le, many questions regarding 
its precise mechanisms of regulation remain. In fact, several lines of evidence sug-
gest that CK2 is constitutively active, leading to a speculation that CK2 is an unreg-
ulated enzyme. Accordingly, there is an apparent paradox that leads to the question 
of how an unregulated enzyme such as CK2 can be a participant in regulatory 
processes. In an effort to resolve this paradox, studies in our lab and others have 
focused on an investigation of the relationships between CK2 and other cellular 
pathways. Using a combination of computational predictions and database mining 
together with proteomic strategies and biochemical assays, we have been elucidat-
ing systematic relationships between CK2 and regulatory pathways where CK2 
phosphorylation sites overlap other posttranslational modifi cations. Overall, these 
studies suggest intriguing mechanisms by which CK2 can participate in regulatory 
events and also how alterations in CK2 levels that accompany disease may promote 
pathological rewiring of regulatory pathways.  
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1         Introduction 

 Despite its comparatively long history, in many ways, protein kinase CK2 remains 
an enigmatic participant in regulatory processes. More than half a century after its 
enzymatic activity was fi rst described in the literature [ 1 ], CK2 has been associated 
with an extensive repertoire of biological processes with an ever-expanding list of 
potential cellular substrates and interaction partners [ 2 – 4 ]. The CK2 family is a 
small branch of the protein kinase superfamily that is comprised of two members in 
humans designated as CK2α and CK2α′ encoded by distinct genes on different 
chromosomes [ 5 ,  6 ]. Although classifi ed as a protein serine/threonine kinase on the 
basis of its sequence features, CK2 has been shown to have the capacity to phos-
phorylate tyrosine residues in vitro as well as in yeast and mammalian cells [ 7 – 9 ]. 
While either of its catalytic subunits displays enzymatic activity in monomeric 
form, CK2 has typically been described as a tetrameric enzyme where two catalytic 
subunits (either CK2α or CK2α′) form complexes with a dimer of regulatory CK2β 
subunits [ 10 ]. There are several examples where alterations in the levels of CK2 
have been implicated in human disease prompting interest in CK2 as a potential 
therapeutic target (reviewed in [ 11 – 14 ]). In fact, CK2 inhibitors have recently 
entered clinical trials with numerous other inhibitors undergoing preclinical inves-
tigation [ 15 – 24 ]. To evaluate the effects of CK2 inhibitors in experimental models 
and ultimately in clinical samples should CK2 inhibitors continue to progress in 
clinical trials, it is important that the regulation and functions of CK2 be thoroughly 
understood. This chapter will summarize some of the current understanding of the 
regulation and functions of CK2 and will then highlight recent efforts to place CK2 
within the intricate regulatory networks that govern cellular processes related to 
proliferation and survival.  

2     CK2: A Pleiotropic Regulator of Key Cellular Processes 

 Genetic and biochemical studies in a variety of experimental models have implicated 
CK2 as a regulatory participant in a broad array of biological processes [ 6 ,  25 ,  26 ]. In 
a similar respect, the number of candidate CK2 substrates continues to mount provid-
ing further indications for the role(s) of CK2 in a plethora of regulatory processes [ 27 , 
 28 ]. In fact, phosphopeptides with phosphorylated residues conforming to the consen-
sus for CK2 phosphorylation are among the most abundant within the human pro-
teome with >10 % of identifi ed phosphopeptides typically conforming to the CK2 
consensus [ 3 ]. Taken together with the recent identifi cation of nearly 40,000 phos-
phorylation sites from a single cell line, it is therefore conceivable that CK2 could 
phosphorylate thousands of individual sites within cells resulting in a tremendous 
impact on cellular processes [ 29 ]. While a comprehensive listing of all the biological 
processes in which CK2 could have role(s) is well beyond the scope of this discussion, 
processes where CK2 has been implicated include fundamental processes such as 
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transcription and translation, regulation of protein stability and turnover, circadian 
rhythms, cell cycle progression, and cell survival [ 2 ,  6 ,  30 ] (Fig.  1 ). This broad impact 
of CK2 on fundamental processes may provide an explanation, at least in part, for 
why CK2 is exploited by viruses during infection or in cancer cells that gain a 
selective survival advantage over their normal counterparts [ 26 ,  31 ,  32 ].   

3     Regulated or Constitutively Active? 

 Since its discovery, a number of potential mechanisms for the regulation of CK2 
have been proposed. CK2 was originally defi ned as a messenger-independent kinase 
to distinguish it from cAMP-dependent protein kinase (PKA) and other kinases 
regulated by second messengers such as Ca2+ or cyclic nucleotides [ 33 ]. Although 
unaffected by known second messengers, biochemical studies demonstrated that the 
catalytic activity of CK2 could be stimulated by positively charged compounds such 
as polyamines and inhibited by negatively charged compounds such as heparin 
[ 34 ,  35 ]. Even more than a quarter century after these fi ndings were initially reported, 
the physiological relevance of these fi ndings remains unclear. More recently, 
other cellular metabolites including inositol phosphates such as IP6 and inositol 
pyrophosphates such as IP7 have been reported to modulate CK2 activity at least in 

  Fig. 1    Summary of Gene Ontology processes reported for CK2. This summary was compiled 
from EMBL-EBI (  http://www.ebi.ac.uk/    ) and UniProt (  http://www.uniprot.org    ) databases       
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relation to the phosphorylation of specifi c substrates [ 36 ,  37 ]. Based on the phos-
phorylation of phosphorylase kinase by PKA and the subsequent discovery of other 
protein kinase cascades where individual kinases are phosphorylated and activated 
by other kinases, several studies have been directed at the investigation of the role 
of phosphorylation in regulating CK2. Collectively, these studies demonstrated that 
CK2 is phosphorylated in cells but also yielded some confl icting results that have 
not yet been resolved [ 38 – 41 ]. Despite apparent discrepancies, it is evident that 
phosphorylation does not function strictly as an on/off switch for CK2 as is the case 
with a number of other kinases [ 42 – 44 ]. Another mechanism that has been proposed 
to contribute to the regulation of CK2 in cells involves interactions with other pro-
teins [ 45 ]. Protein interactions involving CK2 are certainly well documented within 
interaction databases. For example, there are >300 interactions involving human 
CK2α (Fig.  2 ) listed in the BioGRID (  www.thebiogrid.org    ) database [ 46 ]. With the 

  Fig. 2    Interaction network for human CK2α (gene name CSNK2A1) derived with the BioGRID 
database (  http://thebiogrid.org    ). The BioGRID Graphical Network Viewer was used to generate 
the illustration on the basis of 368 physical or genetic interactions (BioGRID version 3.2.116) for 
CK2α that have a total of 6,978 interactions within the network       
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exception of CK2β, a remarkably conserved protein that has long been described as 
a CK2 subunit within tetrameric CK2 holoenzyme complexes, these interaction 
partners are not universal components of CK2 complexes. It has been speculated 
that CK2 interactors could include substrates or indirect regulators of CK2 that 
control the subcellular localization of CK2 and/or coordinate its interactions with 
substrates [ 4 ,  6 ,  47 ]. One additional mechanism that warrants consideration is the 
demonstration that CK2 activity can be modulated when it forms higher-order struc-
tures or complexes of tetramers in vitro [ 48 – 50 ] and potentially in cells [ 51 ]. 
Overall, while it is apparent that a number of distinct mechanisms could contribute 
in some way to modulating the ability of CK2 to phosphorylate its substrates 
in cells, it is clear that there is no singular mechanism for regulating the catalytic 
activity of CK2.  

 Although there have been several indications that CK2 could be regulated in cells 
through a variety of distinct mechanisms described above, there are other fi ndings 
that raise questions about whether or not the catalytic activity of CK2 is actually 
regulated. For example, in contrast to several other protein kinases such as cyclin-
dependent protein kinases (CDKs) and mitogen-activated protein kinases (MAPKs), 
the catalytic subunits of CK2 display high specifi c activity when expressed as 
recombinant proteins in bacteria, indicating that other eukaryotic proteins are not 
required to convert the catalytic CK2 subunits into active enzymes. It is also notewor-
thy that, although it is evident that CK2β can have a dramatic infl uence on the phos-
phorylation of some CK2 substrates, the catalytic subunits of CK2 typically express 
similar enzymatic activity toward the majority of substrates in the presence or 
absence of the regulatory CK2β subunits [ 52 – 54 ]. This observation does not neces-
sarily diminish the importance of CK2β as a key regulator, but does suggest that the 
role of CK2β is not restricted to activation of CK2 akin to the activation of a CDK 
by cyclin. Examination of the phosphorylation of CK2 substrates such as the 
eukaryotic translation elongation factor EEF1D also suggests that phosphorylation 
at CK2 sites readily occurs to high stoichiometry in cells [ 55 ]. Once EEF1D is phos-
phorylated, its CK2 site appears to be stably phosphorylated without dramatic alter-
ations in phosphate occupancy. Collectively, these observations suggest that the 
enzymatic activity of CK2 is not subject to regulation in a manner seen with many 
other protein kinases such as the CDKs or MAPKs. This latter suggestion is 
supported by structural insights that reveal that the activation loop of CK2 lacks 
regulatory hallmarks such as phosphorylation sites that have prominent roles in the 
regulation of many other kinases [ 56 ,  57 ].  

4     Resolving the Paradox: An Unregulated Enzyme 
as a Participant in Regulatory Processes 

 At fi rst glance, the prospect that CK2 could be a constitutively active (i.e., potentially 
unregulated) enzyme is at odds with its involvement as a regulatory participant in 
fundamental biological processes or with its capacity to promote pathogenesis 
(Fig.  1 ). However, it is important to recognize that there are many discrete 
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populations of CK2 in cells that can be distinguished on the basis of features such as 
localization or composition of protein complexes. With the emergence of systematic 
proteomics profi ling, it has also become apparent that many proteins—not just his-
tones that are subject to an intricate combination of posttranslational modifi cations 
to generate the “histone code”—undergo multiple posttranslational modifi cations. 
Based on the existence of discrete CK2 populations, we postulated that individual 
populations of CK2 could be subject to distinct mechanisms of regulation rather 
than being subject to a universal mode of regulation that simultaneously impacts all 
of the CK2 within the cell. Furthermore, based on the widespread prevalence of 
multiple posttranslational modifi cations on many individual proteins, we were 
especially interested in the prospect that CK2 becomes a regulatory participant in 
cellular processes through systematic interactions with other regulatory modifi ca-
tions. Two examples of systematic relationships involving CK2 phosphorylation 
and other posttranslational modifi cations that will be discussed are the involvement 
of CK2 in hierarchical phosphorylation and sites with overlapping CK2 and caspase 
consensus recognition motifs.  

5     Hierarchical Phosphorylation: Priming and Primed 

 The involvement of CK2 in hierarchical phosphorylation was established more than 
20 years ago with the demonstration that CK2 can prime substrates such as glyco-
gen synthase and inhibitor 2 of protein phosphatase I to subsequent phosphorylation 
by GSK-3 [ 58 – 60 ]. The prospect that CK2 could also be the primed kinase was 
implied by the demonstration that phosphorylated residues, including phosphoser-
ine or phosphotyrosine, can substitute for glutamic acid or aspartic acid as specifi c-
ity determinants for CK2 phosphorylation [ 61 – 63 ]. While a limited number of 
examples of CK2 being primed by other kinases have been identifi ed to date, it is 
noteworthy that two cell cycle-regulated kinases, Plk1 and Cdk1, have been shown 
to prime substrates for subsequent phosphorylation by CK2 [ 64 ,  65 ]. These obser-
vations offer a possible explanation for the involvement of CK2 as a regulatory 
participant in pathways that control cell cycle progression despite the fact that it 
displays similar activity at all stages of the cell cycle. In this respect, cell cycle- 
dependent phosphorylation events catalyzed by CK2 would arise as a consequence 
of the CK2-catalyzed phosphorylation being dependent on prior phosphorylation by 
cell cycle-regulated kinases such as Plk1 or Cdk1. Detailed investigation of hierar-
chical phosphorylation relationships on individual proteins using traditional bio-
chemical approaches can be a painstaking process that undoubtedly limits the 
number of characterized examples. By comparison, phosphoproteomics studies 
reveal a large number of multiple phosphorylated peptides and/or peptides with 
clusters of phosphorylated residues [ 66 ]. Consequently, it can be readily envisaged 
that kinases, particularly enzymes such as CK2 where phosphorylated residues can 
serve as specifi city determinants, could have widespread involvement in multisite 
phosphorylation. Therefore, to systematically investigate the role of CK2 in 
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hierarchical phosphorylation, we have devised a workfl ow that combines the use of 
peptide libraries with phosphorylated residues at specifi c positions in relation to 
the phosphorylatable residue together with database mining. While the results from 
this workfl ow will be presented in detail elsewhere [ 67 ], these studies reinforce the 
prediction that CK2 has widespread involvement in hierarchical phosphorylation. 
In addition to explanations for the regulated phosphorylation of substrates by an 
unregulated kinase, these studies also offer the promise of further extending the 
repertoire of cellular CK2 substrates. To enable identifi cation of CK2 substrates that 
feature hierarchical phosphorylation, a key objective of these studies is elucidation 
of the spatial determinants for hierarchical phosphorylation.  

6     Convergence of CK2 with Caspase Pathways 

 As described in the preceding section, hierarchical phosphorylation represents a 
mechanism that would enable CK2 to be a regulatory participant in cellular pro-
cesses through its ability to catalyze regulated phosphorylation events such as the 
phosphorylation of Wee1 that occurs in a cell cycle-dependent manner [ 64 ] even in 
the absence of changes in its own catalytic activity. In essence, an unregulated 
kinase acquires regulatory involvement through its relationship with other regulated 
enzymes. This section will highlight another systematic relationship between CK2 
and other posttranslational modifi cations, namely, the intersection of CK2 with 
caspase signaling [ 68 ,  69 ]. Our effort to study the convergence of CK2 with caspase 
signaling was motivated by the remarkable resemblance of the consensus recogni-
tion motifs of CK2 and caspases [ 70 ]. A systematic workfl ow combining computa-
tional predictions and database mining with peptide arrays and biochemical assays 
revealed many key regulatory proteins with overlapping CK2 and caspase recog-
nition motifs [ 69 ]. Proteins with predicted CK2 phosphorylation sites proximal to 
sites of caspase cleavage include many known caspase substrates as well as caspases 
and pro-caspases. These observations suggest that CK2 could infl uence caspase 
action at both the levels of caspases and their substrates. Given that increased levels 
of CK2 have been observed in a number of different cancers and in virally infected 
cells, these results suggest an intriguing mechanism by which the constitutive activ-
ity of CK2 can be redirected to enhance cancer cell survival or to enable viruses to 
modulate caspase action in infected host cells. Another important consideration rel-
evant to the overlap between CK2 and caspase recognition motifs relates to the 
nature of the substrates that may be phosphorylated when CK2 is elevated. 
Particularly intriguing is the prospect that some of the substrates that are phosphory-
lated when CK2 is elevated to abnormally high levels are pathological substrates 
that would not normally be phosphorylated by CK2 in normal cells. In these situations, 
the constitutive activity could be exploited for the pathological rewiring of pathways 
to promote outcomes such as survival that will confer a selective advantage for 
cancer cells or be favorable for the infecting virus. 
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 Our initial effort to investigate the relationship between CK2 and caspase signal-
ing was restricted to the identifi cation and analysis of candidate proteins with CK2 
sites immediately adjacent to the caspase cleavage site (i.e., P2 or P1′). For all of the 
candidates that were examined in this context, phosphorylation blocked cleavage 
[ 69 ]. As a logical extension of that work, we then devised a quantitative proteomics 
strategy based on the TAILS (terminal amine isotopic labeling of substrates) work-
fl ow to investigate the impact of phosphorylation on cleavage of cellular proteins 
with endogenous phosphorylation at sites that are phosphorylated in cells [ 71 ]. This 
strategy revealed that phosphorylation had both a positive and negative impact on 
cleavage corroborating fi ndings obtained by Dix et al. [ 72 ] using an alternative pro-
teomics strategy known as PROTOMAP [ 73 ]. We also performed positional scan-
ning with peptide libraries to further elucidate the relationship between 
phosphorylation and cleavage. As seen in our earlier studies, phosphorylation adja-
cent to the cleavage site at either P2 or P1′ blocked cleavage. Phosphorylated resi-
dues at other positions on the C-terminal side of the cleavage site also inhibited 
cleavage, with the inhibitory effects diminishing with increasing distance of the 
phosphorylation site from the cleavage site. Similar trends were observed for phos-
phorylated residues on the N-terminal side of the cleavage site with the exception of 
the P3 position located two residues away from the cleavage site. Similar to results 
reported by Dix et al. [ 72 ], phosphorylation at P3 did not inhibit cleavage. In fact, 
with sequences evaluated by Dix et al. [ 72 ], phosphorylation actually promoted 
cleavage by caspase 8. Collectively, these results demonstrate that the relationship 
between phosphorylation and cleavage is complex with complete inhibition of 
cleavage only observed when phosphorylated residues are immediately adjacent to 
the cleavage site. Although CK2 is certainly not the only kinase involved in the 
regulation of caspase pathways [ 74 ], the prevalence of acidic residues within sites 
that are cleaved by caspases results in a higher likelihood that CK2, as compared to 
the majority of other kinases that do not have acidic specifi city determinants, has 
sites that overlap caspase cleavage sites. Again, this observation illustrates the util-
ity of CK2 as a vehicle to enable cancer cells or virally infected cells to circumvent 
caspase pathways.  

7     Closing Thoughts and Implications 

 The realization that the actions of CK2 are coordinated with other regulatory modi-
fi cations has a number of important implications. The involvement of CK2 in hier-
archical phosphorylation, either as a priming kinase or as the primed kinase, adds an 
additional level of control to regulatory events. Furthermore, when CK2, often con-
sidered to be an unregulated enzyme, is the primed kinase, it would adopt the regu-
latory characteristics of the priming kinase. With respect to the convergence of CK2 
with caspases, perhaps the most intriguing aspect of this relationship is the potential 
for CK2 to attenuate caspase action to promote cell survival. By exploiting the 
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constitutive activity of CK2, cancer cells or virally infected cells with elevated 
 levels of CK2 could gain enhanced survival through increased phosphorylation of 
caspases and caspase substrates. It is even conceivable that when CK2 is overex-
pressed or directed to new locations in these cells, it could phosphorylate pathologi-
cal substrates (i.e., proteins in that it does not phosphorylate in normal cells) with a 
resultant pathological rewiring of caspase pathways (Fig.  3 ). With the emergence of 
precision medicine and molecular-targeted agents, it is also important to recognize 
that drugs directed at a single target could have unintended, or at least unexpected, 
consequences related to relationships such as those that we have described here for 
CK2. Under some circumstances, it could be envisaged that these relationships 
could be advantageous. For example, it may be possible to consider the use of CK2 
inhibitors to enhance the susceptibility of cancer cells to apoptotic stimuli. Looking 
to the future, we can expect that our knowledge of the sites that undergo posttrans-
lational modifi cation in cells will continue to expand with ongoing improvements in 
proteomic technologies. This information will undoubtedly reveal more systematic 
relationships between CK2 and other regulatory modifi cations—and perhaps 
ultimately a logical code that enables us to decipher the roles of CK2 within the 
intricate regulatory networks that control biological processes.      

  Fig. 3    Schematic illustration to conceptualize the involvement of CK2 as a central constituent 
within regulatory networks. Based on its constitutive activity and alterations in expression that 
have been observed in cancer cells or in virally infected cells, CK2 could have both physiological 
and pathological substrates that intersect other regulatory pathways with the potential for perturb-
ing processes that promote the cell survival (see text for additional discussion)       
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      Role for Protein Kinase CK2 
on Cell Proliferation: Assessing CK2 
Complex Components in the Nucleus 
During the Cell Cycle Progression 

             Miwako     Kato     Homma     ,     Takeshi     Shibata    ,     Toshiyuki     Suzuki    ,     Masato     Ogura    , 
    Hiroko     Kozuka-Hata    ,     Masaaki     Oyama    , and     Yoshimi     Homma   

    Abstract     CK2 is one of the serine threonine kinases known to be essential for 
basic cell viability and survival. Until recently, genetic, biochemical, and cell bio-
logical studies have indicated the involvement of this enzyme in the control of cell 
proliferation and in signal transduction. It has been reported that more than 300 
proteins have been identifi ed as CK2 substrates in cells; however, the clarifi cation 
of the functional relationship between those substrates and CK2 in the aspect of cell 
proliferation and survival is still required. The identifi cation of the cellular factors 
involved in CK2 function is important to delineate its molecular mechanism in the 
cells. We previously demonstrated a signifi cant increase in CK2 activity by growth 
factor stimulation of quiescent cells and identifi ed eIF5 in the CK2 complex as 
being a downstream molecule. Also, we described the cell cycle-dependent associa-
tion of CK2 with an endogenous tumor suppressor adenomatous polyposis coli 
(APC) protein, which was further investigated to uncover the negative regulation of 
CK2 activity by the APC-C terminal domain that is lost in more than 60 % of FAP- 
derived cancer cells. These results established the importance of kinase activity that 
seems to be non-constitutively active and controlled by unknown cellular mecha-
nisms for properly regulating cell proliferation. We therefore examined the CK2 pro-
tein complex in the nucleus in distinct phases of cell proliferation by employing 
synchronized cells. Cell lysates were made after the stimulation with FBS, and nuclear 
fractions were extracted and immunoprecipitated with anti-CK2 polyclonal antibodies. 

        M.  K.   Homma       (*) •     T.   Suzuki     •     M.   Ogura     •     Y.   Homma    
  Department Biomolecular Science ,  Fukushima Medical University School of Medicine , 
  1-Hikarigaoka ,  Fukushima   960-1295 ,  Japan   
 e-mail: mkhomma@fmu.ac.jp   

    T.   Shibata   
  ABSciex. K.K. ,   Tokyo ,  Japan     

    H.   Kozuka-Hata     •     M.   Oyama   
  Medical Proteomics Laboratory ,  The Institute of Medical Sciences, The University of Tokyo , 
  Tokyo   108-8639 ,  Japan    

mailto: mkhomma@fmu.ac.jp


198

Using two-dimensional gel electrophoresis followed by mass  spectrometry analy-
sis, we identifi ed 22 proteins, including hnRNP, histone-binding proteins, and 
lamin-B, which were localized in the nuclear fraction preferentially associated with 
CK2 in the early G 1  phase. In further studies, using nuclear CK2 immunoprecipi-
tates followed by nanoLC mass spectrometry analysis, we identifi ed 140 proteins as 
CK2-interacting proteins in the nucleus. Intriguingly, more than 20 % of these pro-
teins were constituted by DNA-binding and RNA-binding proteins, suggesting the 
involvement of CK2 function as a dynamic regulator for gene function associated 
with cell cycle progression. Our approach can be extended to other cell states and 
cellular compartments and provide the broad biochemical framework for under-
standing the role of the kinase.  

  Keywords     Adenomatous polyposis coli (APC)   •   Cell cycle   •   CK2   •   Eukaryotic 
translation initiation factor 5 (eIF5)   •   Mass spectrometry (MS)   •   Nuclear functions   
•   Phosphorylation   •   Posttranslational modifi cations   •   Protein complex   •   Proteomics  

  Abbreviations 

   2D    Two dimensional   
  Ala    Alanine   
  APC    Adenomatous polyposis coli   
  CK2    Casein kinase 2/II   
  DMEM    Dulbecco’s Modifi ed Eagle’s Medium   
  eIF5    Eukaryotic translation initiation factor 5   
  FBS    Fetal bovine serum   
  FDR    False discovery rate   
  Glu    Glutamic acid   
  nanoLC    Nanoscale liquid chromatography   
  SDS-PAGE    Sodium dodecyl sulfate polyacrylamide gel electrophoresis   

1           CK2 Activity and Growth State of the Cells 

    CK2 is one of the old kinases identifi ed more than 60 years ago [ 1 ], and its impor-
tant role on numerous aspects for cellular function has been elucidated [ 2 – 4 ]. As 
shown in Fig.  1 , CK2 is a heterotetrameric enzyme consisting of catalytic subunit 
α or α′ and two regulatory β subunits, which catalyzes phosphate transfer using 
both GTP and ATP as phosphate donors. Genetic studies have shown that CK2 
is indispensable to cell proliferation, survival, and development, since a double 
knockout of the two catalytic subunits, α and α′, is lethal in yeast and mouse 
[ 2 ,  5 ,  6 ]. Contrarily, the catalytic subunits α and α′ are considered to function 
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complementary, and a single knockout of either α or α′ remains viable in yeast. The 
knockout effect of CK2α′ was observed to be defective in spermatogenesis causing 
globozoospermia in male mice [ 3 ], whereas a knockout of CK2β in mice showed 
embryonic lethality [ 7 ]. Importantly, CK2 is implicated in tumorigenesis and trans-
formation by promoting cell survival signaling pathways through upregulating 
proto-oncogene products such as c-Jun and c-Myc and transcriptional activators like 
β-catenin in the cell [ 8 – 10 ]. An increase in cellular contents of CK2 subunits has 
also been reported to be associated with carcinogenesis. A two- to threefold increase 

  Fig. 1    Ribbon representation of the CK2 holoenzyme from the crystal structure (PBD no. 1JWH)       
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in cellular CK2 content was observed in leukemic cells, and a statistically signifi -
cant increase of CK2 activity was detected in kidney, head and neck, and bladder 
carcinomas [ 11 ,  12 ].  

1.1     Changes in CK2 Activity in Response to Extracellular 
Stimuli 

 Numerous studies have been carried out to clarify the molecular mechanisms for the 
activation of CK2 by using a variety of external stimuli in different kinds of cultured 
cells, as shown in Table  1 . These studies were mostly based on established biochemi-
cal methods;    however, the results on changes in enzymatic activity in response to 
various stimuli have shown diverse effects and not to be consistent ( for review  
[ 13 – 15 ]). In addition to the fact that the regulatory mechanisms of the CK2 catalytic 
subunit by itself have not been well defi ned until now, CK2 has been considered to 
be a constitutively active protein kinase. The structural transition of the CK2 holoen-
zyme with regard to holoenzyme formation and aggregation [ 16 ,  17 ] has recently 
been resolved. We therefore examined changes in CK2 activity during cell cycle 
progression and demonstrated a signifi cant increase in CK2 activity in normal human 
fi broblasts synchronously induced to enter G 1  by growth factor stimulation [ 18 ]. For 
these experiments, normal human fetal lung fi broblast TIG-7 cells were grown in 
Dulbecco’s Modifi ed Eagle’s Medium (DMEM) supplemented with 10 % fetal 
bovine serum (FBS). On the other hand, for synchronization experiments, logarith-
mically growing cells were starved in 0.1 % FBS for 48 h and then cultured in fresh 
media containing 10 % FBS for several additional hours as indicated in reference 
[ 18 ]. CK2 immunoprecipitates were analyzed for CK2 activity in vitro by the p81 
fi lter method. As we have demonstrated, activation of CK2 appears to be transient 
following stimulation of the quiescent cells with FBS, reaching the highest level in 

   Table 1    Summary of CK2 activities observed by extracellular stimuli   

 Stimulus  Cell type  Substrates and effect  References 

 Serum  WI138 cells  Increase  Carroll and Marshak 
 Serum  WI138 cells  DSD, no effect  Litchfi eld 
 EGF  WI138 cells  DSD, no effect  Litchfi eld 
 FGF  WI138 cells  DSD, no effect  Litchfi eld 
 PDGF  WI138 cells  DSD, no effect  Litchfi eld 
 Serum  WI138 cells  DSD, no effect  Litchfi eld 
 Insulin  3T3-L1  ETE, increase  Sommercorn 
 Insulin  Rat adipocytes  No effect  Haystead 
 IGF-1  Balb/c 3T3  ETE, increase  Klarlund 
 EGF  A431  ETE, increase  Ackerman 
 EGF  Swiss 3T3  ETE, no effect  Ahn 
 Serum  TIG  ETE, increase  Homma 
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its activity in the fi rst 3 h and decreasing thereafter. These results suggest a potential 
role for CK2 in cell cycle progression and also that CK2 activity is controlled in rela-
tion to the progression of cell cycle. In order to delineate the dynamics of CK2 sig-
naling, we screened for interacting molecules that associate with CK2 holoenzyme. 
We eventually identifi ed eIF5 by mass spectrometric analysis in the CK2 complex 
when the highest level of activity was exhibited during cell cycle progression.

2         CK2 Phosphorylation Levels of Eukaryotic 
Translational Initiation Factor 5 Correlate 
with the Growth State in the Cell 

 To determine whether eIF5 is subject to phosphorylation modifi cation in vivo, we 
performed  32 P-labeling of TIG cells and immunoprecipitated eIF5, which was found 
to be phosphorylated in vivo (Fig.  2a ). Its phosphorylation level was low in G 0 , 
dramatically increased at 3 h, and further increased in the S and G 2 /M phases, 
although the expression levels of the eIF5 protein were consistent during the time 
course of the experiment. On the other hand, when growing cells were serum starved 
and gated into G 0 /G 1 , eIF5 phosphorylation level decreased to the basal level over a 
48 h period. The interaction between eIF5 and CK2 was observable 3 h after FBS 
stimulation only in G 1  but not in G 0  or G 2 /M. These results suggest that the phos-
phorylated state of eIF5 is closely correlated with the growing state of the cells. We 
also demonstrated that CK2 is the kinase responsible for phosphorylation of eIF5 
and identifi ed the exact phosphorylation sites in eIF5 by peptide mass and sequenc-
ing analysis (Fig.  2b ,  upper ). Two serine residues 389 and 390 of eIF5 were major 
sites of phosphorylation by CK2 both in vivo and in vitro, and phosphorylation of 
two threonines, 207 and 208, was also detected (Fig  2b ,  lower ).  

2.1     Phenotypes of Phosphorylation-Site Mutants in eIF5 

 We constructed mutant eIF5 cDNA plasmids in which Ser or Thr CK2 sites were 
substituted by alanines (Ala) and expressed in COS cells, in order to test their ability 
to be phosphorylated. We found that cell proliferation was signifi cantly abrogated 
by all three eIF5 mutants, which were severely impaired in phosphorylation com-
pared to wt eIF5-expressing cells [ 18 ]. In contrast, cell proliferation was enhanced 
by 30–50 % in eIF5 mutants substituting Ser and Thr residues with glutamic acid 
(Glu) that mimic phosphorylated states in eIF5. Flow cytometric analysis indicated 
that the expression of mutant eIF5 with Ala induced decreases in the percentage of 
cells in the G 2 /M phases and increases in the G 0 /G 1  and S phases of the cell cycle. 
These results point out the possibility that cell growth was strictly correlated with 
the ability of eIF5 to be phosphorylated in vivo. Actually, cyclin B1-associated 
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  Fig. 2    Cell cycle-dependent phosphorylation of eIF5 in vivo. ( a ) Phosphorylated state of endog-
enous eIF5 correlates with the growing state of the cells. Logarithmically growing normal human 
fi broblast TIG cells were serum starved for 48 h (G 0 ) and cultured synchronously to progress 
through the cell cycle by the addition of FBS (G 1 ), and then logarithmically growing cells were 
starved again in 0.1 % FBS for indicated hours to be gated into G 0  phase. The length of these treat-
ments is indicated. Cells were labeled with  32 P-Pi for 1 h at 37 °C before harvesting and were 
immunoprecipitated with anti-eIF5 monoclonal antibody and separated by 10 % SDS-PAGE. An 
image from autoradiography indicates elevated phosphorylation of eIF5 associating with the pro-
gression of cell cycle [ 18 ]. ( b ) Results of mass spectrometry analysis obtained by peptides derived 
from eIF5 proteolytic digests to identify its phosphorylation sites by CK2 at four sites. 
( b ,  lower ) Schematic structure of human eIF5, indicating phosphorylation sites by  red-colored 
numbers , is also shown. ( c ) A model of the functional role for phosphorylated eIF5 on the forma-
tion of mature initiation complex, with newly synthesized mRNA and initiation factors, engaged 
on the ribosomes to initiate protein translations       
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kinase activity was signifi cantly inactivated by these mutants. From these results, it 
was suggested that blocking phosphorylation of eIF5 by CK2 inhibited cell cycle 
progression. By analyzing the formation of multifactor complex comprising 
translation- initiation factors, including eIF1, eIF2, eIF3, and eIF4 on sucrose gradi-
ent velocity sedimentation, we found that phosphorylation site mutation impairs 
stable association of eIF5 with pre-initiation complex. These results may imply that 
eIF5 phosphorylation by CK2 is important for the proper association of eIF5 with 
the mature translation-initiation complex that is engaged in translation in vivo 
(Fig.  2c ). Collectively, these data point toward CK2 involvement in regulating trans-
lation through the association and phosphorylation of eIF5.   

3     Downregulation of CK2 Activity by Association 
with APC Protein 

 We observed CK2 being associated with the adenomatous polyposis coli (APC) pro-
tein during the later phase in the cell cycle [ 19 ]. The tumor suppressor APC is linked 
to FAP (familial adenomatous polyposis) and is inactivated by mutations frequently 
observed in most colorectal tumors (Fig.  3a ). To analyze the biochemical signifi -
cance of APC on cell proliferation, we established a method to isolate APC proteins 
with polyclonal antibodies which were raised against the N-terminus of APC pro-
tein. Figure  3b  demonstrates the results of immunoprecipitation followed by Western 
blot indicating that the protocol is quite effi cient to immunoprecipitate not only the 
full-length APC from normal human cells, TIG-3 and TIG-7 cells, but also the vari-
able masses of truncated forms of APC in colorectal carcinomas, DLD- 1, SW480, 
KMS-4, and KMS-8 cells; from the latter, two lines were established from different 
individuals of FAP background. The arrowheads in Fig.  3a  indicate a nonsense 
mutation site in each colorectal carcinoma cell line, and those protein sizes of endog-
enous APC were consistent with previous mutational analyses. Notably, the expres-
sion of APC is upregulated in carcinomas. In colorectal carcinomas, activation of 
endogenous enzymes such as phospholipase C, PI3-kinase, and protein kinases has 
been reported. Following our extensive approach to prove potential associations of 
APC with kinase activities, we identifi ed CK2 as an APC- associating kinase in the 
normal cells and also colorectal carcinoma cells, and demonstrated that CK2α and 
CK2 holoenzyme bind directly to the N-terminal region of the APC protein. By 
analyzing APC immunoprecipitates for association with CK2 in synchronized cells, 
we demonstrated that APC and CK2 interactions are cell cycle regulated (Fig.  3c ).  

 To further examine the signifi cance of APC-CK2 interactions, we analyzed the 
catalytic activity of CK2 in the presence of APC. Also, we observed the inhibition of 
CK2 activity in the presence of APC immunoprecipitates from normal cells consist-
ing of full-length APC. We therefore prepared recombinant APC fragments overlap-
ping the 300 kDa to verify the effects of APC itself. As a result, C-terminal fragments 
of APC exhibited strong inhibition toward CK2 activity depending on the fragment 
concentrations [ 19 ]. This result indicates large differences in the ability of full-length 
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  Fig. 3    Adenomatous polyposis coli protein associates with CK2 in the cells. ( a ) Key domains of 
the APC protein: a causative gene for familial adenomatous polyposis. ( b ) Detection of full-length 
and truncated forms of APC protein by Western blot following immunoprecipitation by polyclonal 
anti-APC antibodies raised against N-terminal amino acids in APC. Normal human fi broblast TIG- 3, 
TIG-7 cells, colorectal adenoma cell lines DLD-1, SW480 cells, and colorectal carcinoma cells 
KMS-4, KMS-8. ( c ) A cell cycle-dependent association of APC with CK2 observed both in normal 
TIG cells and SW480 cells. Two cell lines were synchronized separately, and cell populations 
arrested in each phase of the cell cycle as indicated were immunoprecipitated by anti-APC anti-
bodies. CK2 proteins in each immunoprecipitates were detected by Western blot using anti-CK2 
antibodies [ 19 ]       
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and truncated forms of APC to regulate CK2 activity. In other words, the inhibitory 
effect of APC toward CK2 activity may be absent in carcinoma cells which lack the 
APC-C-ter, although the two molecules could interact in vivo. To further investigate 
the effect of the interaction between APC and CK2, cells expressing this region of 
APC were monitored in growth and transformation assays. HEK293 cells expressing 
the C-terminal fragment of APC strongly suppressed growth rates, increasing the 
doubling times by twofold compared to control cells [ 20 ]. The potential signifi cance 
of the interaction between APC and CK2 was then verifi ed for regulating cell prolif-
eration. We suggest a model in which interactions of APC with CK2 perturb cell 
proliferation as well as cellular transformation as described [ 20 ].  

4     CK2-Associating Proteins in the Nuclear Fraction 
Following the Serum Stimulation 

4.1     Spatiotemporal Organization of CK2 
in Response to the External Stimuli 

 Recent analysis of the spatiotemporal organization of individual CK2 subunits in liv-
ing cells has indicated that they are dynamic and that they are involved in different 
multimolecular assemblies [ 21 ]. For the fi rst step, in order to understand the cellular 
function of CK2 as a tetrameric complex in the nuclear fraction, we conducted immu-
noprecipitation of the CK2 complex using the immobilized polyclonal antibodies 
against CK2α which recognize both monomeric and tetrameric enzyme followed by 
conventional two-dimensional gel electrophoresis and mass spectrometry analysis.  

4.2     Conventional Methods by 2D Gel Development 
Combined with Mass Spectrometry Analysis 

 For synchronization experiments, logarithmically growing TIG cells were starved 
in 0.1 % FBS for 48 h (G 0 ) and then cultured in fresh media containing 10 % FBS 
for an additional 3 h to obtain cell populations enriched in the G 1  phase of the cell 
cycle. The two sets of cell populations were harvested, fractionated into the cytosol 
and nuclear fraction according to the methods [ 22 ], and then immunoprecipitated 
using anti-CK2 polyclonal antibodies. Briefl y, after the removal of the cytosolic 
fraction, nuclear proteins were solubilized by 0.6 M NaCl in 20 mM Hepes buffer 
(pH 7.4), containing 25mM β-glycerophosphate, 20 % glycerol, 1 mM DTT, 2 mM 
EDTA, 1 μg/ml aprotinin, 1 μg/ml leupeptin, and 1mM PMSF. About 30 μg proteins 
in the CK2 immunoprecipitates was processed for isoelectric focusing using IPTG 
gel strips ( p I 4–7, 18 cm, GE Healthcare) followed by 10 % SDS-PAGE. 2D gels 
were silver stained following methanol fi xation (Silver Stain MS Kit, Wako, Japan). 
As shown in Fig.  4a , gels were analyzed to detect changes in protein spot intensities 
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  Fig. 4    Cell cycle-dependent association of nuclear proteins with CK2. ( a ) 2D gel images showing 
CK2-associating nuclear proteins in synchronized TIG cells. Serum-starved TIG cells (G 0 ,  upper ) 
were stimulated with FBS for 3 h (G 1 ,  lower ). The nuclear fraction was extracted and immunopre-
cipitation was done by anti-CK2α antibodies. Proteins were equilibrated with Pharmalite (pH 4–7) 
and then applied on two-dimensional gel electrophoresis. Proteins were visualized by silver stain 
reagent. The primary sequence of proteins marked in circles was identifi ed by mass spectrometry 
as shown in Table  2 . ( b ) hnRNP was associated with CK2 in the nuclear fraction in TIG cells, as 
shown by immunoprecipitation followed by blotting with anti-hnRNP antibody ( upper , stimulated 
without or with FBS for 3, 6, and 18 h). hnRNPs in CK2 complex were shown to be phosphor- 
proteins as determined by  32 P-labeling ( lower ) followed by immunoprecipitation with anti-hnRNP. 
( c)  NanoLC mass spectrometry analysis identifi ed phosphopeptides from hnRNPH1 and hnRNPA1. 
   Product ion mass spectrum corresponds to the peptide sequence HTGPNSPDTANDGFVR derived 
from hnRNPH1 ( upper ) and SESPKEPEQLRK from hnRNPA1 ( lower ), respectively         
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Fig. 4 (continued)
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on the gel images using a Melanie III Viewer. In total, 22    protein spots with chang-
ing intensities of more than twofold in each of the three biological replicate sam-
ples. These proteins excised from wet gels were destained with a solution containing 
Na 2 S 2 O 3  according to the manufacturer’s protocol, digested with porcine trypsin 
(100 ng, Promega), and desalted on C18 ZipTips (Millipore). The resulting peptides 
were analyzed by tandem mass spectrometer (Q-TOF electrospray ionization mass 
spectrometer, QSTAR, Applied Biosystems).  

 Nuclear protein analysis derived from G 0  and G 1  cells revealed major changes in 
matrix proteins involved in multipotent nuclear functions such as vimentin, tubulin, 
nuclear membrane component lamin-B, histone-binding protein RBBP4 for the 
exchange of H3-H4 complex and the assembly of new nucleosomes, hnRNPC1/C2 
and hnRNPH1 involved in RNA metabolism, and TAR DNA-binding protein, which 
were shown to be associated with CK2 and appeared more in G 1  cells compared 
with G 0  during the progression of the cell cycle. These proteins are listed in Table  2  
according to their scores obtained from mass spectrometry analysis. As one of the 
CK2-associated proteins, we analyzed heterogeneous RNA-binding proteins, 
known as RNA splicing factors involved in RNA metabolism, for its in vivo binding 
to CK2 and for its cell cycle-associated phosphorylation state. As shown in Fig.  4b , 
hnRNP initiated the interaction with CK2 in the nuclear fraction when G 0  cells were 
stimulated with FBS to progress into G 1 . Phosphorylation levels of hnRNP associat-
ing with CK2α were also increased in response to growth stimulation by 
FBS. According to a separate experiment using nanoLC mass spectrometry, per-
formed as described in the following section, Fig.  4c  shows a typical mass spectrum 
generated after TiO 2 -enrichment of phosphopeptides from trypsin-digested CK2- 
associating proteins, hnRNPA1 and hnRNPH1, and their in vivo phosphorylation. 
The spectrum in Fig.  4c   lower panel  signifi cantly matched the trypsin-generated 
peptide of hnRNPA1 by 99 % confi dence, showing the addition of 79.96633 at the 
fi rst serine position of a peptide SESPKEPEQLRK corresponding to Ser4 of 
hnRNPA1. This phosphorylation site completely matches the predicted phosphory-
lation site by CK2, suggesting that CK2α may be involved in nuclear function as an 
upstream kinase or as an indispensable binding protein for RNA transport and RNA 
processing, for the progression of the cell cycle in mammalian cells.

4.3        Integrated Proteomics Technology 

 Recent mass spectrometry has emerged as a key technology for screening protein 
posttranslational modifi cations including phosphorylation and also clarifying each 
of the components in a multiprotein complex in the cells [ 23 – 27 ]. In order to char-
acterize CK2-dependent pathways associated with the cell cycle, we performed 
large-scale studies of complex samples using a nanoLC mass spectrometry 
approach. CK2-associating proteins from nuclear fractions were prepared from 
logarithmically growing TIG cells which were serum starved or arrested in G 0  phase 
and then cultured synchronously to progress through the cell cycle by the addition 
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of FBS for 3 h. Immunoprecipitations were performed using immobilized-normal 
IgG or anti- CK2 antibodies that were conjugated to agarose beads, and proteins in 
the complex were eluted by glycine-HCl, pH 2.5, followed by neutralization by 2 M 
Tris solution    to pH 8.0. These proteins were digested each with 10 ng/μl trypsin in 
20 mM ammonium bicarbonate, added to the mixture three times during incubation 
at 37 °C for overnight. These digests were followed by peptide extraction with 50 % 
acetonitrile containing 0.1 % acetic acid (Fig.  5    ). The peptide solutions were ana-
lyzed by TripleTOF 5600 mass spectrometry (ABSciex). The raw data fi les were 
analyzed by ABSciex MS Data Converter to create peak lists on the basis of the 
fragmentation spectra. Peptides and proteins were identifi ed by Mascot (Matrix 
Science, UK) against IPI human database with a precursor mass tolerance of 
20 ppm, a fragment ion mass tolerance of 0.02 Da, and strict trypsin specifi city 
allowing for up to two missed cleavages. We identifi ed 140 interacting proteins by 
95 % confi dence as components of the nuclear CK2 as listed in Table  3 . Those pro-
teins cover diverse nuclear functions including nuclear matrix proteins, vimentin, 
centrin, calnexin, and KIAA; RNA-binding protein, RBM15, hnRNP, splicing fac-
tor TRA2B, and RNA helicase DDX21; nucleosome function, H1, H4, and H2B; 
and other functions, SRRM2, blc2-associated protein, and BAZ1A. Comparing 
these results with those obtained from the 2D gel analysis as shown in Table  2 , we 
demonstrate three common proteins, vimentin, lamin-B1, and hnRNP, which were 
observed in both analyses. In addition, as described in the previous section, we vali-
dated the interaction of CK2 with one of the newly identifi ed associating protein 
hnRNP in more detail, demonstrating phosphorylation at Ser 104 of hnRNPH1 and 
at Ser4 of hnRNPA1, respectively (Fig.  4c ). Our analysis revealed numerous novel 
interactions and thus provides a valuable resource for understanding how this kinase 
signaling pathway affects different cellular functions. Intriguingly, more than 20 % 
of CK2-interacting proteins were constituted by DNA- and RNA-binding proteins, 
suggesting the involvement of CK2 function as a dynamic regulator for gene func-
tion in the nucleus which may be associated with cell cycle progression. These 
proteomics technologies could clearly identify the molecular composite constitu-
tion surrounding the kinase in the cell. We recently demonstrated an association of 
nuclear and cytosolic proteins with CK2 occurring in a cell cycle-dependent man-
ner, suggesting that possible binding partner switching might occur following the 
progression of the cell cycle (collaborative work with Dr. Oyama M, manuscript in 
preparation, [ 28 ]).

4.4         Phosphoproteins Associating with CK2 in the Nucleus 

 The identifi cation and characterization of the in vivo substrates of an individual 
protein kinase is important for understanding its cellular functions in physiological 
states such as proliferation and pluripotency [ 29 ]. To clarify the possibility that 
CK2-binding proteins may be regulated by phosphorylation, we performed phos-
phopeptide enrichment by TiO 2  of proteolyzed immunoprecipitates from TIG cells. 
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Normal human fibroblast TIG cells, 44 plates
Arrested in G0 and synchronously progressed in G1

Lysed cells

Nuclear fraction

Immunoprecipitated with anti-CK2α antibodies

Eluted CK2 complex by glycine-HCl
Adjusted pH to 8.8

Proteolysed with trypsin and desalted by TiO2 column

Applied on nanoLC Triple TOFTM 5600 system 

ID statistics (Protein-Thresfolded):
2101 total spectra, 2101 non-empty spectra; 178740 proteins searched

99 % confidence              46 FDR 1 % Phosphopeptide 306

95 % confidence 283 FDR 1 % Confident Peptide 356 

The number of spectrum obtained as phosphorylated peptides

a b

c

Unused 
(Confidence) 
Cutoff

Proteins 
detected

Proteins 
before 
grouping

Distinct 
peptides

Spectra 
identified

% Total 
spectra

>1.3 (95) 140 629 437 686 32.7

Cutoff 
applied: >0.05 

157 679 441 693 33.0

1 2  3 4 

Mr

175 –

80 -

46 -

30 -

17 -

7 -

  Fig. 5    Assessing    the components of the CK2 complex and their phosphorylation statues. 
( a ) Purifi cation of CK2-associating proteins from nuclear fractions. TIG cells synchronously pro-
gressed through the cell cycle in early G 1  phase were fractionated to obtain nuclear fractions. 
Immunoprecipitations were performed using normal IgG ( lane  3) or anti-CK2 antibodies ( lane  4). 
Proteins in the complex were eluted by glycine-HCl, pH 2.5 followed by neutralization by 2 M Tris 
solution, and an aliquot of each eluate was applied on a 10 % SDS-PAGE, visualized by silver-
staining kit. BSA was applied on  lane  1(100 ng) and  2  (10 ng). ( b ) Analytical conditions of prepar-
ing sample for mass spectrometry are indicated on the  right panel . ( c ) Mass spectrometry 
identifi cation of CK2-associating proteins is listed in Tables  3  and  4 . ID statistics and the number 
of spectrum derived from mass analysis data are indicated as separate inserts       
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    Table 3    Proteins associating with CK2 identifi ed by nanoLC mass spectrometry   

 No.  Access no.  Names  Unused cutoff  % Cov.  Peptides 

 1  782992.3  Serine/arginine repetitive matrix 
protein 2 

 61.53  14.8  38 

 2  886854.1  BCL2-associated transcription 
factor 1 isoform 2 

 28  12.1  15 

 3  418471.6  VIM vimentin  24.3  34.1  14 
 4  647720.1  Serine/arginine repetitive matrix 

protein 1 
 23.94  22.9  15 

 5  930226.1  Highly similar to actin, 
cytoplasmic 2 

 16.23  29.8  12 

 6  217467.3  HIST1H1E histone H1.4  13.93  31.1  8 
 7  883896.1  LIM domain and actin-binding 

protein 1 isoform a 
 11.35  9.6  10 

 8  104050.3  Thyroid hormone receptor-
associated protein 3 

 10.2  4.9  5 

 9  12199.1  Coiled-coil domain-containing 
protein 86 

 9.97  19.4  5 

 10  969501.1  TCOF1, treacle protein isoform f  8  4.3  5 
 11  453473.6  HIST2H4A  8  48.5  4 
 12  220717.2  RNA-binding protein 15  8  6.5  4 
 13  215928.4  Centrin-2  8  10.5  4 
 14  18370.4  Isoform 2 of supervillin  8  3.4  5 
 16  909288.1  HNRNP A1  6  5.5  4 
 17  607584.1  Myb-binding protein 1A  6  2.6  5 
 18  515061.3  HIST1H2BJ histone H2B type 1-J  6  23  3 
 19  220158.1  Alpha-adducin  4.26  4.8  2 
 20  556514.1  RNA-binding motif protein 14 

variant (Fragment) 
 4.03  4.9  2 

 21  412415.2  BAZ1A  4  1.4  2 
 22  515115.3  ABLIM1, putative uncharacterized 

protein ABLIM1 
 4  9  2 

 23  914995.1  A-kinase anchor protein 2  4  5.2  2 
 24  555647.4  TRA2B splicing factor variant  4  17.7  2 
 25  13933.2  Desmoplakin  4  1.6  3 
 26  954159.1  AHCTF1P1  4  2.1  2 
 27  953077.1  CTNNA1, putative uncharacterized 

protein 
 4  4.2  2 

 28  942853.1  RNA-binding motif protein 39  4  6.8  2 
 29  872909.1  Ribosomal RNA methyltransferase 

NOP2 
 4  5.1  2 

 30  796848.1  SRSF2, arginine-/serine-rich 
splicing factor 

 4  20.6  2 

 31  290952.7  RRP1B, ribosomal RNA 
processing protein 1 

 4  5.1  2 

 32  941747.1  Calnexin  4  5.7  2 
(continued)
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Table 3 (continued)

 No.  Access no.  Names  Unused cutoff  % Cov.  Peptides 

 33  895905.3  TP53 cellular tumor antigen p53  4  3.7  2 
 34  789281.2  KIAA1429  4  1.7  2 
 35  477179.1  DDX21, nucleolar RNA helicase 2  4  3.9  2 
 36  215879.1  SRSF6, serine-/arginine-rich 

splicing factor 6 
 4  6  4 

 37  5614.6  SPTBN1, spectrin beta chain  4  1.6  3 
 38  965597.1  DBN1  3.7  5  3 
 39  45550.4  PPP1R9B neurabin-2  3.66  3.4  2 
 40  329547.3  Zinc fi nger domain-containing 

protein 13 
 3.12  3.5  2 

 41  966829.1  ALB 69 kDa protein  2.39  13.4  4 
 42  879810.1  SPTAN1  2.37  1.4  1 
 43  922722.1  Periphilin-1  2.21  6.1  2 
 44  642213.1  RNA-binding protein  2.02  11.8  1 
 45  908725.1  ZC3H18  2  4.9  2 
 46  514411.2  RSF1, spacing factor 1  2  3.1  1 
 47  937545.1  PDS5B, sister chromatid cohesion 

protein PDS5 
 2  2.6  1 

 48  893035.1  CAD  2  1.2  1 
 49  872028.2  NUMA1  2  2.2  1 
 50  845355.1  ATRX  2  1.4  1 
 51  646374.1  PRPF38B, 52 kDa protein  2  9.4  1 
 52  644087.1  LMNA progerin  2  5.2  1 
 53  640210.2  MLLT4 afadin isoform 2  2  1.8  1 
 54  420096.4  Plectin  2  0.7  1 
 55  291607.2  ITPR3, inositol 1,4,5-trisphosphate 

receptor type 3 
 2  1.2  1 

 56  291032.7  Cytospin-B  2  3.8  1 
 57  32342.4  TRIP12 protein  2  1.8  1 
 58  6103.1  CD2BP2  2  13.8  1 
 59  953543.1  PELP1  2  2.1  1 
 60  953142.1  ZC3H14  2  3.6  1 
 61  946415.1  ACIN1, apoptotic chromatin 

condensation inducer 
 2  1.7  1 

 62  910135.1  AFAP1, actin fi lament-associated 
protein 1 isoform a 

 2  3.2  1 

 63  844406.1  Arginine- and glutamate-rich 
protein 1 

 2  9.9  1 

 64  830039.1  Splicing factor U2AF 65 kDa 
subunit 

 2  3  1 

 64  655922.1  Chromodomain Y-like protein  2  3.3  1 
 65  642195.2  Zinc fi nger MYM-type protein 4  2  1.4  1 
 66  477330.3  Rho GTPase-activating protein 11A  2  2.2  1 
 67  436632.1  Nipped-B-like protein  2  0.7  1 

(continued)
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Table 3 (continued)

 No.  Access no.  Names  Unused cutoff  % Cov.  Peptides 

 68  306301.2  Pyruvate dehydrogenase E1 alpha 
1 isoform 2 

 2  5.8  2 

 69  292817.6  KIAA1462  2  1.8  1 
 70  218500.6  Histone-lysine N-methyltransferase 

MLL 
 2  0.7  1 

 71  217975.4  Lamin-B1  2  2.7  1 
 72  216631.1  Beta-2-syntrophin  2  10.5  1 
 73  175136.5  RBM15B, RNA-binding protein 

15B 
 2  2.5  1 

 74  31627.4  DNA-directed RNA polymerase II 
subunit RPB1 

 2  2.1  1 

 75  8868.3  MAP1B  2  1.2  1 
 76  8557.6  Insulin-like growth factor 2 

mRNA- binding protein 1 
 2  3.8  2 

 77  968132.1  HNRNPH1  2  9.4  1 
 78  968092.1  HNRNPD  2  19.6  1 
 79  967721.1  SNHG4  2  1.8  1 
 80  965804.1  CAP1 47 kDa protein  2  4.2  1 
 81  954039.1  Disabled homolog 2  2  1.6  1 
 82  953619.1  CLASRP  2  1.6  1 
 83  953308.1  PCM1  2  0.8  1 
 84  945115.1  Rho guanine nucleotide exchange 

factor 7 
 2  1.4  2 

 85  943523.1  Centrosomal protein of 57 kDa  2  3.1  1 
 86  942431.1  Epidermal growth factor receptor 

substrate 15-like 1 
 2  2.3  1 

 87  941257.2  Serine/threonine-protein kinase D2  2  1.6  1 
 88  940614.1  PDCD4 50 kDa protein  2  2.2  1 
 89  940224.1  UPF0606 protein C11orf41  2  0.5  1 
 90  940183.1  PKP4  2  2.6  1 
 91  939811.1  Ribosomal protein S3  2  7  1 
 92  929732.1  FCHO2  2  1.2  1 
 93  927445.1  UAP56-interacting factor  2  10.1  1 
 94  927389.1  RCC1  2  4.8  1 
 95  926274.2  CALD1  2  2.8  1 
 96  924436.1  HSPB1  2  5.4  2 
 97  918003.1  SSFA2  2  0.6  1 
 98  915466.1  EPN2  2  2.8  1 
 99  915253.1  RNA-binding protein 10  2  1.4  1 
 100  910164.1  SLC16A1  2  4.4  1 
 101  909184.1  WDR77  2  11.6  1 
 102  909030.1  KTN1  2  1.3  1 

(continued)
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Table 3 (continued)

 No.  Access no.  Names  Unused cutoff  % Cov.  Peptides 

 103  892704.1  PUM2  2  3.4  1 
 104  879287.1  CDCA5  2  3.3  1 
 105  873776.1  MORC2  2  0.9  1 
 106  872788.1  DPYSL3, dihydropyrimidinase-

related protein 3 
 2  1.9  1 

 107  871240.2  RBM16  2  1.5  1 
 108  868816.1  RPL12P38  2  7.7  1 
 109  855962.1  FK506-binding protein 15  2  1.7  1 
 110  796446.1  KDM2B  2  3.2  1 
 111  795990.1  DKFZp686A1195  2  0.9  1 
 112  794894.1  RPL23A protein  2  5.1  1 
 113  747462.2  EPB41L2  2  4.1  1 
 114  646643.1  SRSF10  2  3.8  1 
 115  643027.1  LARP1  2  1.5  1 
 116  514439.5  POGZ  2  1.4  1 
 117  477661.1  E3 ubiquitin-protein ligase ZFP91  2  3.5  1 
 118  465457.4  Cyclin-Y  2  3.2  1 
 119  411937.4  NOP56  2  3  1 
 120  410716.1  Bromodomain-containing protein 3  2  2  1 
 121  396104.2  Male-specifi c lethal 3 homolog  2  2.4  1 
 122  386908.3  Alpha-parvin  2  8.8  1 
 123  376222.1  YTH domain-containing protein 1  2  1.3  1 
 124  304932.2  Ribosomal RNA-processing 

protein 8 
 2  3.5  1 

 125  302829.5  Retinoblastoma-associated protein  2  1.2  1 
 126  293746.2  Multiple myeloma tumor-

associated protein 2 
 2  6.1  1 

 127  290204.1  U1 small nuclear ribonucleoprotein 
70 kDa 

 2  3  1 

 128  218850.5  Secretory carrier-associated 
membrane protein 2 

 2  4  1 

 129  216047.3  SWI/SNF complex subunit 
SMARCC2 

 2  1.2  1 

 130  170744.1  Transcription factor Elf-4  2  2  1 
 131  106955.3  C11orf84  2  3.4  1 
 132  30968.4  C9orf142  2  5.9  1 
 133  29081.3  DNA ligase 3  2  1.2  1 
 134  21924.1  H1FX, histone H1x  2  5.2  1 
 135  11857.1  Chromatin assembly factor 1 

subunit B 
 2  2.9  1 

 136  9146.4  TRAF-type zinc fi nger domain- 
containing protein 1 

 2  2.2  2 

(continued)
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Table 3 (continued)

 No.  Access no.  Names  Unused cutoff  % Cov.  Peptides 

 137  8200.2  YEATS domain-containing protein 
2 

 2  1.3  1 

 138  6937.2  Ubiquitin-conjugating enzyme E2 
J1 

 2  4.7  1 

 139  2564.3  DNA repair protein XRCC1  2  3.5  3 
 140  816.1  14-3-3 protein epsilon  2  4.3  1 

  For the measurements on the mass spectrometer, the peptides were separated using Eksigent 
nanoLC System and an HiQSil C18 analytical column (particle size 3 μm, bed length 15 cm, 
100 Å, KYA Tech. USA). The peptides were eluted at a fl ow rate of 300 nl/min with formation of 
a solvent gradient of buffer A and B (1–2 % buffer B in 1 min, 2–25 % B in 59 min, 25–40 % B in 
10 min, 40–100 % B in 5 min). The MS was operated in data-dependent mode to automatically 
switch between Triple Q and LTQ-MS/MS acquisition. Survey full scan MS spectra (from  m/z  400 
to 1,500) were acquired with resolution  R =60,000. Ion selection threshold was 1,000 counts for 
MS/MS; an activation  Q -value of 0.25 and activation time of 30 ms were also applied for MS/
MS. Protein identifi cation was performed by automated database searches using the Sequest algo-
rithm rel. 27.11 (Sorcerer built 4.04, Sage-N Research Inc., Milpitas, CA) and the Swiss-Prot 
database rel. 57.15 (forward-reverse, limited to 32,448 mouse entries). The considered enzyme 
specifi city was fully tryptic allowing two missed cleavages. Parent and fragment mass tolerance 
(MS) were set to 10 ppm and 1 Da, respectively. Methionine oxidation and carbamidomethylation 
(on C) were considered as optional modifi cation. Protein identifi cation was based on (a) peptide 
thresholds, with a 95.0 % confi dence minimum (Sequest: ΔCn scores of greater than 0.4 and 
XCorr scores of greater than 2.0 or 3.5 for doubly and triply charged peptides, respectively), and 
(b) protein thresholds, with 95.0 % confi dence  

Table  4  shows the top 102 phosphopeptides according to their peptide scores 
obtained from CK2-associating proteins. In total, a 172 phosphopeptides from 42 
proteins were identifi ed by this study at 99% confi dence level. Three hundred and 
six phosphopeptides and 317 phospho-amino acids were identifi ed as 1 % false 
discovery rate (FDR) including 291 sites at serine and 26 sites at threonine. This 
indicates that the sites detected from our nuclear preparation were exclusively ser-
ine or threonine residues. Proline-directed phosphorylation sites, Pro at the +1 posi-
tion, and acidophilic sites, a Glu/Asp at position +3, accounted for 72.5 % of all 
detected phosphorylation. This proteomic analysis disclosed many novel phosphor-
ylation sites of CK2-associating proteins in the early G 1  phase nucleus including 
matrix proteins SRRM2, vimentin, and supervillin; bcl2-associated transcription 
factor 1; nucleosomal protein histone H1.4, centrin-2; RNA-binding proteins 
hnRNPA1, hnRNPH1, RBM15, RBM14, RBM39, and DDX21; ribosomal RNA 
processing protein RRP1B; retinoblastoma-associating protein RB1; zinc fi nger 
containing protein ZC3H13; and adaptor protein AKAP2.

   These proteins identifi ed by our study were classifi ed by the gene ontology data-
base DAVID, and the top twenty proteins are listed in Table  5  according to their 
 P -values. These functional annotation data clearly suggest the role of CK2 for 
dynamic gene regulation: RNA processing, RNA metabolism, nucleosome assembly, 

M.K. Homma et al.
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chromatin organization, and nuclear cytoskeletal organization. Our results revealed 
that RNA- and DNA-binding proteins were enriched in nuclear CK2- associating 
proteins indicating that CK2 may play important roles for their cellular functions 
during the progression of cell cycle. Recently, an integrated phosphoproteomics 
workfl ow identifi ed spliceosomal complexes as the CK2 substrates in HeLa cells 
[ 30 ], suggesting an involvement of CK2 in the RNA splicing machinery. Other 
fi ndings demonstrated CK2 phosphorylation of splicing factor Prp3p [ 31 ], Rad 
51[ 32 ], and other proteins closely related to gene regulation [ 33 – 35 ]. Applying the 
above data sets to an algorithm such as SCANSITE could predict substrates 
 recognized by specifi c kinases in relation to the nuclear CK2 complex. Knowledge 
of these sites will likely provide a framework for proposing a regulatory mecha-
nism for complex phosphorylation that occurred in the cells.

5         Conclusion and Outlook 

 Protein kinases in eukaryotes mediate cellular protein phosphorylation events 
and comprise the largest catalytic superfamilies. The living body maintains a 
basal metabolic system indispensable for survival and energy homeostasis. 

   Table 5    Functional    annotation chart of CK2-associating proteins in the nucleus   

 No.  Names   P -Value 

 1  RNA splicing  1.00E-05 
 2  RNA processing  1.20E-05 
 3  Cytoskeleton organization  1.90E-05 
 4  mRNA processing  2.10E-04 
 5  mRNA metabolic process  4.60E-04 
 6  Regulation of actin polymerization or depolymerization  6.10E-04 
 7  Regulation of cellular component size  8.00E-04 
 8  Nucleocytoplasmic transport  8.80E-03 
 9  Nuclear transport  9.10E-03 

 10  Regulation of protein polymerization  1.50E-02 
 11  Nucleosome assembly  2.20E-02 
 12  Chromatin assembly  2.40E-02 
 13  Nuclear import  2.40E-02 
 14  Protein-DNA complex assembly  2.60E-02 
 15  Nucleosome organization  2.70E-02 
 16  DNA packaging  4.10E-02 
 17  Chromatin assembly and disassembly  4.70E-02 
 18  rRNA transcription  4.80E-02 
 19  Nuclear mRNA splicing via spliceosome  6.50E-02 
 20  Chromatin organization  8.40E-02 
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External stimulation such as that from a hormone or a growth factor transmits a 
specifi ed signal through the cell membrane which is integrated to respond to the origi-
nal stimuli. When a signal transmission system plays on the dynamic reply, the most 
important molecules controlling the specifi city of the transduction will be kinases. 

 CK2 has been considered a constitutively nonregulated kinase. However, we 
showed that CK2 activation occurred during the progression of cell cycle in response 
to growth stimuli of G 0 -arrested human normal fi broblasts. We demonstrated that 
when CK2 exhibited the highest enzymatic activity in the cell during cell cycle 
progression, in G 1  phase, CK2 directly phosphorylated one of the translational 
 initiation factors, eIF5, at Ser 389 and Ser390 and participated in the initiation of 
normal protein synthesis. We identifi ed CK2 as an upstream kinase toward eIF5. 
Results obtained by the expression of eIF5 mutants that lack CK2 phosphorylation 
sites suggest that CK2 may be involved in the regulation of cell cycle progression 
through the phosphorylation of a key molecule for translation. Moreover, we 
revealed that CK2 interacted with APC following the progression of the cell cycle, 
and its activity was negatively regulated by this association. Interestingly, it has 
been known that a pool of CK2 molecules translocate from cytosolic fraction, where 
most of them are localized in a normal state, to the nucleus after the stimulation by 
growth factors [ 28 ,  36 ]. In the nuclear fraction, expression of CK2 was evident in 
human cancer cells. We then elucidated the molecules that associate with and may 
regulate CK2 enzymatic activity in the cells, as well as downstream target mole-
cules for CK2. A nuclear fraction of human normal cells from synchronously grow-
ing cells according to the time course of the signal transmission was prepared, at G 0  
and early G 1  cells, and we identifi ed an individual component of the kinase complex 
by mass analysis. Notably, the data provided important information suggesting a 
diverse function of CK2 in the nucleus. In conclusion, by exploiting the strategy 
described here, a conventional approach to use 2D gel and a mostly integrated 
method with nanoLC mass spectrometry, a number of nuclear proteins and phos-
phorylated peptides have been characterized that may have brought into sharper 
focus the mechanisms and pathways associating with CK2 uncovered. 

 It is important to address the molecular mechanisms for determining the specifi c 
activation or downregulation of each kinase, which functions as a molecular switch 
of the signal transduction systems. From this point of view, both proteomics tech-
nologies to clarify the molecular constitution associating with each kinase and also 
structural chemistry technology to understand the regulatory mechanisms for kinase 
activities are useful approaches. Determining each of the exact phosphorylation 
residues is often essential for elucidating specifi c kinase-substrate relationships, 
which provides an insight for understanding essential signaling pathways and ulti-
mately providing a novel molecular target to understand numerous pathologies. For 
example, in order to improve the metabolism in the living cells and also to under-
stand disorders associated with energy homeostasis such as type II diabetes, lipid 
metabolism, and infl ammation, studies clarifying regulatory mechanisms by bio-
chemical and structural view points are critical. Therefore, future studies to unveil a 
new mechanism for the control of CK2 catalytic activity, in the aspects of its 
conformational changes by chemical modifi cations including phosphorylation, 
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acetylation, and glycosylation [ 37 ], will be required. We demonstrated that auto-
phosphorylation occurred in α subunit of CK2 on more than ten sites including a 
couple of tyrosine residues at Tyr12, Tyr23, and Tyr26 in the N-terminal region, 
which contributes to its full-enzymatic activity (collaborative work with 
Dr. Oyama-M and Dr. Koshiba-S, manuscript in preparation [ 38 ]). Collectively, 
these data will provide additional evidence for its multipotent ability and a func-
tional specialization of the individual CK2 subunits to infl uence most of the key 
physiological processes.     
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      “Genuine” Casein Kinase: The False Sister 
of CK2 That Phosphorylates Secreted 
Proteins at S-x-E/pS Motifs 

             Elena     Tibaldi    ,     Giorgio     Arrigoni    ,     Giorgio     Cozza    ,     Luca     Cesaro    , 
and     Lorenzo     A.     Pinna    

    Abstract     The early discovery of protein kinase CK2 (an acronym derived from 
“casein kinase 2”) in 1954 was made possible by its ability to readily phosphorylate 
in vitro casein. For a while CK2 was suspected to be itself  a bona fi de  casein kinase, 
because it proved able to re-phosphorylate the same residues which are phosphory-
lated in native casein. Later, however it was shown that, albeit similar and some-
times overlapping, the consensus sequences of CK2 and the genuine casein kinase 
isolated from the Golgi apparatus of the lactating mammary gland (G-CK) were 
defi nitely distinct (S/T-x-x-E/D/pS vs. S-x-E/pS). While CK2 was recognized as 
one of the most pleiotropic members of the big family of eukaryotic protein kinases 
(the so-called kinome) and has been implicated in several global diseases, with spe-
cial reference to neoplasia, G-CK remained for decades an orphan enzyme, believed 
to play a dedicated but unexciting role in the biosynthesis of dairy proteins. Even 
though it became later evident that G-CK is also present in the Golgi apparatus of 
many tissues and is responsible for the phosphorylation of secreted proteins at 
S-x-E/pS motifs, its identity remained a mystery until 2012, when it was shown to 
be indistinguishable from Fam20C, a member of the four-jointed (FJ) atypical 
kinase family, causative of the Raine syndrome and other biomineralization disor-
ders. Now we know that G-CK/Fam20C is as pleiotropic as CK2, being responsible 
for the generation of the largest proportion of the phosphosecretome, and, similar to 
CK2, it may represent a valuable druggable target.  

        E.   Tibaldi    
  Department of Molecular Medicine ,  University of Padova ,   Padova ,  Italy    

    G.   Arrigoni    
  Department of Biomedical Sciences and CNR, Institute of Neuroscience , 
 University of Padova ,   Padova ,  Italy   

  Proteomic Center of Padova University ,   Padova ,  Italy    

    G.   Cozza     •     L.   Cesaro     •     L.  A.   Pinna      (*)
  Department of Biomedical Sciences and CNR, Institute of Neuroscience , 
 University of Padova ,   Padova ,  Italy   
 e-mail: lorenzo.pinna@unipd.it  

mailto: lorenzo.pinna@unipd.it


228

  Keywords     CK2   •   Fam20C   •   G-CK   •   Dentin matrix protein 4   •   Casein kinases   
•   Phosphorylation   •   Golgi apparatus   •   Raine syndrome   •   Biomineralization   
•   Phosphosecretome  

1         Introduction: A Historical Account 

 Protein kinase CK2 (together with CK1) was the fi rst protein kinase to be detected, 
as early as in 1954, in liver extracts [ 1 ] and shortly later in yeast, brain and other 
tissues [ 2 ]. This was made possible by using as phosphoacceptor substrate casein, 
i.e., one of the rare phosphoproteins already known at that time, a circumstance still 
implicit in the acronyms, derived from “casein kinases” 1 and 2. 

 For a while it was unclear whether the same enzymes were also responsible for 
the biosynthetic phosphorylation of casein in the tissue where this protein is pro-
duced, before being secreted with milk, i.e., the lactating mammary gland. CK2, in 
particular, was suspected to be the “genuine” casein kinase because, unlike CK1, it 
was shown to be able to re-phosphorylate seryl residues which are phosphorylated 
in native casein fractions. At the end of the 1980s, however, by comparing prepara-
tions of genuine casein kinase from the Golgi-enriched fraction of the lactating 
mammary gland with CK2, it was possible to show that the consensus sequences for 
the two kinases, albeit similar, are defi nitely distinct (S-x-E/pS and S/T-x-x-E/D/pS, 
respectively) [ 3 ,  4 ]. In particular, as summarized in Fig.  1 , peptides reproducing the 

  Fig. 1    Complete vs. incomplete phosphorylation of the SSSEE motif by genuine casein kinase 
from the Golgi-enriched portion of the lactating mammary gland (GEF-CK) and by “casein kinase 
2” (CK2) respectively. Drawn from ref.  4 . Consensuses were elucidated in ref.  3        
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S-S-S-E-E motifs recurrent in casein fractions are phosphorylated with different 
orders and to different extent by the two “casein kinases”: CK2 phosphorylates only 
the fi rst and second serines of the row but not the third one; in contrast, the casein 
kinase from the Golgi-enriched fraction of the lactating mammary gland (GEF-CK, 
later shortened to G-CK) started phosphorylating the third and second serines, 
and, once Ser 3 was phosphorylated, it was able to incorporate phosphate also in the 
fi rst serine.  

 At about the same time, the primary sequence of CK2 subunits was elucidated 
[ 5 ], and its numerous endogenous targets started being detected (reviewed in ref.  6 ), 
revealing its striking pleiotropicity and suggesting its implication in a variety of 
global diseases. 

 By sharp contrast, the “genuine” casein kinase was erroneously believed to be a 
dedicated enzyme, just committed to the phosphorylation of casein, a storage pro-
tein nearly devoid of biological interest. Consequently, G-CK was looked at as a 
mere object of curiosity-driven investigation. This may at least partially explain 
why G-CK remained for such a long time an “orphan” enzyme, whose genes were 
unknown and antibodies not available. 

 Substantial steps forward in the understanding of G-CK biochemical properties 
and biological functions were made possible by the development of an exception-
ally selective peptide substrate derived from β-casein β (28–40) which is readily 
phosphorylated by G-CK, but not by CK2 and CK1, nor, to the best of our knowl-
edge, by any other protein kinase [ 7 ]. Exploiting this peptide substrate, it was pos-
sible to purify G-CK from the Golgi apparatus and to show that it is not a dedicated 
“casein kinase,” being detectable also in the Golgi apparatus of liver and of many 
other tissues [ 8 ] and being able to phosphorylate several other secreted proteins at 
naturally occurring pS-x-E/pS motifs [ 9 – 11 ]. This kind of information, in conjunc-
tion with the availability of repertoires of phosphopeptides generated from secreted 
proteins (serum and cerebrospinal liquid), led to the proposal that G-CK is respon-
sible for the generation of the largest proportion of the secreted phosphoproteome 
[ 12 ] (see Fig.  2 ). Somewhat paradoxically, all these inferences were drawn from 
studies performed with an orphan enzyme: despite many efforts, in fact the molecu-
lar and genetic identity of G-CK escaped detection till 2012.   

2     The “Genuine” Casein Kinase Is Not a Member 
of the Kinome 

 Looking at our lab notes in retrospective, already in 2005 mass spectrometry (MS) 
analysis of proteins co-migrating with in-gel G-CK casein kinase activity revealed a 
protein whose accession number (IPI00363789.1) corresponded to a protein named 
“similar to cDNA sequence BC004044” and 2 years later was again identifi ed as 
“dentin matrix protein 4” (DMP4) of unknown function and identical to Fam20C, a 
member of the four-jointed (FJ) family of calcium-binding proteins. Although 
DMP4/Fam20C was repeatedly identifi ed in our G-CK preparations (see Fig.  3 ), 
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we overlooked the possibility that it could be responsible for G-CK activity, based on 
the wrong presumption that such an activity had to be necessarily due to a typical 
protein kinase. In hindsight, this was hard to reconcile with the observation that 
G-CK is refractory to up to 0.5 mM staurosporine, a potent and promiscuous inhibi-
tor of nearly all the members of the kinome. Only later, having become aware that FJ 
may represent a family of atypical (protein) kinases [ 13 ], we reevaluated those old 
data and started considering the possibility that Fam20C and/or Fam20A might be 
responsible for the casein phosphorylation activity of our G-CK preparations, and we 
were able to show that on PAGE-SDS, the G-CK band immunoreacted with Fam20C 
antibodies [ 14 ] (see Fig.  4 ).   

 At about the same time, two other labs were approaching the solution of the same 
enigma: the Irvine group who was trying to fi nd a function for Fam20C, whose gene 
alteration was already known to be responsible for the Raine syndrome, a deadly 
osteoclerotic bone dysplasia [ 15 ], and Vincent Tagliabracci, who in Jack Dixon’s 
lab was addressing the problem from a bioinformatics standpoint, looking for a 
protein having a signal peptide committing it to secretion and an atypical kinase 
domain but devoid of transmembrane sequence. This latter approach turned out to 
be the most successful, leading to the incontrovertible evidence that Fam20C is 
indistinguishable from G-CK, displaying identical properties  in primis  the same 
consensus and the ability to phosphorylate the specifi c G-CK β (28–40) peptide 
substrate as well as casein itself and a wide spectrum of secreted proteins at S-x-E/pS 
motifs [ 16 ]. The same conclusion was independently reached in our and Irvine’s 
labs at about the same time [ 14 ,  17 ] and provided the demonstration that the enzyme 
responsible for the in vivo phosphorylation of casein, at variance with CK1 and 
CK2, whose acronyms refer to their ability to phosphorylate casein in vitro, is not a 
member of the kinome but an atypical protein kinase.  

  Fig. 2    Major contribution of G-CK to the generation of the phosphosecretome. Constructed with 
data drawn from ref.  12        
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3     Distinctive Feature of Fam20C/G-CK and CK2 

 A number of distinctive properties of Fam20C/G-CK and CK2 are listed in Table  1 . 
It can be seen that these two kinases are sharply different in nearly all respects, shar-
ing only the ability to recognize seryl residues specifi ed by negatively charged side 
chains, at close but distinct positions, n+3 in the case of CK2 and n+2 in the case of 
Fam20C/G-CK. Also to note is the fact that while CK2 tolerates threonine instead 
of serine as phosphoacceptor residue and aspartic acid as specifi city determinant, 
this is not the case of Fam20C/G-CK. The circumstance however that quite often 
additional acidic residues (often Glu) besides the one at position n+3 are present at 
CK2 sites [ 18 ] and that in some cases more than one phospho-serine are clustered 
together, raises the possibility that a number of phosphosites retrieved in currently 
available databases fulfi ll both the consensus of CK2 and that of Fam20C/G-CK. As 
shown in Fig.  5 , in fact, a signifi cant number of phosphosites commonly ascribed to 
CK2 also display the consensus for being phosphorylated by Fam20C/G-CK. In 
these cases the physiological implication of either CK2 or Fam20C/G-CK remains 
an open question, whose clear-cut answer will require additional information and/or 
experimentation.

    Also worthy to mention in this respect is the global analysis of SSSEE stretches 
which are among the most typical Fam20C/G-CK targets in casein fractions 
(see above, Fig.  1 ). This sequence of 5 amino acids is recurrent 142-fold in the 

  Fig. 4    Fam20C co-migrates with G-CK activity on SDS-PAGE. ( a ) G-CK, purifi ed from the 
Golgi apparatus of the lactating mammary gland as described in ref.  23 , was subjected to SDS- 
PAGE. The position at which G-CK migrated was detected by in-gel kinase assay using casein as 
substrate and [γ- 32 P]-ATP as phosphate donor. ( b ) An aliquot of G-CK run in parallel with the in- 
gel kinase assay was subjected to Western blot analysis with anti-FAM20C antibody. Data drawn 
from ref.  14        
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human proteome, and it has been reported as fully or partially phosphorylated in at 
least 28 nonredundant phosphopeptides retrieved in the PhosphoSitePlus database. 
Considering their sequences also beyond their C- and N-termini and the position of 
phosphate(s) in their SSS triplets, it turns out that 9 out of these 28 phosphopeptides 

     Table 1    Distinctive properties of CK2 and Fam20C/G-CK   

 CK2  Fam20C/G-CK 

 Belongings (protein family)  ePKs (“kinome”)  FJ atypical PKs 
 Structure  Monomer α(α’) and tetramer 

α(α’) 2 β 2  
 Monomer 

 Consensus  S/T-x-x-E/D/pS  S-x-E/pS 
 Phosphate donor  ATP and GTP  Only ATP 
 Preferred cation  Mg 2+  > Mn 2+   Mn 2+  >> Mg 2+  
 Cellular localization  Ubiquitous  Golgi and secreted 
 Inhibition of staurosporine  IC 50  ≅ 16 µM  Unaffected up to 500 µM 
 Drastic inhibition by fl avonoids 
(IC 50  < 1 µM) 

 Quercetin 
 Fisetin 
 Keamferol 
 Luteolin 
 Apigenin 
 Myricetin 

 None 

 Inhibition by heparin (5 µg/ml)  >90 %  Unaffected 
 Stimulation by sphingosine (25 µM)  No  Yes 

  Fig. 5    Major contribution of “casein kinases” to the generation of the human phosphoproteome. 
Phosphosites assigned to CK2 but displaying also the Fam20C/G-CK consensus are highlighted. 
Constructed with data reported in ref.  28        
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(listed in Table  2 ) need the intervention of Fam20C/G-CK for becoming phosphory-
lated since at least one of their phosphoresidues fulfi lls the consensus of Fam20C/
G-CK but not that of CK2.

   The same applies to a long list of phosphosites elucidated in the infancy of stud-
ies on phosphoproteins, as outlined elsewhere [ 19 ,  20 ]. None of them conform to 
the CK2 consensus, their common denominator being the motif pS-x-E/pS and 
mostly belonging to secreted proteins. In accordance with this, the contribution of 
CK2 to the generation of the phosphosecretome is negligible as compared to that of 
G-CK (see Fig.  2 ). 

 While the common acidophilic nature and sometimes overlapping consensus 
sequences may shed doubt about which of the two kinases is responsible for the 
generation of a subset of phosphosites, the possibility that CK2 and Fam20C/G-CK 
might cooperate in the targeting of the same proteins seems unlikely due to their 
neatly different localization. While in fact CK2 is ubiquitous in most subcellular 
compartments, being particularly abundant in nuclei, it is undetectable in the Golgi 
apparatus, where instead Fam20C is exclusively localized [ 8 ], being also detectable 
in secreted fl uids like milk [ 21 ] and cell culture-conditioned medium [ 16 ]. This 
feature, dictated by an N-terminal signal peptide which is cleaved in the Golgi at the 
end of its biosynthesis, commits Fam20C to secretion, making it the fi rst-choice 
kinase available for the phosphorylation of secreted proteins [ 19 ]. This also pro-
vides the rationale for the observation mentioned above that many secreted proteins 

   Table 2    SSSEE phosphosites whose occupancy implies the intervention of Fam20C/G-CK   

 ID  Sequence  Name  Localization 

 P38398  DSCSSsEEIKK  Breast cancer type 1 
susceptibility protein 

 Nucleus; chromosome 

 P47710  sIssssEEMSL  Alpha-S1-casein  Secreted 
 P05814  EsLsssEESIT  Beta-casein  Secreted 
 Q9Y6X4  AVDsssEEIEV  Soluble lamin- associated 

protein of 75 
 Nucleus envelope. Nucleus inner 
membrane; peripheral membrane 
protein; nucleoplasmic side 

 Q6ZNB6  QFssssEEGDE  NF-X1-type zinc fi nger 
protein 

 Membrane; single-pass membrane 
protein 

 P30414  KEAsssEEPRN  NK-tumor recognition 
protein 

 Membrane; peripheral membrane 
protein 

 Q96T83  RTKsSsEEVLE  Sodium/hydrogen 
exchanger 

 Golgi apparatus > trans-Golgi 
network membrane; multi-pass 
membrane protein. Recycling 
endosome membrane; multi- pass 
membrane protein 

 P18583  AsEsssEEKDD  Protein SON  Nucleus speckle 
 B3KS81  QSRsssEERDH  Serine/arginine repetitive 

matrix protein 5 
 Q5SRQ6  VKMsssEEVsW  Casein kinase II subunit beta 

  Drawn from PhosphoSitePlus. Lower case denotes serines which are phosphorylated  
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found to be phosphorylated at S-x-E motifs in early studies on protein phosphorylation, 
including not only caseins but also lactalbumin, fi brinogen, pepsin, and several 
hormonal neuropeptides, are targeted by Fam20C/G-CK [ 19 ,  20 ]. 

 Apart from their common acidophilic nature, accounting for the confusing 
nomenclature of “casein kinases,” CK2 and Fam20C/G-CK neatly differentiate in 
every other respect, not surprisingly if it is considered that they belong to two dis-
tinct and unrelated families of proteins (Table  1 ). Noteworthy is the insensitivity of 
Fam20C/G-CK to all known inhibitors of protein kinases tested on it. Insensitivity 
to staurosporine is especially remarkable as this compound inhibits nearly all pro-
tein kinases in the nano-molar or low micromolar range. Even CK2, which is con-
sidered refractory to staurosporine, is inhibited with an IC 50  value around 15 µM 
[ 22 ].    By sharp contrast, no detectable inhibition of Fam20C/G-CK could be 
observed, even when raising the staurosporine concentration up to 0.5 mM [ 23 ]. 
Also notable is its insensitivity to fl avonoids, a class of compounds including many 
protein kinase inhibitors. At least six fl avonoids have been reported to inhibit CK2 
with IC 50  values in the sub-micromolar range [ 14 ], but none of these are appreciably 
affecting Fam20C/G-CK (see Table  1 ). 

 Staurosporine and fl avonoids are directed to the ATP-binding site, which is highly 
conserved across bona fi de protein kinases, including CK2, but deeply altered in 
Fam20C [ 24 ]. Heparin, in contrast, is a well-known CK2 inhibitor which competes 
against the acidic phosphoacceptor substrate by interacting with the same basic 
residues [ 25 ,  26 ]. Heparin however also fails to inhibit Fam20C/G-CK, when its activ-
ity is assayed with substrates displaying the canonical acidic consensus (S-x-E). 

 For the time being, the lack of any pharmacological tool able to inhibit Fam20C/
G-CK hampers cell studies aimed at shedding light on the biological functions of this 
atypical pleiotropic kinase. On the other hand, it can be argued that from a practical, 
potentially therapeutic perspective, an upregulation of Fam20C/G-CK rather than its 
downregulation would be desirable. Its known or suspected pathological implica-
tions, in fact, in Raine syndrome and possibly in other biomineralization disorders 
are accounted for by a loss of function and not by a gain of function/unscheduled 
activity as in the popular cases of many “onco-kinases” (CK2 included). 

 In connection with this, a promising hint comes from the observation that the 
activity of G-CK partially purifi ed from the Golgi apparatus of the lactating mam-
mary gland is enhanced severalfold by sphingosine [ 10 ]. Such a behavior has been 
recently confi rmed using recombinant Fam20C and a variety of its natural targets 
and shown to become especially apparent under physiological conditions, where 
Mn 2+  is replaced by 1 mM Mg 2+  as activator cation [   Cozza G, Tibaldi E, Tagliabracci 
VS, Dixon JE, Pinna LA unpublished work]. These data on the one side disclose 
the possibility that Fam20C/G-CK is a mediator of sphingosine signaling and on 
the other pave the road toward the development of new pharmacological strategies 
for the treatment of biomineralization disorders caused by the defective activity of 
Fam20C/G-CK.     
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    Abstract     Renal cell carcinomas (RCCs) have notoriously been shown to be refrac-
tory to traditional therapies including radiation and cytokine therapies. The use of 
molecularly targeted therapies against mTOR, VEGF, and other angiogenic factors 
has signifi cantly improved the standards of care of this disease. Yet, improvements 
are still required as many of the current therapies are limited by acquired resistance. 
However, the recent development of molecular targeted therapies involving kinase 
inhibitors has changed the clinical management of RCCs. Protein kinase CK2 is 
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critical for the activation of multiple pro-survival signaling pathways, and its catalytic 
activity is invariably elevated in various types of tumors. However, the precise role 
of CK2 has never been addressed in RCCs. In this study, we have analyzed the activ-
ity of CK2 and the expression of its subunits in a small cohort of RCC tumors. This 
analysis revealed, in the majority of tumor samples, an upregulation of the CK2 cata-
lytic subunits that was not correlated with mRNA abundance in the  majority of 
tumor samples. Moreover, relative levels of the three CK2 subunits varied signifi -
cantly between tumor samples, and a positive correlation was observed between low 
CK2β expression and an upregulation of the ZEB2 mesenchymal marker in a subset 
of tumor samples. Using the CK2 inhibitor CX-4945 to downregulate the CK2 cata-
lytic activity in 786-O cells as a model of VHL-defi cient renal cancer cell line, we 
showed that CK2 represents a potential promising therapeutic target in RCCs.  

  Keywords     Renal cancer   •   VHL   •   786-O cells   •   Protein kinase CK2   •   CK2 subunits   • 
  Posttranscriptional regulation   •   Signaling pathways   •   EMT   •   CK2-targeted therapy   • 
  CX-4945  

1         Introduction 

 Renal cell carcinomas account for 3.5 % of all cancers, with an incidence increasing 
steadily over the years. Despite an early detection, the prognosis for patients with 
metastatic renal cancer remains unpredictable. The prognosis of these carcinomas is 
often poor; one third of patients have metastatic disease at presentation, and 40 % 
of patients undergoing a surgical resection will develop metastases. The main histo-
logical subtype of RCCs is represented by clear cell renal cell carcinomas (ccRCCs) 
(85 % of RCCs). Ninety percent of ccRCCs harbor a biallelic inactivation of the 
tumor suppressor gene  VHL  (von Hippel-Lindau). The absence of the VHL protein 
leads (1) to the upregulation of hypoxia-related target genes and (2) to a decrease in 
the apoptotic process, thus playing a key role in renal tumorigenesis. 

 Aberrant activation of protein kinases through dysregulated gene expression and 
enzymatic activity is a key oncogenic force underlying human tumorigenesis includ-
ing that of ccRCCs. Although less common than in other tumor types, several chro-
mosomal amplifi cations are present in RCC tumors that are associated with 
dysregulated kinase expression [ 1 ]. Consequently, the development of molecular 
targeted therapies involving kinase inhibitors has changed the clinical management 
of RCCs [ 2 ]. Protein kinase CK2 is a highly ubiquitous and multifaceted serine/
threonine kinase described as a multisubunit holoenzyme generated by the tight 
association of two α or α′ catalytic subunits with a dimer of β regulatory subunits. 
CK2 activity is invariably elevated in various types of tumors as well as in cancer 
cell lines [ 3 ,  4 ]. Moreover, CK2 expression/activity is critical for activation of mul-
tiple pro-survival signaling pathways. These characteristics identify CK2 as an 
attractive therapeutic target. CX-4945 is the fi rst selective orally bioavailable CK2 
inhibitor to advance into human clinical trials against several types of cancers as 
hematopoietic and breast cancer [ 5 ,  6 ]. In RCCs,  VHL  inactivation leads to cellular 
phenotypic changes, characteristic of an epithelial-to-mesenchymal transition 
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(EMT), a cellular process in which CK2 has been shown to play an important role 
ultimately leading to the acquisition of cancer stem cell properties [ 7 ]. However, the 
precise role of CK2 has, up to now, never been addressed in RCCs. 

 In this context, we have studied the enzymatic activity, the expression by Western 
blotting, and the mRNA levels by RT-qPCR of the catalytic (α, α′) and the regulatory 
(β) CK2 subunits, as well as of known EMT markers, in surgical biopsies of normal and 
tumor tissues from 15 patients with RCC. We observed an increase in CK2 enzymatic 
activity, correlated with an accumulation of the catalytic CK2 α/α′ subunits in more 
than 75 % of tumor samples, compared with the normal tissue of the same patients. 
However, this upregulation at the protein level was not correlated with any mRNA 
upregulation, suggesting an important posttranscriptional dysregulation in RCCs. 

 In addition, using the highly aggressive 786-O cell line as a model, we showed 
that renal cancer cells can be responsive to CK2-targeted therapeutic agents. Our 
results show that CK2 represents a promising therapeutic target in RCCs and that 
the detection of its upregulated expression could help in the molecular classifi cation 
of these tumors.  

2     Material and Methods 

2.1     Patient Characteristics 

 We obtained paraffi n-embedded samples and the corresponding frozen samples 
of 15 RCCs that were diagnosed on the basis of histological and clinical fi ndings 
at the Grenoble Hospital. Prior patient consent and approval from the local 
research ethics committee was obtained before we used these clinical materials 
for research purposes. The clinical characteristics of the patients with RCC are 
summarized in Table  1 .

2.2        Reagent, Drugs, and Antibodies 

 Antibodies P-FAK (Y576/577) (#3281), P-p130Cas (Y410) (#4011), PARP (#9542), 
AKT (#9272), STAT-3 (#4904), P-STAT-3 (#9145), p38MAPK (#9212), 
P-P38MAPK (#9211), and HSP90 (#4874) were from Cell Signaling Technology 
(Cambridge, MA). Anti-paxillin (610052), FAK (610088), and p130Cas (610271) 
were from BD Biosciences (San Jose, CA). Antibodies against p21 (sc-397), P53 
DO-1 (sc-126), and ZEB (sc-25388) were purchased from Santa Cruz, and P-AKT 
(S129) (#AP3020a) was from Abgent (San Diego, CA). Anti-α-catenin (ab49105), 
anti-actin (ab8226), and anti-P-p21 (ab47300) were from Abcam. Anti-P-p42-p44 
MAPK (#9100) was from New England Biolabs, anti-P-α-catenin (#11330) was 
from SAB, anti-survivin (NB500-201) was from Novus Biologicals, and anti- 
GAPDH (#AM4300) was from Life Technologies. Dimethyl sulfoxide, protease, 
and phosphatase inhibitor cocktails (respectively #P8340 and #P5726) were from 
Sigma-Aldrich (St. Louis, MO).  
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2.3     Cell Lines and Culture 

 ccRCC cell lines from ATCC ®  (786-O, ACHN, RCC4, CAKI) were grown in 
10-cm-diameter dishes in a humidifi ed incubator (37 °C, 5 % CO 2 ) with RPMI 1640 
medium (Gibco) containing 10 % fetal calf serum, penicillin (100 U/mL), and strep-
tomycin (100 μg/mL). The VHL(−) cell lines consist of the parental renal carci-
noma cell line, 786-O WT, and its derivative lines containing either the empty 

    Table 1    Clinical characteristics of the 15 patients of this study      

 Characteristics   N  = 15  CK2α + α′ (%) 

 High expression  Low expression 

 Gender 
     Male  8 (53 %)  6  2 
     Female  7  6  1 
 Age < 65  11 (73 %)  8  3 
 Age > 65  4  4  0 
 Risk factors 
     Smoking  8  8  0 
     HTA  4  3  1 
     Obesity  3  2  1 
     Genetic syndrome (VHL)  0 
     Dialysis  0 
 Pathology classifi cation 
     Clear cell renal carcinoma  14  11 (78.5)  3 (22.5) 
     Tubulopapillary  1  1  0 
 pTNM staging a  
     T classifi cation 
        pT1–T2  9  8  1 
        pT3–T4  5  3  2 
     N classifi cation 
        pNx  12  10 (83)  2 (17) 
        pN2  1  0  1 
     Distant metastasis  1 
        At the diagnosis  2  1  0 
        After the diagnosis  1  1  3 
 Vascular invasion  4  1  2 
 Lymphatic invasion  4  2 
     Fuhrman grade 
        I–II  5  4 (80)  1 (20) 
        III–IV  10  3 (30)  7 (70) 
 Expression of CK2 
     Western blot  15  12 (80)  3 (20) 
     Kinase activity  15  12 (80)  3 (20) 

   a One undetermined     
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expression vector HA-pBABE (786-O pB) or a functional VHL construct HA-VHL 
(786-O VHL). Stable transfected cells were maintained in medium supplemented 
with 2 μg/ml puromycin.  

2.4     Western Blot Analysis 

 Cell pellets were suspended in 150 μL of RIPA buffer (Tris–HCl pH 7.4 10 mM, 
NaCl 150 mM, SDS 0.1 %, Na deoxycholate 0.5 %, EDTA 1 mM, Triton X100 1 %) 
containing protease and phosphatase inhibitor cocktails. Homogenates were quanti-
fi ed using BCA protein assay kit (Thermo Scientifi c). SDS-PAGE was performed 
using precast 4–12 % gradient gel (Bio-Rad) and electrophoresed in NuPAGE buf-
fer at 150 V for 75 min. Separated proteins at 20 μg/lane were transferred to PVDF 
membranes (60 min at 100 V). Blotted membranes were blocked during 1 h at room 
temperature with saturation buffer (1 % BSA in TBST) and then incubated with 
primary antibody diluted in saturation buffer, during 90 min at room temperature or 
overnight at 4 °C. Secondary antibodies were added for 1 h.   Luminata Forte Western 
HRP substrate     (Millipore) was added to make revelation with Fusion FX 
(PerkinElmer). Anti-actin, GAPDH, and HSP90 were used for loading control.  

2.5     Viability Assay 

 Cytotoxicity was measured using PrestoBlue assay (Invitrogen, Carlsbad, CA). Cell 
lines were seeded in a 96-well microtiter plate at a concentration of 1 × 10 5  cells/ml. 
Cells were allowed to grow for 24 h at 37 °C and 5 % CO 2 . The cells were exposed 
to CX-4945 or vehicle (DMSO) with concentrations ranging between 1 and 
6 μM. The microtiter plate was incubated for further 48 h and thereafter 10 μl 
PrestoBlue was added. The plates were incubated for 1 h and the fl uorescence was 
read at 580 nm, using a FluoStar Optima plate reader (BMG LabTech, Ortenberg, 
Germany).  

2.6     Migration and Invasion Assay 

 Cell migration and invasion assays were performed with 786-O WT, 786-O pB, and 
786-O VHL cells. Cells were trypsinized, counted and resuspended in serum- 
depleted media (0.5 % FBS), and plated at 2.10 5  cells/well in 24-well Boyden cham-
ber (BD Biosciences) or 5.10 4  cells/well in 24-well Matrigel Invasion Chamber 
plates (BD Biosciences) using 10 % FBS as chemoattractant. After 6 h for migra-
tion assay or 24 h for invasion assay, migratory or invasive cells were fi xed with 
PFA, stained with hematoxylin/eosin. The number of cells within an entire fi eld that 
migrated through the membrane was counted with a microscope.  
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2.7     RT-qPCR 

 RNA was isolated using TRIzol ®  ( Invitrogen ™). One microgram of total RNA was 
reverse transcribed (kit  Affi nityScript , Agilent™) and cDNA samples were ampli-
fi ed by using gene-specifi c primers (forward and reverse) that are listed in Table  2 . 
Real-time PCR reactions were done using the SYBR Green Master Mix and ABI 
PRISM ®  7900HT detection system (Applied Biosystems). The thermal cycling con-
ditions were 95 °C for 5 min immediately followed by 45 cycles of 10 s at 95 °C and 
30 s at 60 °C. At the end, a dissociation program was perform that begins with 1 min 
incubation at 95 °C and then 30 s incubation at 55 °C followed by a ramp up to 
95 °C. The housekeeping genes HPRT, 36B4, GAPDH, and U6 were used to stan-
dardize the mRNA levels of the target genes. The relative quantifi cation in gene 
expression was determined using the  delta-delta Ct  method [ 8 ]. The calibrator used 
was a pool of different ccRCC cell lines (786-O, ACHN, RCC4, CAKI).

2.8        CK2 Activity 

 Measure of CK2 activity was as previously described [ 9 ] following the P-cellulose 
fi lter procedure. Briefl y, reaction was started by addition of the sample (3 μl) to the 
reaction mixture (20 mM Tris–HCl, pH 7.5, 20 mM MgCl 2 , 150 mM NaCl, 20 μM 
ATP, 15 μM    of the synthetic peptide RRREDEESDDEE and 1 μ Ci of [γ-32P] ATP/
reaction) in a fi nal volume of 20 μl. Reaction was performed at 22 °C for 5 min.  

2.9     Statistical Analysis 

 The results were subjected to statistical analysis by the Student’s  t  test; the level of 
signifi cance was set as *  p  < .05 and **  p  < .01.   

   Table 2    Primer sequences for real-time qPCR   

 Gene (Acc N°)  Forward primer (5′–3′)  Reverse primer (5′–3′)  Amplicon (pb) 

  HPRT1  
(NM_000194) 

 atggacaggactgaacgtcttgct  ttgagcacacagagggctacaatg   80 

 CK2β (NM_001320)  ttggacctggagcctgatgaagaa  tagcgggcgtggatcaatccataa  101 
 CK2α (NM_001895)  tgtccgagttgcttcccgatactt  ttgccagcatacaacccaaactcc  104 
 CK2α′ (NM_001896)  agcccaccaccgtatatcaaacct  atgctttctgggtcgggaagaagt   92 
 ZEB2 
 (NM_014795.2) 

 cgcttgacatcactgaagga  aatgcacagagtgtggcaag  203 

  U6snRNA  (X07425)  ctcgcttcggcagcaca  aacgcttcacgaatttgcgt   94 
  GAPDH  
(NM_002046) 

 atggggaaggtgaaggtcg  ggggtcattgatggcaacaata  108 

  36B4  (RPLP0) 
(NM_001002) 

 gaaatcctgggtgtccgcaatgtt  agacaaggccaggactcgtttgta  113 
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3     Results 

3.1     CK2 Subunit Expression in Renal Cell Carcinomas 

 Western blot analyses, CK2 kinase activity, and quantitative polymerase chain reac-
tion (RT-qPCR) were used to assess CK2 protein and mRNA expression in different 
RCCs and adjacent normal tissues. We observed that in 79.9 % (12/15) of renal 
cancer samples, CK2α or CK2α′ subunits were highly expressed at the protein level. 
In comparison, only 13.3 % (2/15) of normal renal samples had similar CK2α or 
CK2α′ expression compared to tumor samples, and one exhibited a signifi cantly 
higher expression (Fig.  1a, b ).  
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  Fig. 1    Expression of CK2 subunits in RCC samples. ( a ) Western blot analysis of CK2 subunit 
expression (CK2α, CK2α′, and CK2β) on a selected subset of 15 RCC samples and adjacent nor-
mal tissues. Actin was used as a loading control. ( b ) CK2 subunit signals were quantifi ed using 
ImageJ software. The log2 of the ratio between (CK2α + CK2α′) in tumor and normal adjacent 
tissues was calculated after normalization for actin expression. ( c ) CK2 activity was determined in 
the same samples. Results are the mean of assays run in triplicates. ( d ) RT-qPCR analysis of mRNA 
levels for CK2α, CK2α′, and CK2β in the same samples. The results are represented as the log2 of 
the ratio between mRNA for CK2α + CK2α′ or CK2β in tumor and normal adjacent tissues       
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 This overexpression was correlated with an enhanced CK2 kinase activity. 
However, this correlation was not absolute (Fig.  1c ). Surprisingly, an RT-qPCR 
analysis of the relative expression of CK2α/α′ mRNA in the RCC samples and adja-
cent normal tissues showed a strong downregulation of these transcripts in tumor 
samples compared with normal tissues. These data reveal a negative correlation 
between mRNA abundance and protein expression, suggesting an important post-
transcriptional dysregulation in RCCs (Fig.  1d ). 

 Relative levels of the three CK2 subunits varied signifi cantly between tumor 
samples. 

 In particular, the ratio between catalytic and regulatory subunits was signifi cantly 
altered in a subset of samples (Fig.  2a ; #2, #3, #4, #8, #12 compared with #6, #7, #9, 
#10, #11, #13, #15).  

 Since we previously reported that an unbalanced expression of CK2 subunits in 
breast tumor samples is correlated with induction of markers of the epithelial-to- 
mesenchymal transition (EMT), we analyzed the ZEB2 protein and mRNA expres-
sion in the different RCCs and adjacent normal tissues by Western blot and 
RT-qPCR. Interestingly, in a subset of tumor samples expressing low CK2β levels, 
the ZEB2 mesenchymal marker was signifi cantly upregulated (Fig.  2b ; #2, #3, #4, 
#8, #12 compared with #5, #9, #11, #13, #14, #15). However, this correlation was 
not absolute, for example, with sample #7 which exhibited low CK2β and enhanced 
ZEB2 expression.  
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  Fig. 2    Unbalanced expression of CK2 subunits in RCC samples. ( a ) CK2 subunit expression in 
the 15 RCC samples was quantifi ed as described in Fig. 1  and the CK2 subunit signals were repre-
sented as the log2 of the ratio between CK2α + CK2α′ and CK2β in tumor samples after normaliza-
tion for their expression in normal adjacent tissue. ( b ) Western blot analysis of ZEB2 expression 
on the 15 RCC samples and adjacent normal tissues. GAPDH was used as a loading control       
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3.2     CK2α Overexpression Is Correlated with Classifi cation 
in Renal Cancer 

 Next, we investigated the association between CK2α/α′ expression and the clinico-
pathological characteristics of the RCC cases. We did not fi nd a signifi cant associa-
tion of CK2α/α′ expression or CK2 activity with patient’s age, sex, risk factors, and 
vascular or lymphatic invasion in 15 cases. However, we observed a trend of corre-
lation between the expression level of CK2α/α′ and the status of clinical stage 
( p  = .1), Fuhrman grade (I–II vs. III–IV) ( χ  2  = 2.73), and pathological classifi cation 
( p  = .05) (pT1-T2 vs. pT3-T4) ( χ  2  = 4.48) in renal cancer patients (Table  1 ).  

3.3     CK2α Regulates Proliferation and Apoptosis 
of Renal Cancer Cells 

 CK2 subunit expression was analyzed in fi ve RCC cell lines (ACHN, CAKI, RCC4 
VHL + , RCC4 VHL − , 786-O) with different CK2α, α′/CK2β ratio (data not shown). 
To evaluate the importance of CK2 activity on the proliferation of renal cancer cells, 
786-O RCC cells (786-O WT) or isogenic 786-O cells either reconstituted with 
functional VHL (786-O VHL) or expressing the empty expression vector pBABE 
(786-O pB) were exposed to increasing concentrations of CX-4945 for 48 h and 
analyzed for cell viability by PrestoBlue assay. Growth of 786-O WT, 786-O pB, 
and 786-O VHL cells was inhibited in a dose-dependent fashion (Fig.  3a ) showing 
a similar sensitivity to the drug (IC 25  = 17 μM). We further analyzed the potential of 
CX-4945 to induce renal cancer cell apoptosis. 786-O WT cells were treated with 
CX-4945 and cell apoptosis was determined after 48 h of treatment. Effect on apop-
totic cell death was evaluated by the examination of PARP cleavage, a key substrate 
of activated caspases and an early indicator of apoptosis. CX-4945 induced a sub-
stantial increase in cleaved PARP accumulation which is indicative of a pro- 
apoptotic effect (Fig.  3b ). Survivin is an anti-apoptotic protein which is highly 
expressed in RCC patients [ 11 ]. We found that incubation of 786-O WT cells with 
CX-4945 resulted in a marked decreased in survivin expression (Fig.  3c ). This 
effect is consistent with the observation that CK2 interacts with AKT to promote the 
β-catenin-dependent expression of survivin and enhance cell survival [ 12 ].   

3.4     CK2 Inhibition Suppresses Constitutive AKT and Wnt 
Signaling Activation in Renal Cancer Cells 

 CK2 has been shown to positively regulate the PI3K pathway by affecting PTEN 
stability [ 13 ] and by phosphorylating serine 129 of AKT, which promotes the cata-
lytic activity of AKT [ 14 ]. CK2-targeted CX-4945 has been shown to inhibit the 
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activation of CK2α and its downstream molecules, AKT and p21 [ 5 ]. A strong 
decrease in the constitutive phosphorylation of AKT-S129 was observed in 
CX-4945-treated cells (Fig.  4a ). Activated AKT has been reported to phosphorylate 
and thereby decrease the stability of the p21 cell-cycle inhibitor protein [ 15 ]. 
Treatment of 786-O WT cells with CX-4945 resulted in reduced phosphorylation of 
p21 (T145) (Fig.  4a ). CX-4945-induced dephosphorylation of the downstream AKT 
effector p21 (T145) has been reported in human breast cancer cells [ 5 ]. It has been 
shown that the inhibitory effect of α-catenin on β-catenin transactivation is abro-
gated via CK2α-dependent phosphorylation of α-catenin at S641 which promotes 
β-catenin transactivation and tumor cell invasion [ 16 ].  
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 As expected, phosphorylation of α-catenin at serine 641 was inhibited by 
CX-4945 in 786-O WT cells (Fig.  4b ).  

3.5     CK2 Inhibition Triggers Activation of the ERK and p38 
MAPK Pathways in Renal Cancer Cells 

 Various genotoxic stresses activate the p38MAPK signaling and it has been shown 
that in response to TNFα stimulation of HeLa cells, a direct interaction of activated 
p38MAPK with CK2 is functionally responsible for phosphorylation-dependent 
p53 activation [ 17 ]. Moreover, it has been observed that CK2 inhibitors promote 
activation of the p38MAPK, thereby affecting cell shape and cytoskeleton of astro-
cytes and endothelial cells [ 18 ]. Here, the addition of CX-4945 to 786-O WT cells 
induced a strong activation of the p38MAPK (Fig. 5a ). Of note, p38MAPK activa-
tion associated with growth inhibition and cellular senescence has already been 
reported in human RCC cell lines treated with interleukin-4 [ 19 ]. Moreover, the 
p38MAPK pathway induces and stabilizes the p53 protein level [ 20 ,  21 ]. 
Accordingly, we found that in 786-O WT cells, CX-4945-induced p38MAPK acti-
vation was correlated with increased p53 expression (Fig.  5b ). Although activation 
of ERK is generally related to growth stimulating actions of many growth factors, 
several reports suggest that ERKs may also mediate apoptotic signaling induced by 
anti-neoplastic agents [ 22 ]. P-ERK was also stimulated by the addition of CX-4945 
to 786-O cells (Fig.  5c ). This agrees with the observation that downregulation of 
CK2 induces autophagic cell death through the activation of the ERK signaling 
pathway in glioblastoma cells [ 23 ].   
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  Fig. 4    CX-4945 inhibited 
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3.6     CK2 Inhibition Attenuates IL6-Induced Activation of JAK/
STAT-3 in Renal Cancer Cells 

 Chemokine receptor signaling pathways are implicated in the pathobiology of 
RCC [ 24 ]. 

 In particular, P-STAT-3 S727 is an independent prognostic factor for RCC [ 25 ]. 
Since a cross talk between CK2 and JAK/STAT-3 signaling has been reported 
[ 10 ,  26 ,  27 ], we tested whether inhibition of CK2 affects STAT-3 activation in renal 
cancer cells. 786-O WT cells were incubated for 48 h in the absence or presence of 
CX-4945, stimulated with IL-6 for 10 min to induce STAT-3 activation and then 
examined for phospho-tyrosine STAT-3 levels. Downregulation of CK2 activity in 
786-O WT cells led to reduced IL-6-induced STAT-3 activation (Fig.  5d ). It was 
reported that inhibition of the JAK/STAT-3 signaling pathway in RCC leads to 
reduced levels of survivin expression [ 28 ]. This is consistent with our observation 
that CX-4945 decreased survivin expression in 786-O WT cells (Fig.  3c ).  

3.7     Effects of CX-4945 on Cell Migration and Invasion 

 Migration and invasion of 786-O cells were evaluated using the Boyden chamber 
assay. 786-O WT, 786-O pB, and 786-O VHL cells exhibited similar behavior in 
migration assay (Fig.  6a ) and CX-4945 had minor effects on their mobility (Fig.  6b ). 
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  Fig. 6    Effects of CK2 inhibition on the migration/invasion of 786-O cells. 786-O WT, 786-O pB, 
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In contrast, 786-O WT and 786-O pB cells showed stronger capability to invade 
compared to 786-O VHL cells (Fig.  6c ). CX-4945 showed greater inhibition of 
invasion in 786-O VHL compared with 786-O WT cells (Fig.  6d ). For both cell 
lines, this treatment resulted in signifi cant decrease in the phosphorylation of FAK 
(Y576/577) and p130Cas (Y410), which are key components for effi cient integrin- 
mediated focal adhesion formation (Fig.  6e ).  

 These results show that CX-4945 has the potential to inhibit the invasion of 
786-O cells.   

4     Discussion 

 Challenges remain in the selection of biomarkers that will allow stratifi cation of 
patients and prediction of the effectiveness of a kinase inhibitor in one individual 
patient. CK2 has gained prominence as a nodal kinase and a cancer-related protein, 
due to its ability to drive cell proliferation and survival. Consequently, CK2 upregu-
lation, described in many tumors, has a strong impact on cellular processes indis-
pensable for cancer cell survival. 

 In this investigation, we analyzed the protein and mRNA expressions of CK2 
subunits in renal carcinoma and normal renal tissues by Western blot, CK2 kinase 
activity, and RT-qPCR. 

 We present evidence that CK2 subunits are overexpressed at the protein level in 
renal carcinoma compared to normal renal tissues, suggesting that CK2 participates 
in the pathogenesis of renal cancer. Surprisingly, there was no correlation between 
aberrant CK2 subunit expression and mRNA abundance, refl ecting distinctive pro-
tein expression and stabilization mechanisms. It is noteworthy that it has been 
recently reported that miR-125b is strongly downregulated in breast tumors and that 
the expression of CK2α is inversely correlated with miR-125b expression,  suggesting 
a key posttranscriptional regulation [ 29 ]. This posttranscriptional nature of aberrant 
CK2 expression in RCCs would imply that any predictive assays used in patients 
need to be performed at the protein level rather than at the mRNA level. However, 
due to the limited sample size of patients in our investigation, further studies would 
be needed to confi rm these fi ndings and establish the role of CK2 as a reliable clini-
cal predictor for renal cancer. Nevertheless, our analysis revealed an upregulation of 
the ZEB2 mesenchymal marker in a subset of tumor samples expressing low CK2β 
levels, suggesting a link between CK2β expression and the EMT process. In breast 
cancer, a correlation between an altered CK2α/CK2β expression ratio and EMT has 
been previously established [ 7 ]. Moreover, a higher amount of CK2α subunit com-
pared with CK2β subunit has been found in an MDR (multidrug-resistant) leukemia 
cell line, where it seems to contribute to the apoptosis- resistant phenotype [ 14 ]. The 
kidney is mesenchymal in origin and develops through MET (mesenchymal-to-
epithelial transition) to differentiate into mature nephrons [ 30 ]. In RCCs, this transi-
tion is reversed leading to EMT and dedifferentiation through activation of 
transcriptional regulators such as ZEB2. Therefore, a link may also exist in RCCs 
between dysregulated expression of CK2 subunits and EMT-associated features. 
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 To understand the biological functions of CK2 in renal carcinoma, we used the 
CK2 inhibitor CX-4945 to downregulate the CK2 catalytic activity in 786-O cells 
as a model of VHL-defi cient renal cancer cell line, a situation observed in the major-
ity of RCCs. 

 We found that CX-4945 inhibited the growth of 786-O WT as well as 786-O 
VHL cells, suggesting that this drug blocks the growth of renal cancer cells regard-
less of their VHL status. 

 As already observed in different cancers, CK2 expression/activity is required for 
activation of pro-survival pathways [ 26 ]. 

 Our fi ndings show that in renal cancer cells, CX-4945 inhibited the activated 
AKT and Wnt signaling pathways, the IL6-dependent STAT-3 activation, and the 
focal adhesion signaling pathways including FAK and p130Cas. 

 Clinical evaluation of CX-4945 in humans as a single agent to treat solid tumors 
and multiple myeloma has established its promising pharmacokinetic, pharmacody-
namic, and safety profi les [ 31 ]. Targeting this pleiotropic kinase that infl uences 
multiple signaling cascades involved in renal carcinoma progression may prove to 
be benefi cial for the design of future clinical studies.     
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    Abstract     Near simultaneously with the explosive expansion in the understanding 
of CK2’s prodigious promiscuity, the kinase was and has been implicated in a large 
number of cancers through a variety of mechanisms. Over the past few years, 
tremendous progress has been made in describing the diverse ways in which CK2 
signaling promotes tumorigenesis, tumor maintenance, and progression. In this 
chapter, we address CK2’s role in cancer generally and then provide a detailed 
overview of CK2’s ability to regulate two oncogenic signaling pathways, NF-κB 
and JAK/STAT, in myriad contexts.  

  Keywords     JAK/STAT   •   NF-κB   •   Infl ammation   •   Cancer   •   Signaling   •   Cytokines   • 
  Gene transcription   •   GBM   •   Breast cancer   •   TCGA  

1         Protein Kinase CK2 

    CK2 is a ubiquitous, constitutively active serine/threonine kinase most often found 
as a tetramer composed of two catalytic subunits (α and/or α′) and two β regulatory 
subunits [ 1 ]. CK2 is highly pleiotropic [ 2 ]: it has nearly 450 known substrates 
involved in gene transcription, signal transduction, cell growth, and apoptosis [ 1 – 4 ]. 
Indeed, it has been estimated that up to 20 % of the human phosphoproteome is 
generated by CK2 alone, based on recent bioinformatics analyses [ 4 – 6 ]. Every 
cellular process is affected to some degree by CK2; notable examples include cell 
cycle progression [ 7 ], maintenance of the cytoskeleton and extracellular matrix [ 8 ], 
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transcription and translation [ 1 ], chaperone-mediated protein folding [ 9 ], signal 
transduction [ 3 ], angiogenesis [ 10 ], and general cell survival [ 7 ]. Recent studies 
have shown that CK2 also possesses tyrosine kinase activity [ 11 ], with specifi c 
substrates such as JAK2 [ 12 ] and histone H2A [ 13 ]. CK2 is also found in nearly 
every subcellular compartment, with the thought that nuclear localization may por-
tend poor survival in a variety of cancers. The fundamental importance of CK2 for 
cell viability is refl ected in murine knockout studies that show that deletion of either 
CK2α or CK2β is embryonic lethal [ 14 ,  15 ]. Importantly, multiple studies demon-
strate that the individual subunits of CK2 (α and β) can function independently [ 16 ]. 
CK2α subunits are catalytically active by themselves, and CK2β can bind proteins 
independent of the tetramer complex [ 17 ]. Loss of CK2β permits increased phos-
phorylation of caspase 3 by CK2α′, which prevents caspase 3 cleavage and thus 
inhibits apoptosis [ 18 – 20 ]. As such, the balance of CK2 subunit expression is 
extremely important in maintaining cell homeostasis and has implications for tumor 
development (described below).  

2     CK2 and Cancer 

 Given the enormous importance of CK2 in normal cells, its importance in neoplasia 
may hardly be surprising [ 2 ,  3 ,  21 – 24 ]. Although mutations in CK2 have not been 
reported, elevated CK2 expression and kinase activity have been demonstrated in 
numerous liquid and solid tumors [ 2 ,  5 ,  22 ]. This provides a growth advantage as 
CK2 activity counteracts apoptosis and sustains the cell cycle. Indeed, downregula-
tion of CK2 in cancer cells or in preclinical cancer models by antisense RNA, 
siRNA, overexpression of kinase-dead CK2 mutants, or pharmacological inhibitors 
results in the induction of apoptosis [ 2 ,  25 ] (to be discussed in more detail below). 
In mouse models, CK2 cooperatively promotes oncogenesis and tumor progression 
with overexpression of oncogenes such as c-Myc [ 26 ] or with loss of tumor suppres-
sors such as p53 [ 27 ]. Prosurvival genes such as β-catenin; oncogenes such as 
c-Myc, c-Myb, and c-Jun; and tumor suppressors such as promyelocytic leukemia 
protein (PML), PTEN, and p53 have been shown to be targets and/or interactors of 
CK2 ([ 3 ,  28 ]; Fig.  1 ).  

 With the vast amount of molecular information available from The Cancer 
Genome Atlas (TCGA), we now have more specifi c information available about 
CK2 subunit gene copy number variation (CNV) and associations with disease pro-
gression. Glioma tumors are histologically graded according to the World Health 
Organization System into grades I–IV, with the highest being grade IV or glioblas-
toma (GBM) being the most common malignant tumor of the brain [ 29 ]. 
Transcriptional profi ling of GBM has led to molecular classifi cation into four dis-
tinct subtypes: classical, proneural, neural, and mesenchymal [ 30 ]. Despite the 
combination of surgery followed by radiotherapy and chemotherapy, the median 
survival of GBM patients is only 12–15 months, a very grim prognosis [ 31 ]. CNV 
analysis in 537 GBM tumors from the TCGA database indicates that  CSNK2A1 , 
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the gene encoding CK2α and mapping to chromosome 20p13||C, shows low-level 
amplifi cations (i.e., gene dosage gains) in 33.7 % of all GBM tumors, and signifi cantly 
higher  CSNK2A1  mRNA levels were detected in GBMs with  CSNK2A1  gene dos-
age gains [ 32 ]. Among 490 GBM samples with molecular subtype information, 
 CSNK2A1  gene dosage gain is more common (50.7 %) in classical GBM than in 
nonclassical GBM (21.3 %). Only minimal changes were noted in  CSNK2A2 , the 
gene encoding the CK2α′ catalytic subunit. There is relatively little known about the 
contribution of CK2β to cancer, although recent studies demonstrated that loss of 
CK2β promotes EMT in breast cancer cells in a SNAIL1-dependent fashion while 
increasing the expression of TGF-β2 [ 20 ,  33 ,  34 ]. Thus, CK2β, under certain con-
texts, appears to function as a tumor suppressor. Interestingly, we observed that 
 CSNK2B , the gene encoding CK2β and mapping to chromosome 6p21.3IIc, is 
deleted in 14.1 % of all GBM tumors analyzed. Importantly, this deletion portends 
a comparatively poor prognosis (overall survival) in a two-class model (log-rank 
 p  = 0.009) in 553 GBM. The  CSNK2B  deletion is not particularly enriched in any of 
the four GBM subtypes. As such, loss of CK2β may lead to upregulated CK2α 
activity and subsequent GBM growth. 

  Fig. 1    The impact of CK2 in cancer. CK2 activity enhances many of the pathways described as 
hallmarks of cancer. CK2 promotes anti-apoptosis through interaction with caspase-3 and inacti-
vates tumor suppressors including PML, PTEN, and p53. DNA replication is enhanced through 
CK2 interaction with histone H2A, angiogenesis via JAK/STAT and NF-κB activation, and 
immune evasion through the promotion of MDSCs. CK2 promotes growth and proliferation 
through multiple signaling pathways involved in oncogenesis, including JAK/STAT, NF-κB, PI3K/
AKT, Notch/Sonic Hedgehog (SHH), Wnt/β-catenin, c-Myc, c-Myb, and c-Jun       
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 Breast cancer is the most common malignancy in women worldwide and remains 
a major cause of mortality due to metastasis. Another challenging aspect for the 
treatment of breast cancer is dealing with the extreme heterogeneity of these tumors 
[ 35 ]. Approximately 30 % and 20 % of breast tumors have gains on  CSNK2A1  and 
 CSNK2B , respectively, while a large number of tumors have heterozygous deletions 
of  CSNK2A2  [ 36 ]. The basal breast cancer molecular subtype possesses higher 
levels of all three CK2 subunits compared to non-basal subtypes [ 36 ]. The basal 
subtype, which has fewer treatment options and therefore a more dire prognosis 
[ 35 ,  37 ], may be highly susceptible to CK2 inhibition. 

 CK2 seems to be a superb example of non-oncogene addiction [ 38 ], as it enhances 
every one of Hanahan and Weinberg’s hallmarks of cancer [ 39 ,  40 ] and underpins 
multidrug resistance ([ 41 – 43 ]; Fig.  1 ). CK2 is a “lateral” (nonhierarchical and 
therefore atypical) kinase [ 1 ] that affects numerous pathways vital in cancer, including 
JAK/STAT, NF-κB, Wnt/β-catenin, PI3K/AKT, and Notch and Hedgehog pathways. 
It was recently shown that CK2 kinase activity promotes development of myeloid-
derived suppressor cells (MDSC), which exert potent immunosuppressive effects in 
the tumor microenvironment [ 44 ]. Thus, there are a multitude of mechanisms 
by which aberrant CK2 expression and/or activity can promote cancer progression. 
In this chapter, we review the literature on how CK2 regulates two intertwined 
tumor-promoting pathways: NF-κB and JAK/STAT.  

3     The NF-κB Signaling Pathway 

 The NF-κB proteins are a family of transcription factors that mediate immune and 
infl ammatory responses [ 45 ]. The family contains fi ve structurally similar members 
that are classifi ed into two groups. The fi rst group, consisting of p65 (RelA), c-Rel, 
and RelB, is synthesized in their mature forms and contains an N-terminal Rel 
homology domain (RHD) and a C-terminal transactivation domain (TAD). The second 
group, consisting of NF-κB1 (p105/p50) and NF-κB2 (p100/p52), is fi rst synthe-
sized as large precursors (p105 and p100) that are later processed into their mature 
forms (p50 and p52). Both p50 and p52 contain an RHD but neither possesses a 
TAD. Although these family members can dimerize in numerous combinations, 
only the NF-κB dimers that contain p65, RelB, or c-Rel are competent transcription 
factors [ 46 ]. The p65/p50 heterodimer predominates, and it is this form that is 
referred to as NF-κB herein. Typically, all NF-κB molecules are inactive and cyto-
plasmic. However, activation of these molecules is achieved in response to various 
stimuli using either the canonical or noncanonical pathway. Although noncanonical 
NF-κB appears to be involved in certain cancers, its role is currently poorly defi ned, 
and canonical signaling is currently considered the major contributor to cancers 
broadly. In the canonical pathway (Fig.  2a ), NF-κB molecules containing p65 and 
p50 are sequestered through interactions with the inhibitor of NF-κB (IκB) proteins. 
The IκB proteins contain multiple ankyrin repeat domains that enable them to bind 
to the RHD and inhibit NF-κB’s ability to bind DNA. The pathway is triggered by 
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various infl ammatory stimuli that activate the inhibitor of NF-κB kinase (IKK) 
complex, which contains IKKα, IKKβ, and IKKγ/NEMO. In NF-κB signaling, 
IKKβ phosphorylates the IκB proteins, which targets them for rapid degradation 
by the proteasome. Then, p65 is phosphorylated at serine 536 and activated; this 
effectively liberates the NF-κB molecules, which then translocate into the nucleus, 
bind to their cognate DNA response elements, and induce expression of genes such 
as  IL-6  and  IL-8 , as well as antiapoptotic genes including  cIAP2 ,  Bcl-2 , and  Bcl-xL  
(Fig.  2a ). A large number of NF-κB target genes have been implicated in cancer 
pathogenesis, progression, and metastasis.   

4     CK2, NF-κB Signaling, and Cancer 

 The NF-κB signaling pathway is constitutively activated in a large variety of 
cancers, including breast, pancreatic, prostate, head and neck, multiple myeloma, 
and GBM, which portends poor patient survival [ 47 – 52 ]. Indeed, NF-κB has been 

  Fig. 2    NF-κB signaling and the contribution of CK2. ( a ) Canonical NF-κB signaling is initiated 
by infl ammatory cytokines, such as TNF-α. Binding of TNF-α to the receptor activates the intracel-
lular signaling complex IKK, which consists of IKKα, IKKβ, and NEMO. IKK phosphorylates 
IκBα, which results in ubiquitination and degradation of IκBα. The NF-κB dimer, p65/p50, are 
then phosphorylated and translocate to the nucleus to induce gene expression. ( b ) CK2 interacts 
with NF-κB signaling in many ways. CK2 phosphorylates IKKβ, which activates IKK and leads to 
phosphorylation of IκBα and downstream NF-κB activation. IκBα is also directly phosphorylated 
by CK2 to promote NF-κB activation. Lastly, CK2 phosphorylates p65 on S529, leading to 
enhanced activation of NF-κB gene transcription       
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demonstrated to promote pro-cancerous infl ammation, prosurvival signals, angio-
genesis, metastasis, and radiation resistance [ 46 ,  50 ]. In malignant cells, NF-κB can 
be activated by the overexpression of proinfl ammatory mediators such as TNF-α 
and oncogenes such as Ras and by amplifi cations, mutations, or deletions in gene 
loci encoding  c-el ,  NFKBIA  ( IκBα ), and  A20  [ 53 – 57 ]. CK2 targets the NF-κB path-
way at multiple points, including IKKs, IκBs, and p65 itself (Fig.  2b ). CK2 medi-
ates the activation of IKKβ by phosphorylation, which then leads to the ability of 
IKKβ to phosphorylate IκBα, promoting NF-κB activation [ 58 ]. Additionally, CK2 
can directly phosphorylate IκB in the carboxy-terminal PEST domain, leading to its 
degradation and activation of NF-κB activity [ 59 ]. TNF-α and IL-1β induce phos-
phorylation of p65 Ser529 by CK2, which is associated with full transcriptional 
activity of p65 [ 60 ]. Thus, the NF-κB pathway is positively regulated by CK2 in a 
manner that promotes tumor cell survival and inhibits apoptosis [ 3 ]. There are 
numerous examples of connections of CK2 and aberrant NF-κB signaling in a vari-
ety of cancers.  

5     Breast Cancer 

 Primary human breast cancer samples that display aberrant activation of the NF-κB 
pathway also exhibit increased CK2 kinase activity [ 52 ]. Breast cancer cell lines 
display higher levels of IKKα and IKKβ, which correlates with increased CK2 
and NF-κB activity, compared to untransformed mammary epithelial cells [ 36 ,  52 ]. 
The inhibition of CK2 activity by selective CK2 inhibitors decreased NF-κB activ-
ity in these cell lines [ 36 ,  52 ]. Treatment of triple negative MDA-MB-231 breast 
cancer cells with the CK2 inhibitor emodin suppressed NF-κB activation and 
expression of  MMP-9 , an NF-κB target gene [ 61 ]. Interestingly, we observed that 
treatment of MDA-MB-231 cells with the CK2 inhibitor CX-4945 inhibited consti-
tutive phosphorylation of serine 529 in p65, but did not affect TNF-α-induced serine 
536 phosphorylation, which is the canonical marker of NF-κB activation and tran-
scriptional capacity [ 36 ]. Nonetheless, inhibition of CK2 activity by CX-4945 sig-
nifi cantly decreased expression of several NF-κB target genes, including  IL-6  and 
 IL-8  [ 36 ], suggesting that decreasing p65 serine 529 phosphorylation is suffi cient to 
suppress gene transcription. Phase I clinical studies have shown that patients with 
advanced solid tumors have high circulating levels of IL-6 and IL-8, and treatment 
with CX-4945 decreases the circulating levels of these cytokines [ 62 ]. This may be 
extremely important since both IL-6 and IL-8 have been connected to stemness and 
metastasis, as well as the tumor self-seeding phenomenon [ 63 ,  64 ]. CX-4945 dis-
played antitumor effi cacy in preclinical studies of BT-474 breast cancer growth 
in vivo, signifi cantly inhibiting tumor volume, with no effect on body weight [ 65 ]. 
The Her-2/neu oncogene is overexpressed in approximately 30 % of breast cancers 
and is associated with poor overall survival. Her-2/neu is able to induce activation 
of NF-κB in breast cancer cell lines, which is suppressed by inhibition of CK2 [ 51 ]. 
Thus, CK2 plays an important role in Her-2/neu signaling, promoting degradation 
of IκBα, leading to subsequent NF-κB activation.  
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6     Pancreatic Cancer 

 Pancreatic cancer is one of the most common causes of cancer death worldwide, and 
the 5-year survival rate remains dismal. In the context of pancreatic cancer, the CK2 
inhibitor emodin has benefi cial effects both in vitro and in vivo. Treatment of SW1990 
pancreatic cancer cells with emodin suppressed migration and invasion and also 
downregulated NF-κB activation and MMP-9 expression [ 66 ]. Interestingly, the pres-
ence of cleaved caspase 3 was increased, which promoted apoptotic events. In vivo, 
emodin treatment signifi cantly decreased tumor weight and metastasis, and NF-κB 
activation and MMP-9 expression were suppressed in the tumor tissue [ 66 ]. In another 
in vivo pancreatic model (BxPC-3 cells), CX-4945 treatment inhibited tumor volume 
by 93 % [ 65 ]. The infl uence of CK2 inhibitors on repressing metastasis is exceptionally 
important, as metastatic disease is responsible for the grim 5-year survival rate.  

7     Multiple Myeloma (MM) 

 MM is one of the most frequent hematologic malignancies and is characterized by 
resistance to drug-induced apoptosis, which underlies poor outcome for MM patients. 
CK2 is aberrantly active in MM cells and controls their survival [ 5 ,  67 ]. Inhibition of 
CK2 kinase activity with a variety of compounds (K27, TBB, and IQA) or inhibition 
of CK2 expression by siRNA promoted apoptosis of MM cells that was associated 
with activation of caspase cascades and decreased IκB degradation and NF-κB-driven 
gene transcription. Bortezomib is a fi rst-in-class proteasome inhibitor with effi cacy 
against MM. The CK2 inhibitors CX-4945 and K27 were shown to function in a syn-
ergistic manner with bortezomib with respect to inducing apoptosis [ 68 ]. This was 
associated with a decrease in serine 529 phosphorylation of p65 and a reduction in 
NF-κB target genes such as  COX-2, IL-6, Bcl-2,  and  NOS-2  [ 68 ].  

8     High-Grade Head and Neck Squamous 
Cell Carcinomas (HNSCC) 

 These cancers usually begin in the squamous cells that line the mucosal surfaces 
inside the mouth, nose, and throat. A subset of HNSCC carries an elevated risk of 
local occurrence, nodal or distant metastasis (usually to the lungs); 5-year survival 
is estimated at 25–45 %. Increased nuclear presence of phospho-p65 has been 
demonstrated in the majority of HNSCC, which correlated with decreased survival. 
This is also associated with increased CK2 activity [ 58 ]. Specifi cally in HNSCC, 
CK2 activates IKKβ, leading to NF-κB activation, which can be inhibited by down-
regulation of the CK2β subunit. In addition, apigenin, a CK2 inhibitor, suppressed 
the ability of CK2 to phosphorylate IKKβ [ 58 ]. The authors suggest that both CK2 
and IKKβ may serve as key targets for inhibition of the NF-κB pathway in HNSCC.  
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9     GBM 

 NF-κB is constitutively activated in GBM and correlates with increasing grade in 
astrocytic tumors [ 69 ]. The mesenchymal subtype of GBM is characterized by 
elevated levels of NF-κB signaling components ( TRADD ,  RELB ,  TNFRSF1A ), 
enhanced chemo- and radiation resistance, and an overall poorer prognosis than 
patients with other types of GBM [ 30 ]. There are numerous proteins and pathways 
dysregulated in GBM that may cause NF-κB activation. NF-κB is activated by epi-
dermal growth factor (EGF), and/or its receptor, (EGFR), the latter of which is fre-
quently mutated and constitutively activated in GBM [ 70 ,  71 ]. We have shown that 
ING4, a negative regulator of NF-κB, is expressed at very low levels or is mutated 
in GBM and that the lack of ING4 activity enables NF-κB to remain constitutively 
active [ 72 ]. Conversely, Pin1, a positive regulator of NF-κB, is overexpressed in 
GBM and also contributes to constitutive NF-κB activation [ 73 ]. 

 In vitro, in a variety of human GBM cell lines, CK2 inhibitors abrogate TNF-α- 
induced NF-κB activity and sensitize these cells to TNF-α-induced apoptosis [ 74 ]. 
TNFα-induced p65 serine 529 phosphorylation was partially inhibited by CX-4945 in 
human GBM xenografts, and the NF-κB target genes  IκBα  and  IL-8  were also inhib-
ited by CX-4945 treatment [ 32 ]. Treatment with CX-4945 suppressed xenograft cell 
growth as did knockdown of CK2α and CK2α′ [ 32 ]. CX-4945 induced GBM cell 
apoptosis and caused senescence in GBM cells [ 32 ]. Importantly, CX-4945 treatment 
of normal astrocytes did not affect cell survival or promote apoptosis [ 32 ], indicating 
that transformed cells have enhanced sensitivity to CK2 inhibition. CX-4945 inhibited 
intracranial GBM tumor growth in vivo .  Xenograft X1046 (classical subtype) has 
gene dosage gain of  CSNK2A1 , and CX-4945 treatment signifi cantly increased 
survival of X1046 tumor-bearing mice. Constitutively active NF-κB p65 was detected 
in intracranial tumors of the vehicle-treated group, while activation of NF-κB p65 was 
diminished in mice treated with CX-4945 [ 32 ]. Importantly, oral administration of 
CX-4945 inhibited serine 529 phosphorylation of p65 in intracranial tumors. 
Achieving inhibition of this CK2-specifi c phosphorylation site is indicative of bio-
logical activity of CX-4945 within the CNS. As mentioned previously, gene dosage 
gain of  CSNK2A1  in GBM was signifi cantly associated with the classical subtype 
[ 32 ]. Heterozygous deletion of the  NFKBIA  gene, which encodes IκBα, is associated 
with the nonclassical subtypes of GBM and correlates with elevated NF-κB levels and 
poorer patient prognosis [ 55 ]. Considering that both alterations can lead to constitu-
tive activation of NF-κB, this suggests that classical and nonclassical subtypes of 
tumors have distinct genetic aberrations that may result in the same outcome, namely, 
activation of the NF-κB signaling pathway in GBM.  

10     The JAK/STAT Signaling Pathway 

 The JAK/STAT signaling pathway is the predominant signal transduction cascade 
utilized by numerous cytokines and is critical for initiating innate immunity, 
orchestrating adaptive immune systems, and ultimately constraining infl ammatory 
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and immune responses [ 69 ,  75 ]. Cytokines activate receptor-associated JAKs, 
which phosphorylate both themselves and the receptor cytoplasmic domain on 
tyrosine residues, leading to recruitment of STATs. The JAKs then tyrosine phos-
phorylate STATs, promoting their activation. Once activated, STATs dimerize, 
translocate to the nucleus, and bind to regulatory elements to induce transcription 
of target genes (Fig.  3a ). Over 70 cytokines, interferons and growth factors use the 
JAK/STAT pathway. There are four JAKs (JAK1, JAK2, JAK3, and TYK2) and a 
total of seven STATs (STAT 1, 2, 3, 4, 5a, 5b, and 6). Various combinations of JAK/
STAT usage result in differential gene expression, particularly depending on the 
STAT transcription factor(s) that is activated. Endogenous negative regulators of 
the JAK/STAT pathway include suppressors of cytokine signaling (SOCS) pro-
teins, protein inhibitors of activated STATs (PIAS) proteins, and various tyrosine 
phosphatases [ 76 – 78 ]; Fig.  3a .   

  Fig. 3    JAK/STAT signaling and the contribution of CK2. ( a ) Various cytokines bind to their cor-
responding receptor and activate receptor-associated JAKs, which phosphorylate both themselves 
and the receptor cytoplasmic domain on tyrosine residues, leading to recruitment of STATs. The 
JAKs then tyrosine phosphorylate STATs, promoting their activation. Once activated, STATs 
dimerize, translocate to the nucleus, and bind to regulatory elements to induce transcription of 
target genes involved in numerous pathways including migration/invasion, angiogenesis, prolifera-
tion, and infl ammation. There are several negative regulators of JAK/STAT signaling, including 
SOCS proteins, PIAS proteins, and numerous protein tyrosine phosphatases (PTP). ( b ) CK2 
enhances JAK/STAT signaling in many ways. Upon OSM stimulation, CK2 interacts with and 
phosphorylates JAK2, promoting downstream STAT3 activation. Additionally, CK2 interacts with 
the negative regulator PIAS1, also promoting enhanced STAT activation       

 

Protein Kinase CK2 and Dysregulated Oncogenic…



268

11     CK2, JAK/STAT Signaling, and Cancer 

 JAKs and STATs are essential mediators of almost all biological signaling events 
initiated by cytokines. As such, unrestrained activation of the JAK/STAT pathway is 
detrimental and has been associated with many cancers. Of all the STATs, STAT3 is 
by far the most prominent in cancer with respect to aberrant activation [ 79 – 81 ]. 
Activating mutations in STAT3 are rare; thus STAT3 hyperactivation is usually due 
to an overabundance of cytokines and/or dysregulation of negative regulators. 
STAT3 signaling is commonly activated by the IL-6 family of cytokines, including 
IL-6, oncostatin M (OSM), and leukemia inhibitory factor, which induces expres-
sion of a broad repertoire of genes that regulate antiapoptotic behavior, angiogene-
sis, migration, invasion, infl ammation, and cell proliferation [ 82 ] (Fig.  3a ). It should 
be noted that many of the genes induced by the JAK/STAT pathway overlap those 
induced by the NF-κB pathway [ 83 ]. Additionally, IL-6 is an NF-κB-inducible gene 
and the most potent activator of STAT3, thus highlighting cross talk between these 
two signal transduction cascades. Interesting, IL-6 is the most dysregulated cyto-
kine in many cancers, being expressed at aberrantly high levels. Activated STAT3 is 
recognized by phosphorylation of tyrosine 705, which is the canonical marker of 
STAT3 activation. In addition to tyrosine 705 phosphorylation, STAT3 serine 727 
phosphorylation is another important posttranslational modifi cation that affects the 
transcriptional activity of STAT3. Numerous pathways are capable of phosphorylat-
ing serine 727, including the MAPK and PI3K/mTOR cascades, and phosphoryla-
tion of serine 727 is necessary for full transcriptional activity of STAT3 [ 84 ]. In 
general, activated STAT3 has a striking ability to promote tumor survival, invasion, 
and metastasis while suppressing antitumor immunity [ 80 ]. We have recently dem-
onstrated that CK2 has the ability to intensify JAK/STAT signaling [ 12 ]. OSM   -, 
IFN-γ-, and growth hormone (GH)-induced JAK/STAT activations are dependent 
on the presence or kinase activity of CK2. Inhibition of CK2 activity by TBB or 
emodin or knockdown of CK2α or CK2β inhibits OSM-induced JAK1 and JAK2 
tyrosine phosphorylation, suggesting that CK2 may function to regulate JAK activa-
tion, thus controlling the activation of STATs and downstream gene expression. 
JAK2 forms a complex with CK2α and CK2β, which is enhanced upon cytokine 
stimulation. In addition to JAK2, CK2α and CK2β associate with JAK1. This asso-
ciation between JAKs and CK2 suggests that JAKs may be a substrate of CK2 and, 
indeed, JAK2 can be phosphorylated by CK2 in vitro [ 12 ] (Fig.  3b ). Preliminary 
mass spec analysis indicates that CK2 phosphorylates JAK2 on several tyrosine and 
serine residues. PIAS1, a negative regulator of the JAK/STAT pathway, functions by 
binding to activated STATs in the nucleus, inhibiting their transcriptional activity 
[ 77 ]. PIAS1 is also a CK2 substrate, and its regulation of transcription factor func-
tion is affected by CK2 phosphorylation [ 85 ] (Fig.  3b ). Additionally, CK2 has been 
shown to directly phosphorylate STAT1 on serine 727, an oncogenic modifi cation in 
Wilm’s tumor [ 86 ]. These data indicate that the JAK/STAT pathway is affected by 
CK2 in a manner that enhances JAK and STAT activation, which has implications 
for promoting tumor survival [ 12 ,  87 ,  88 ].  
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12     Breast Cancer 

 The JAK/STAT pathway is involved in both normal mammary development and 
mammary tumor formation [ 89 ]. JAK/STAT signaling has been shown to be important 
in the progression and metastatic and invasive potential of breast cancer [ 63 ,  90 – 93 ] 
and is involved in breast cancer stem cell formation [ 63 ]. In particular, constitutive 
tyrosine phosphorylation of STAT3 is an indicator of poor prognosis and has been 
associated with late-stage metastatic breast cancer [ 94 ,  95 ]. STAT3 activation is also 
associated more with advanced breast cancer, as opposed to STAT5, which is more 
prominently involved in tumor initiation [ 89 ]. As mentioned previously, STAT3 can 
be phosphorylated on serine 727. It has recently been shown that STAT3 functions 
in the mitochondria to control respiration and Ras transformation, which requires 
serine 727 phosphorylation, but not that of tyrosine 705 [ 96 ,  97 ]. Serine 727 phos-
phorylated STAT3 in the mitochondria controls the accumulation of reactive oxygen 
species and growth of breast cancer in preclinical models [ 98 ]. High serum levels of 
IL-6 predict poor prognosis in breast cancer patients [ 99 ], which may be due to its 
ability to activate STAT3. Infl ammatory breast cancer (IBC) is a highly aggressive 
and proliferative form of breast cancer that disproportionally affects younger 
women and has a 5-year survival rate of less than 5 %. In an in vivo model of IBC, 
treatment with CX-4945 inhibited expression of IL-6 [ 100 ]. Furthermore, in a phase 
I clinical trial of CX-4945, an IBC patient exhibited a signifi cant decrease in circu-
lating IL-6 plasma levels [ 100 ]. Thus, CK2 activity is able to regulate the expression 
of IL-6 at the transcriptional level, although the precise mechanisms are not known. 
We have shown that CK2 inhibition by TBB, emodin, and CX-4945 prevents both 
constitutive and cytokine-enhanced STAT3 activation and downstream gene expres-
sion in the triple negative breast cancer cell line MDA-MB-231 [ 12 ,  36 ]. Further, 
treatment of MDA-MB-231 cells with CX-4945 caused cell cycle arrest and loss of 
viability and inhibited the migratory capacity of these cells [ 36 ].  

13     GBM 

 STAT3 upregulation, hyperactivation, and nuclear accumulation are  well-known 
features of GBM, and this aberrant STAT3 activation is associated with poor prog-
nosis [ 69 ]. We and others have demonstrated that levels of phosphorylated JAK1, 
JAK2, and STAT3 are elevated in GBM tissues as are STAT3-driven genes, which 
correlates with increasing tumor grade [ 69 ,  82 ,  101 – 103 ]. Loss of endogenous 
inhibitors of STAT3 is another means by which STAT3 may become hyperactivated. 
Low expression of the negative regulator PIAS3 has been previously described in 
GBM by our laboratory, which correlates with increased STAT3 activation and gene 
expression [ 101 ]. PTPRD has been identifi ed as a novel STAT3 tyrosine phos-
phatase whose activity is lost in approximately 50 % of GBM by means of 
deletion, epigenetic silencing, and inactivating mutation [ 104 ]. Subsequent work 
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demonstrated that in a murine model of glioma, PTPRD heterozygous, but not 
homozygous, loss could promote gliomagenesis and lead to worse survival. This 
loss of PTPRD led to increased STAT3 activation and protumorigenic macrophage 
infi ltration [ 105 ]. Furthermore, IL-6 and erythropoietin-mediated activation of the 
STAT3 pathway is crucial for the proliferation and survival of glioma stem cells 
[ 106 – 109 ]. As well, CK2α has been implicated in GBM tumorigenesis by mainte-
nance of glioma stem cells through regulation of β-catenin [ 110 ,  111 ]. 

 STAT3’s involvement in GBM has been highlighted due to its close association 
with the mesenchymal subtype of GBM. It was shown that STAT3 mRNA levels 
increase in proneural tumors which recur and thereafter acquire a more 
mesenchymal- like phenotype [ 112 ], and it has been subsequently shown that 
STAT3 activation and target gene transcription increase in proneural tumors 
undergoing a mesenchymal shift after radiation treatment [ 113 ]. STAT3 and 
CEBPβ are the two master regulators of the mesenchymal subtype, as identifi ed in 
a bioinformatic study [ 114 ]. 

 Inhibition of JAK/STAT3 signaling has been of considerable interest in preclinical 
GBM studies. AZD1480, a JAK1/2 inhibitor, potently inhibits activation of STAT3 
and JAK2 in human and murine glioma cell lines, blocks glioma cell proliferation, 
and induces cell death in glioma cells. AZD1480 treatment slowed the growth of 
tumors in a subcutaneous murine model using human xenografts, and in an intracra-
nial model, AZD1480 signifi cantly extended survival, which was associated with 
decreased STAT3 activation [ 103 ]. G5-7 is a recently described allosteric JAK2 
inhibitor which, in GBM, blocks not only JAK2/STAT3 activation but also JAK2 
interaction with EGFR, a necessary association for the activation of EGFR and 
downstream signaling [ 115 ]. 

 We have recently shown that CK2 is required for JAK/STAT3 activation in pri-
mary human GBM xenografts. siRNA knockdown of CK2α and CK2α′ and phar-
macological inhibition of CK2α/α′ kinase activity by CX-4945 reduced 
IL-6-induced STAT3 activation [ 32 ]. IL-6-induced JAK2 activation was also inhib-
ited by CX-4945. Interestingly, total JAK2 levels were reduced after CX-4945 
treatment, suggesting CK2 may affect JAK2 stability. Expression of STAT3 target 
genes such as  SOCS3 ,  IL-6, Mcl-1 , and  Pim-1  was inhibited by CX-4945 [ 32 ]. A 
bioinformatics analysis in GBM suggested that CK2 lies downstream of EGFR and 
EGFRvIII [ 116 ], the mutated oncogenic form of EGFR commonly expressed in 
GBM [ 117 ]. EGF-induced STAT5 and STAT3 activation was inhibited by CX-4945, 
with STAT3 being more effectively inhibited, and knockdown of CK2α and CK2α′ 
produced the same result [ 32 ]. In addition, CX-4945 inhibited expression of EGF-
induced c-Myc, a STAT3 target gene. CX-4945 treatment signifi cantly increased 
survival of GBM tumor-bearing mice. Constitutively active tyrosine phosphory-
lated STAT3 was detected in intracranial tumors of the vehicle-treated group, while 
activation was diminished in mice treated with CX-4945 [ 32 ]. These fi ndings indi-
cate that CK2 inhibition reduces that transcriptional activity of STAT3, which 
diminishes brain tumorigenesis [ 118 ], suggesting CK2 as a therapeutic target for 
GBM patients. 
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 Somewhat paradoxically, Mandal et al. [ 119 ] report that CK2 negatively regulates 
phosphorylation of STAT3 at serine 727 in GBM and that this enhances the oncogenic 
potential of STAT3. They demonstrate that the phosphatase PP2A is activated by CK2 
and functions to dephosphorylate serine 727. It is not clear how a reduction in STAT3 
serine 727 by CK2/PP2A promotes enhanced STAT3 activity, leading to more aggres-
sive GBM tumor formation; this needs to be determined in future studies.  

14     Myeloproliferative Disorders (MPDs) 

 MPDs are a group of clonal hematopoietic disorders including polycythemia vera 
(PV), essential thrombocytopenia (ET), and primary myelofi brosis (PMF) [ 120 , 
 121 ]. Recent studies have demonstrated that JAK2V617F, a somatic activating point 
mutation in JAK2, occurs in 95 % of PV patients and in greater than 50 % of ET and 
PMF patients and is involved in the pathogenesis of MPD [ 120 ]. We have shown 
that CK2α associates with the JAK2 mutant JAK2V617F and that CK2 inhibitors 
signifi cantly depress the amount of phosphorylated JAK2, STAT3, and STAT5 in 
primary cells from PV patients [ 12 ]. More importantly, CK2 inhibitors promote 
apoptosis, suppress expression of prosurvival proteins such as Bcl-XL, and decrease 
levels of pro-caspases 3 and 8 [ 5 ,  12 ,  87 ]. Furthermore, it was recently shown that 
JAK2V617F is associated with the GM-CSF receptor at clathrin-coated structures, 
and this induces a conformational change of JAK2V617F, allowing for activation by 
CK2 [ 122 ]. Patients with MPD are treated with the FDA-approved JAK inhibitor 
ruxolitinib [ 75 ], and these fi ndings suggest that CK2 inhibitors may provide a sec-
ond, complementary therapeutic for this group of diseases.  

15     MM 

 As mentioned previously, CK2 is involved in MM pathogenesis, in part, via exces-
sive activation of the NF-κB pathway. In addition, CK2 enhances activation of 
STAT3 in this disease [ 67 ]. Analysis of MM patient specimens revealed prominent 
nuclear phosphoserine 727 STAT3 in association with elevated CK2α expression 
[ 68 ]. Utilizing MM cell lines, Piazza et al. [ 67 ] demonstrated that CK2 inhibition by 
K27 or TBB inhibited IL-6-induced STAT3 activation, suppressing both tyrosine 
705 and serine 727 phosphorylation, but with a more striking effect on serine 727. 
IL-6 is one of the most potent growth-promoting cytokines in MM; as such, CK2 
may indeed be a therapeutic target. The drug bortezomib functions in synergy with 
CK2 inhibitors and CK2 knockdown to suppress STAT3 serine 727 phosphoryla-
tion and target genes such as  Bcl2  and  cyclin D1 , which promotes apoptosis of MM 
cells [ 68 ]. It has been proposed that regulation of CK2 may be instrumental for the 
modulation of MM cell sensitivity to other therapeutic agents [ 5 ].  
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16     Nonsmall Cell Lung Cancer (NSCLC) 

 NSCLC has traditionally been associated with risk factors such as smoking, but 
female nonsmokers have an increased incidence of NSCLC. Five-year survival rates 
based on staging of disease are approximately 30 % for stage II, 10 % for stage III, 
and 1 % for stage IV. STAT3 is constitutively activated in 50 % of NSCLC primary 
tumors [ 123 ]. Mutations in EGFR mediate STAT3 activation via IL-6 production in 
human lung adenocarcinoma [ 124 ,  125 ]. CK2 inhibitors block EGF-induced STAT3 
tyrosine 705 phosphorylation, which leads to enhanced radiosensitivity of NSCLC 
cells [ 126 ]. Thus, CK2 inhibition may be useful for overcoming radioresistance in 
lung cancer.  

17     T-Cell Large Granular Lymphocytic Leukemia (LGLL) 

 LGLL is a rare lymphoproliferative disease characterized by the expansion of clonal 
CD3 + CD8+ cytotoxic T-cells. Mutations in STAT3 were found in 40 % of LGLL 
patients, and all mutations were located in exon 21, encoding the SH2 domain, 
which is responsible for dimerization and activation of STAT3 [ 127 ]. These muta-
tions increase the transcriptional activity of STAT3, suggesting aberrant STAT3 sig-
naling underlies the pathogenesis of this disease. Phosphorylation of the STAT3 
variant Y640F was recently shown to be dependent on CK2 activity, as treatment 
with CK2 inhibitors decreased phosphorylation of STAT3Y640F to basal levels 
[ 88 ]. The authors speculate that STAT3Y640F may be a direct substrate of CK2, 
although this was not formally shown.  

18     Crosstalk Between NF-κB and JAK/STAT3 Signaling 
in Cancer: CK2 As the Connector? 

 NF-κB and STAT3 signaling have long been known to be intricately interwoven 
such that they cooperate in many pathological processes, cancer prominent among 
these [ 49 ,  128 ]. The astounding promiscuity of protein kinase CK2 concatenates the 
NF-κB and STAT3 cascades in cancers such as GBM, breast cancer, and MM. CK2 
is able to positively regulate both these pathways and thus act as a lateral enhancer 
of each. CK2 has long been known to enhance NF-κB signaling at many points in 
the pathway [ 24 ]. We now have an appreciation that CK2 does the same for the 
JAK/STAT pathway [ 12 ,  32 ,  36 ,  88 ,  122 ]. Both NF-κB and STAT3 are activated in 
the context of GBM, breast cancer, and MM, and pharmacological inhibition of 
CK2 activity attenuates these pathways simultaneously in in vitro and in vivo models. 
Thus, CK2 inhibition may provide a novel route by which to inhibit both these 
oncogenic pathways using a single agent.  
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19     Conclusions 

 CK2 is able to regulate numerous cell signaling pathways in the context of cancer in 
order to promote tumorigenesis, treatment resistance, angiogenesis, prosurvival 
machinery, and other oncogenic processes. Improving understanding of the func-
tions of individual CK2 subunits is also contributing to a more precise understand-
ing of this kinase’s function in disease. In recent years, CK2’s ability to positively 
regulate NF-κB and JAK/STAT signaling in several different cancers has been 
described, and thus CK2 signaling represents an increasingly attractive therapeutic 
target for a variety of neoplasms.
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    Abstract     Over the past few years, the development of CK2 inhibitors using small 
molecules has emerged as a paradigmatic approach for blocking the enzymatic 
activity. However, despite successful experimental validation, so far only one of 
such chemical compounds has entered into clinical trials. Using a different rationale 
to inhibit CK2, we have developed CIGB-300 as a novel hypothesis-driven peptide 
targeting the CK2 phosphoacceptor domain instead of the ATP-binding site. Data 
from in vitro studies have revealed that at least in human cell lines from solid 
tumors, CIGB-300 binds mainly to and inhibits CK2-mediated phosphorylation of 
B23/npm. Studies of the molecular and cellular events downstream this interaction 
have demonstrated that CIGB-300 induces apoptosis in vitro and in vivo, modulat-
ing a wide array of proteins involved in cell proliferation, apoptosis, ribosome bio-
genesis, drug resistance, cell motility, and adhesion among other processes. 
Accordingly, CIGB-300 has shown synergistic interaction with anticancer drugs, 
suppressing angiogenesis and exhibiting antimetastatic properties. The pharmacol-
ogy of this peptide-based drug has already been investigated in cancer patients. 
Different Phase 1 clinical trials have shown CIGB-300 to be safe and well tolerated 
and have studied its pharmacokinetics after either local or systemic administration. 
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Remarkably, during a dose-fi nding Phase 2 trial in women with cervical cancer, 
cohorts receiving CIGB-300 and chemoradiotherapy concomitantly had a higher 
frequency of complete response than those receiving chemoradiotherapy alone. 
Taken together, the data presented here summarize all relevant preclinical and clinical 
fi ndings that make CIGB-300 a promising peptide-based drug for the treatment of 
cancer patients.  

  Keywords     CIGB-300   •   Casein kinase 2   •   CK2 inhibitors   •   Targeted therapy   •   B23   
•   Nucleophosmin   •   Apoptosis   •   Anticancer peptides  

1         Rationale and Concept Behind CIGB-300 

 Over the past decade, different approaches have been followed to discover and 
develop inhibitors of the enzymatic activity of CK2. These have resulted in a num-
ber of successful proof of concepts exhibiting antineoplastic effect both in vitro 
and in vivo. The most successful strategies have used small molecules, peptides, or 
oligonucleotides that inhibit CK2 through different mechanisms. For instance, 
relatively small organic compounds such as TBB, DRB, DMAT, IQA, emodin, 
CX-4945, and the fl avonoids apigenin, luteolin, and quercetin have been shown to 
target the ATP-binding site of the CK2 catalytic subunit, leading to apoptosis in 
tumor cells [ 1 – 8 ]. Other examples are Pc, a cyclic peptide that antagonizes the 
interaction between CK2 subunits [ 9 ], and antisense oligonucleotides that target 
transcription of the CK2 alpha gene, thereby inducing cell death and antitumoral 
activity [ 10 ]. 

 CIGB-300 is a new anti-CK2 peptide that explores a novel concept to impair 
CK2 activity: targeting its substrates, rather than the enzyme per se. Taking into 
account the presence of strong sequence homologies across acidic phosphoacceptor 
domains from over 300 CK2 substrates, we speculated that a cyclic peptide target-
ing such a domain could inhibit its phosphorylation by outcompeting the enzyme, 
thus exhibiting antineoplastic properties. Under this hypothesis, a random 9-mer 
cyclic peptide phage display library was screened using the human papillomavirus 
type 16 E7 (HPV-16 E7) phosphoacceptor domain as target [ 11 ]. Cyclic peptides 
from those phage clones with the strongest binding and inhibitory effect on CK2- 
mediated phosphorylation were synthesized chemically for independent confi rma-
tion. Afterward, the peptide from phage clone 15 (P15) was selected for a subsequent 
proof  of  concept, where it was synthesized as a fusion to the cell-penetrating peptide 
Tat (48–68). Data from those fi rst in vitro experiments showed that the P15–Tat 
chimera (termed CIGB-300), but not Tat (48–68), signifi cantly inhibited 
 CK2- mediated phosphorylation of the HPV-16 E7 oncoprotein [ 11 ]. Importantly, 
subsequent in vivo studies demonstrated that CIGB-300 induced apoptosis, as 
determined by caspase activation, and halted tumor growth in an HPV-16 syngeneic 
murine tumor animal model [ 11 ]. These preliminary results indicated that the con-
cept behind CIGB-300 was proved and led to further investigations on its mechanism 
of action and potential application to a clinical setting.  
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2     Molecular and Functional Characterization of CIGB-300 

2.1     Proteins Interacting with CIGB-300 

 As CIGB-300 was initially selected for its ability to impair CK2-mediated phosphory-
lation in vitro of only one specifi c acidic phosphoacceptor domain, it was fi rst nec-
essary to investigate whether CIGB-300 targeted other CK2 substrates in the cellular 
context. This issue was addressed primarily through both in vitro and in vivo pull-
down experiments performed in NCI-H82 (SCLC) cells using biotin- tagged CIGB-
300, followed by mass spectrometry analysis and/or Western blotting of the protein 
species retained by the streptavidin–Sepharose resin. According to the data from the 
in vitro studies, CIGB-300 bound 21 different CK2 substrates, mostly linked to cell 
signaling, translation, ribosome biogenesis, cytoskeletal dynamics, and DNA/RNA 
processing, among others [ 12 ]. However, in vivo, CIGB-300 bound primarily only 
two major nucleolar CK2 substrates: B23/nucleophosmin and C23/nucleolin [ 13 ]. 
Interestingly, 13 structural ribosomal proteins from the small subunit and one from 
the large subunit were also identifi ed with this experimental approach, probably 
owing to their interaction with B23/npm. Considering that B23 and C23 are usually 
found associated with ribosomal RNA or small nucleolar RNA complexes that form 
part of the ribosomal biogenesis pathway [ 14 ], the in vivo pulldown fractions were 
further treated with excess RNase. This demonstrated that the CIGB-300–C23 inter-
action (but not that of CIGB-300–B23) is mediated by RNA, suggesting B23, rather 
than C23, as a true target of this peptide in NCI-H82 cells [ 13 ]. The physical inter-
action between CIGB-300 and B23/npm was further confi rmed by confocal fl uores-
cence microscopy, which revealed that both co-localized at the nucleolar 
compartment in this cell line [ 13 ]. These fi ndings prompted us to investigate whether 
CIGB-300 was able to bind B23/npm in other human tumor cell lines of different 
origins. The data yielded by these additional in vivo pulldown assays (plus Western 
blotting analysis) confi rmed that both molecules interact not only in NCI-82 but 
also in the NCI-H125 (non-small cell lung cancer), Hep-2C (uterine cervix), SiHa 
(uterine cervix), PC-3 (prostate), and SW948 (colon) cell lines [ 15 ] after incubation 
periods as short as 10 min. Therefore, targeting of B23/npm by CIGB-300 seems to 
take place irrespectively of tumor cell origin, and this molecular event may constitute 
a relevant step for the proapoptotic effect of this molecule.  

2.2     Inhibition of CK2-Mediated Phosphorylation 
In Vitro and In Vivo 

 Once it was confi rmed that CIGB-300 directly binds B23/npm in NCI-H82 and 
other tumor cell lines, in vivo metabolic labeling plus immunoprecipitation was 
used to determine whether this interaction affects CK2-mediated phosphorylation 
of B23. These experiments revealed that equipotent doses of CIGB-300, but not of 
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negative control peptides, impaired the phosphorylation of B23/npm to varying 
degrees after a 30-min incubation in all the assayed cell lines [ 13 ,  15 ]. We also took 
advantage of the fact that residue Ser125 has been identifi ed as a CK phosphoryla-
tion target on B23/npm [ 16 ] to verify the in vivo inhibitory effect of CIGB-300 by 
isotopic labeling coupled to mass spectrometry (unpublished data). Likewise, 
CIGB-300 was shown to inhibit CK2-mediated phosphorylation of recombinant 
B23/npm–GST in a dose-dependent manner [ 13 ]. 

 Taking into account that C23/nucleolin was the other nucleolar CK2 substrate 
identifi ed by the in vivo pulldown experiments in CIGB-300-treated NCI-H82 cells, 
the effect of CIGB-300 on CK2-mediated phosphorylation of this protein has been 
also investigated in vivo using the same experimental approach. In contrast to the 
behavior observed for B23/npm, CIGB-300 inhibited CK2-mediated phosphoryla-
tion of C23/nucleolin only marginally (25 %) even at the highest dose (200 µM) 
(unpublished data), a fi nding that could be explained by the evidence above suggest-
ing that the interaction between CIGB-300 and C23/nucleolin is indirect [ 13 ]. 

 Interestingly, other experiments using blood cancer cells have shown that CIGB- 
300 can impair CK2-mediated phosphorylation of specifi c substrates other than 
B23/npm. For instance, in the MO1043 (chronic lymphocytic leukemia) cell line, 
which is highly sensitive for the antiproliferative effect of CIGB-300, it prevented 
the phosphorylation of Ser129 on    Akt/PKB and Ser380 on PTEN [ 17 ]. Accordingly, 
phosphorylation of PI3K downstream targets Akt/PKB and GSK-3β decreased after 
treatment with CIGB-300. Interestingly, a similar inhibitory effect was also observed 
when primary CLL cells from cancer patients were used in this investigation [ 17 ]. 

 Altogether, it is clear that CIGB-300 impairs CK2-mediated phosphorylation of 
different proteins connected to processes and pathways that are critical for cell sur-
vival. It should be addressed, though, that the abovementioned CK2 substrates may 
not be its only in vivo targets, an issue that can only be addressed through experi-
mental strategies such as comprehensive analyses of the phosphoproteome (which 
will not only expand the list of CK2 substrates potentially inhibited by CIGB-300, 
but enable a thorough exploration of potential off-target effects).  

2.3     Effect of CIGB-300 in Cell Proliferation and Survival 

 The sensitivity of tumor cells toward CIGB-300 has also been extensively examined 
[ 11 ,  12 ]. One study evaluated the antiproliferative effect of CIGB-300 in a panel of 
human cancer cell lines derived from four solid tumor types, compared to a panel of 
nontumorigenic cell lines [ 15 ]. In this case, CIGB-300 exerted an antiproliferative 
effect that varied across the micromolar range (IC 50  20–300 µM) in cells derived 
from lung, cervix, prostate, and human colon cancers, although the effect on lung 
cancer cells was much more uniform (mean IC 50  = 60 µM). Importantly, its potency in 
nontumorigenic cell lines was nearly twofold lower (mean IC 50  = 190 µM compared 
to mean IC 50  = 100 µM for tumor cell lines). CIGB-300 has also been shown to exert 
an antiproliferative effect in blood cancer cells such as CLL [ 17 ]. In that report, 
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the mean IC 50  value for CIGB-300 across all the assayed cell lines was 29 ± 7 µM, 
an important fi nding in light of the fact that CIGB-300 at concentrations as low as 
12.5 µM decreased dramatically the viability of all primary CLL patient samples 
analyzed, including those from poor prognosis cases [ 17 ]. Overall, CIGB- 300 
exhibits nearly fourfold higher potency in blood cancer cells than in solid tumor cell 
lines in terms of its antiproliferative effect. A plausible explanation for such a dif-
ferential effect that fi ts the available data has not been found so far. As will be dis-
cussed later in this chapter, the mechanism through which CIGB-300 is internalized 
and transported to the nucleolar compartment seems to infl uence the sensitivity of 
solid tumor cell lines toward this compound. Whether this factor also modulates the 
sensitivity of blood cancer cells toward CIGB-300 remains to be elucidated. 

 CK2-mediated phosphorylation is one of the mechanisms used at the cellular 
level to avoid apoptosis and promote cell survival. Therefore, one of the fi rst lines 
of inquiry pursued once the fi rst proof- of -concept experiments on CIGB-300 con-
cluded successfully was to determine the potential proapoptotic effect of this mol-
ecule. Using a variety of experimental approaches, it was demonstrated that the 
in vitro treatment of cultured cells with CIGB-300 leads to a rapid (within a few 
minutes of incubation) onset of apoptosis, a fi nding that was replicated in vivo using 
tumor-bearing mice [ 11 ,  18 ,  12 ,  15 ]. A detailed study of the molecular and cellular 
events leading to apoptosis in CIGB-300-treated NCI-H82 cells suggested that the 
inhibition of CK2-mediated phosphorylation of B23/npm and the ensuing nucleolar 
disassembly constituted the crucial intracellular events triggering CIGB-300- induced 
cell death [ 13 ]. In fact, data from other authors, obtained by using the DRB inhibitor, 
suggest that CK2 plays a relevant role in nucleolar structure and ribosomal biogen-
esis [ 19 ], and it has been shown that the mutation of Ser125 in B23/npm leads to 
nucleolar breakdown [ 20 ]. 

 Regardless, it is plausible that CIGB-300 induces apoptosis—at least in CLL 
cells—by other mechanisms, including the activation of the tumor suppressor gene 
PTEN and the abrogation of PI3K-mediated downstream signaling. Besides, signs 
of mitochondrial damage have been observed in preliminary experiments where 
CIGB-300-treated cells are incubated with the fl uorescent reagent JC-1, suggesting 
that CIGB-300 may also induce cell death by activating the intrinsic apoptotic 
 pathways (unpublished data). In any case, it should be underlined that the proapop-
totic nature of CIGB-300 has been confi rmed by analyzing the set of proteins regu-
lated downstream the regulatory cascade triggered by the presence of this peptide, 
as will be described later in this chapter. 

 As mentioned above, CIGB-300 inhibits cell proliferation and induces apopto-
sis both in vitro and in vivo to different extents. However, its impact on the cell 
cycle seems to be more subdued and less uniform. For instance, in time course 
experiments, equipotent doses of CIGB-300 induced subtle accumulation at 
G2/M, Go/G1, S, and G2/M in the cell lines NC-H125, SiHa, Hep-2C, and PC-3, 
respectively [ 15 ]. However, no signifi cant changes in cell cycle distribution were 
detected in the SW948 cell line. A differential effect on cell cycle arrest has been 
also found for other inhibitors of CK2, such as the orally bioavailable compound 
CX-4945 [ 8 ]. 
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 Thus, while CK2 has been identifi ed as a cell cycle regulator [ 21 – 23 ], the effect of 
CK2 inhibitors such as CIGB-300 and also CX-4945 is cell line dependent, probably 
determined by specifi c genetic and/or epigenetic traits of the assayed cell host.  

2.4     CIGB-300 and p53 

 The relationships at the molecular level between CK2 and p53 are not fully under-
stood yet. However, an antiapoptotic role for CK2-mediated phosphorylation of p53 
has been documented by dampening CK2 activity with either pharmacological or 
genetic approaches in different tumor cell lines [ 24 – 26 ]. 

 As of this moment, no study exists fully addressing the role of p53 in the proapop-
totic effect of CIGB-300. However, an inference can be made that CIGB-300 acts 
irrespectively of p53 baseline levels in tumor cells, based solely on available data. 
For instance, the cell lines NCI-H125, containing a single p53 mutation, and HL-60, 
containing a homozygotic p53 deletion, are both highly sensitive toward the antipro-
liferative effect of CIGB-300 (IC 50 , 48 and 59 µM, respectively). This behavior stands 
in contrast to that observed for other inhibitors such as CX-4945, which exhibit an 
evident p53-dependent effect in acute myeloid leukemia (AML) cell lines [ 27 ]. 

 Interestingly, CIGB-300 treatment increased the transcriptional activity of p53 in 
two cell lines with wild-type p53 genes (Hep-2C and SiHa) as determined by a 
specifi c ELISA system (Panomics) (Fig.  1 ). This fi nding is consistent with previous 

  Fig. 1    CIGB-300 increases p53 DNA-binding activity: Hep-2C, SiHa, and NCI-H125 cells were 
treated with equipotent doses of CIGB-300 (IC50) and nuclear extracts were prepared at the indi-
cated time points. Subsequently, 5 µg of total protein from each extract was added to the wells of 
an ELISA plate to quantify the specifi c binding activity of p53 using the transcription factor 
ELISA kit (Panomics). Absorbance ratios (AR, 450 nm) (positive control/blank wells) >2.5 and 
CV <15 % were obtained for all assays       
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reports demonstrating that the treatment of glioblastoma cell lines with CK2 inhibitors 
such as DRB and Apigenin increases p53 DNA-binding activity and its transcrip-
tional activation [ 24 ]. In contrast, no p53 DNA-binding activity was detected after 
treating NCI-H125 (a cell line where p53 is mutated) with CIGB-300.  

 In summary, CIGB-300, as other CK2 inhibitors, increases p53 DNA-binding 
activity, although the baseline status of p53 does not appear to hamper the anticel-
lular effect of this anti-CK2 peptide. Full confi rmation of the latter inference, 
however, still awaits further research.  

2.5     The CIGB-300-Regulated Proteome 

 Despite the availability of a huge body of research on the biochemistry and biology of 
CK2 inhibitors, the proteomics of the downstream cascade triggered by the inhibi-
tion of CK2-mediated phosphorylation still remains a relatively unexplored fi eld. 
Lack of relevance is not the cause of this state of affairs, as knowledge of the exact 
nature of these changes would no doubt change our understanding of both the 
on- target and off-target effects of these inhibitors. In other words, the very proteins 
that are regulated downstream from CK2 inhibition might actually constitute the 
mediators ultimately leading to an antitumor effect and/or to any potential toxicity 
that might arise after this event. 

 To better understand the mechanisms involved in the anticancer activity of 
CIGB-300, the nuclear proteome of CIGB-300-treated NCI-H125 cells was investi-
gated after a 45-min incubation period. A total of 137 proteins exhibited abundance 
changes larger than twofold in the presence of CIGB-300, with those linked to ribo-
somal biogenesis, metastasis/angiogenesis, cell survival, proliferation, apoptosis, 
and drug resistance being signifi cantly overrepresented [ 28 ]. Interestingly, CIGB-
300- mediated downregulation of the B23/npm nucleolar chaperone seemed to take 
place at the level of protein stability, as evidenced by the presence of degraded 
species upon Western blotting and mass spectrometry. This molecular event could 
be interpreted as a consequence of the inhibition of CK2-mediated phosphoryla-
tion of B23/npm, as suggested by others [ 29 ]. The downregulation of this and other 
B23/npm-related proteins in this experimental setting further supports the hypoth-
esis of a proapoptotic/antiproliferative effect for CIGB-300 and in addition suggests 
that it might be involved in the impairment of ribosomal biogenesis. 

 One of the advantages of comparative proteomics is the ease with which it 
unearths putative associations to otherwise diffi cult to detect biological effects or 
cellular processes, simply by looking at changes in protein abundance triggered by 
the assayed experimental treatment. In case of CIGB-300, there were also changes 
in protein species associated with processes other than apoptosis and cell prolifera-
tion, such as angiogenesis. The putative antiangiogenic effect of CIGB-300 was 
subjected to experimental validation, which confi rmed that at least in vitro, CIGB- 
300 affected the adhesion, migration, and tubular network formation of human 
umbilical vein endothelial cells (HUVEC) [ 30 ]. Also, the systemic administration 
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of CIGB-300 impaired the angiogenesis of tumors growing in matrigel plugs in mice 
(unpublished data). These fi ndings, along with those demonstrating the antiangio-
genic effect of CK2 inhibitor CX-4945 [ 8 ], confi rm the role that CK2-mediated 
phosphorylation plays in tumor angiogenesis. 

 Further head- to -head studies of the CIGB-300-regulated proteome and phospho-
proteome will be required to dissect the connection between CIGB-300-inhibited 
substrates, its downstream-regulated proteins, and the cellular processes affected by 
this compound.   

3     Subcellular Localization and Internalization 
Mechanism of CIGB-300 

 As mentioned above, CIGB-300 is a synthetic chimera comprised of the P15 cyclic 
peptide linked to the Tat cell-penetrating peptide (CPP) to facilitate its intracellular 
delivery. The advantages and limitations of CPPs as delivery vehicles have been 
widely discussed elsewhere [ 31 ]. CPPs can effi ciently deliver biological cargoes by 
mechanisms that include different types of endocytosis or even direct translocation 
through the cell membrane [ 31 ]. The relative contribution of each internalization 
pathway to global cellular uptake of a single CPP may depend even on cell type or 
CPP concentration used; these parameters are, therefore, important for intracellular 
stability of the cargo and/or access to the target [ 32 ,  33 ]. 

 Due to the major role played by CPPs, studies on CIGB-300 have not been cir-
cumscribed to its intracellular targets, but have included its internalization pathway 
and subcellular distribution. CIGB-300 was synthesized for this purpose with an 
N-terminal carboxyfl uorescein tag, analyzing its cellular uptake by both fl ow 
cytometry and fl uorescence microscopy. Interestingly, the number of transduced 
cells reached a plateau by 3 min after the addition of the fl uorescent peptide and 
remained unaltered for the following 60 min of incubation [ 15 ]. However, peptide 
uptake, as measured by the geometric mean of fl uorescence emission, differed 
among the fi ve tumor cell lines studied in these experiments. According to the sub-
cellular distribution data, CIGB-300 mostly locates to the nucleus, with a 
 preferentially nucleolar residency [ 13 ] (Fig.  2 ). This distribution has been confi rmed 
by confocal microscopy, which showed that CIGB-300 co-localizes with B23/npm 
at the nucleolar compartment [ 13 ]. An important fi nding was that these experiments 
also demonstrated that the antiproliferative activity of CIGB-300 did correlate with 
its nucleolar localization in solid tumor cell lines [ 15 ].  

 To better understand whether internalization mechanisms accounted for the vary-
ing sensitivities exhibited by solid tumor cell lines toward the antiproliferative effect 
of CIGB-300, the cellular uptake, intracellular transportation, and degradation 
events of this peptide were analyzed in this scenario. The data suggested, fi rst, that 
CIGB-300 uses cell membrane heparan sulfate proteoglycans as the main receptor 
for extracellular uptake. Second, cellular sensitivity toward CIGB-300 was found to 
correlate positively with intracellular incorporation. Interestingly, the internalization 
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of CIGB-300 was shown to take place mainly by direct membrane translocation, 
although energy-dependent endocytic pathway mechanisms had a minor contribu-
tion. In the latter case, caveolae-mediated endocytosis seems to be the preferred 
mechanism [ 34 ]. 

 Collectively, these fi ndings provide novel insights about CIGB-300 uptake that 
could, in part, explain the differential sensitivity of solid tumor cell lines toward the 
antiproliferative effect of CIGB-300. However, as blood cancer cell lines have been 
shown to be some fourfold more sensitive to CIGB-300, there remains the intriguing 
question of whether these peptide uptake mechanisms operate in the same manner 
in that case. Further experimentation will be required to address this issue.  

4     Combination of CIGB-300 with Anticancer Compounds 

 As a single agent, CIGB-300 induces apoptosis in vitro and in vivo in different 
experimental settings. However, cumulative experience in clinical oncology, 
together with current knowledge on tumor biology, suggests that drug combina-
tions, rather than monotherapy, constitute the best fi t for the high complexity of 
tumoral disorders. In addition, CIGB-300 may represent an excellent candidate for 
combination therapies, since previous proteomic studies indicate that some of the 
proteins that have been linked to the appearance of resistance to anticancer drugs, 
such as T-plastin, glutathione S-transferase P, lactoylglutathione lyase, and the 
nuclease-sensitive element-binding protein 1 (YB-1), are downregulated by CIGB- 
300 [ 28 ]. Taking the above into account, we have examined the antiproliferative 
effect of CIGB-300 in combination with standard anticancer drugs, such as cisplatin 
(alkylating), paclitaxel (antimitotic), doxorubicin (anti-topoisomerase II), or 
5- fl uorouracil (DNA/RNA antimetabolite), in solid tumor cell lines. Using a Latin 

  Fig. 2    Nucleolar deposit of CIGB-300: HeLa cells were incubated with CIGB-300–biotin 
(100 µM) at varying intervals. Subsequently, the cells were fi xed with paraformaldehyde 4 % 
(Sigma, USA) and incubated with an FITC–streptavidin conjugate for 1 h at 4 °C. After washing 
with PBS, the slides were mounted in 40 % glycerol (Plusone, Uppsala, Sweden). The fi xed cells 
were immediately analyzed by fl uorescence microscopy at 40× ( a ) and 100× ( b ) magnifi cation. 
The  arrows point  at nucleolar structures       
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square design analyzed subsequently by CalcuSyn software, paclitaxel and cisplatin 
exhibited the best synergistic/additive profi le when combined with CIGB-300, 
according to the combination and dose reduction indexes [ 35 ]. Importantly, during 
in vivo dose-fi nding schedules using human cervical tumors xenografted in nude 
mice, the concomitant administration of CIGB-300 and cisplatin increased survival 
to a higher extent than either agent alone [ 35 ]. 

 Although CIGB-300-mediated downregulation of the proteins mentioned above 
could explain by itself the synergistic and nearly additive interactions between this 
peptide and cisplatin/paclitaxel, more comprehensive experimentation is required to 
dissect the molecular basis of this phenomenon. It should also be noted, in addition, 
that the preclinical fi ndings described above have been successfully replicated in 
clinical settings, as mentioned later in this chapter. 

 The exacerbation of the PI3K signaling pathway has been shown to play an 
important role in tumor cell survival, angiogenesis, metastasis, and other cancer- 
related processes [ 36 – 38 ]. Some molecular target therapies, such as erlotinib, dim 
the PI3K signaling pathway by interfering with upstream EGFR autophosphoryla-
tion and, ultimately, inducing apoptosis in tumor cells [ 39 ]. Considering that CIGB- 
300 inhibits the CK2-mediated phosphorylation of Akt/PKB, which should 
subsequently affect the PI3K signaling pathway, we hypothesized that this peptide 
would synergize with erlotinib. To test this hypothesis, the H460 and A549 lung 
cancer cell lines were incubated with different erlotinib doses together with CIGB- 
300 (12.5 or 25 µM) for 48 h. According to the preliminary results, there was sig-
nifi cant synergism between CIGB-300 and erlotinib, based on the combination 
indexes (Fig.  3 ). Although these data need to be confi rmed in different experimental 
settings, they do provide a potential route forward for developing a novel therapeu-
tic strategy in clinical oncology.   

5     Antitumor Effect of CIGB-300 in Animal 
Models of Cancer 

 The antitumor activity of CIGB-300 has been tested in a variety of animal models 
of cancer, using different administration routes. For instance, it has been shown that 
daily intratumoral injections of CIGB-300 (200 µg) for 5 consecutive days can halt 
tumor growth in both syngeneic murine tumors implanted in syngeneic mice and 
human tumors xenografted in nude mice [ 11 ,  12 ]. In order to determine the mini-
mum number of intratumoral injections required to elicit signifi cant antitumor 
activity, NCI-H82 tumor-bearing nude mice were injected one, three, or fi ve times 
with 200 µg of CIGB-300. Three and fi ve consecutive intratumoral injections 
reduced tumor growth to a similar extent; however, single CIGB-300 administra-
tions did not exhibit a detectable effect (Fig.  4 ). These fi ndings encouraged subse-
quent experimentation to investigate whether multiple cycles of three consecutive 
intratumoral injections exhibited higher tumor growth delay than single cycles. 
SiHa tumor-bearing nude mice were treated with 200 µg of CIGB-300 in 1, 3, or 
5 cycles of three consecutive intratumoral injections. Although the single-cycle 
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  Fig. 3    CIGB-300 synergizes with erlotinib in vitro: A six-point curve of serial dilutions (1:2) was 
prepared for each drug, mixed following a Latin square design, and added to cell plates seeded the 
day before at 6 × 10 3  cells/well. After 48 h incubation, absorbance was read and the data were 
analyzed with the CalcuSyn software package to classify the interaction as synergistic, additive, or 
antagonistic according to the combination index (CI) value. The data shown correspond only to 
two fi xed CIGB-300 concentrations (12.5 and 25 µM) (nonconstant combination analysis)       

  Fig. 4    Antitumor effect of CIGB-300 administered in multiple cycles: Four million NCI-82 
(SCLCC) cells were subcutaneously inoculated into the dorsal region of 8-week-old female nude 
mice. Once tumors became detectable, the mice received 1, 3, or 5 daily intratumoral injections of 
CIGB-300 (200 µg). Tumors were measured with a caliper to calculate their volume       
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treatment was less effective than multiple cycles in terms of antitumor effect, no 
signifi cant differences were observed between three and fi ve cycles (Fig.  5 ).   

 Stimulating as the results above might be, it was decided to confi rm them using 
systemic rather than intratumoral administration, taking into account the poor ana-
tomical accessibility of most solid tumors. The data from these assays showed that 
tumor growth was delayed by CIGB-300 administered at 2 mg/kg ( p  < 0.05), 10 mg/
kg ( p  < 0.01), or 40 mg/kg ( p  < 0.001) to mice bearing syngeneic murine tumors or 
nude mice xenografted with human tumors. These tumors exhibited detectable 
apoptosis, as evidenced by in situ DNA fragmentation, and experiments using 
99mTc-labeled CIGB-300 showed that they accumulated the peptide [ 18 ]. A factorial 
design implemented to further optimize the delivery schedule indicated that three 
consecutive injections were less effective than 5, 10, or 15 consecutive injections of 
CIGB-300 when administered to NCI-H125 tumor-bearing nude mice (Fig.  6 ). 
Interestingly, the antitumor activity of CIGB-300 plateaued among the groups 
receiving the largest number of systemic injections, and CIGB-300 doses of 2 and 
10 mg/kg of CIGB-300 exhibited very similar effects, as previously observed for 
intratumoral injections [ 18 ].  

 Summarizing, in animal models CIGB-300 reduces tumor growth when admin-
istered either by the local or systemic route, which underscores the potential appli-
cability of therapies using this peptide to a wide variety of tumor types, especially 
those in hard- to -access locations. Furthermore, these fi ndings indicate that three 
consecutive intratumoral injections of CIGB-300 (200 µg) are suffi cient to elicit a 
strong antitumor activity and that a 3-cycle approach (each consisting of three 
consecutive intratumoral injections) is best to halt tumor growth signifi cantly. 

  Fig. 5    Optimization of the local administration of CIGB-300 using a factorial design: CIGB-300 
(200 µg) was directly injected into the tumor mass (150 mm 3 ) of SiHa tumor-bearing mice follow-
ing a schedule of one, three, or fi ve cycles of three consecutive injections, each cycle separated by 
3, 5, or 8 days as indicated in the fi gure. The inset shows individual and mean tumor volumes 
estimated at day 42 for each group (before the fi rst death at any of the groups). The analyses were 
done using GraphPad Prism version 4.00       
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When administered systemically, fi ve consecutive injections of CIGB-300 represented 
the simplest delivery regime still reducing tumor growth signifi cantly, with no major 
differences between dosages of 2 and 10 mg/kg. These preclinical fi ndings also 
provide useful guidelines for the risk–benefi t and cost–benefi t analyses required for 
future clinical trials of CIGB-300 in cancer patients.  

6     Clinical Research on CIGB-300 

 CIGB-300 and the oral ATP competitor CX-4945 are the only CK2 inhibitors ever 
to have reached clinical trials. The clinical development of CIGB-300 has been 
guided in part by the data collected from preclinical testing; therefore, both local 
and intravenous administration routes were selected for Phase 1 trials intended to 
evaluate the safety and tolerability of CIGB-300. 

 Local administration was examined in a fi rst- in -human clinical trial that 
recruited 31 women with high-grade squamous intraepithelial lesions. This trial 
indicated that the local administration of five consecutive doses of CIGB-300, 
1 per day, was safe and well tolerated at doses ranging from 14 to 490 mg [ 40 ]. 
Neither a maximum tolerated dose nor dose-limiting toxicity was identifi ed, and 
most of the local and systemic adverse events were grades 1–2. Although Phase 1 
clinical trials are largely circumscribed to a preliminary exploration of the human 
toxicology of the test compound, this study did provide some indications of the 
potential effi cacy of CIGB-300. Noticeably, in 75 % of the patients, the lesion was 
reduced signifi cantly by colposcopy, 19 % exhibited full histological regression, 

  Fig. 6    Optimization of the systemic administration of CIGB-300 using a factorial design: CIGB- 
300 was intraperitoneally administered to NCI-H125 tumor-bearing mice (50 mm 3 ) at two dose 
levels (2 and 10 mg/kg), following a schedule of 3, 5, 10, or 15 consecutive injections as indicated 
in the fi gure. The inset shows individual and mean tumor volumes estimated at day 27 for each 
group (before the fi rst death at any of the groups). The analyses were done using GraphPad Prism 
version 4.00       
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and 48 % of all patients previously positive for human papillomavirus (HPV) DNA 
became negative [ 40 ]. Also, no recurrences or adverse events were reported long 
term during follow-up. 

 The results of the abovementioned trial prompted us to further explore the phar-
macology of CIGB-300 administered locally to women with cervical stage IB2/II 
cancer. Three separated Phase 1 trials were carried for this purpose, each answering 
different clinical, scientifi c, and regulatory questions. One of them was the 
dose- escalation CERVIFARM-I-300 trial ( n  = 12) where safety, tumor uptake, and 
pharmacokinetics constituted the primary end points. According to the data, the 
maximum tolerated dose of CIGB-300 in this clinical setting was 70 mg [ 41 ]. This 
trial also identifi ed an allergic-like syndrome as the dose-limiting toxicity and mean 
tumor uptake of CIGB-300 were 14.9 mg and 10.4 mg after the administration of 35 
and 70 mg of CIGB-300, respectively. Finally, the treatment with CIGB-300 reduced 
B23/npm protein levels in tumor specimens, as determined by immunohistochemis-
try. These fi ndings are in close agreement with those from the NCI-H125 experi-
ments mentioned above, where CIGB-300 downregulated B23/npm according to 
the Western blotting and mass spectrometry data [ 28 ], and can be construed as the 
logical consequence of inhibiting CK2-mediated phosphorylation, as mentioned by 
other authors [ 29 ]. 

 As pointed out earlier, the local administration of CIGB-300 in 3 cycles of 3 
consecutive intratumoral injections was enough to achieve signifi cant antitumor 
activity in human cervical SiHa tumors implanted in nude mice. The second of the 
three Phase 1 trials mentioned earlier, denominated CERVIFARM-II-300, was 
based precisely on this observation. This trial recruited 14 female subjects with 
stage IB2/II cervical cancer, using the same treatment schedule of three consecutive 
cycles of three administrations each at two CIGB-300 dose levels, 35 and 70 mg. 
The assayed therapeutic regime was safe, resulting in signifi cant uptake of 
CIGB- 300 by the tumors along with a pronounced reduction of B23/npm protein 
levels in tumor biopsies (manuscript in preparation). Thus, this treatment schedule, 
originally devised during preclinical testing, appears to be suitable for cervical 
cancer patients and merits further study in Phase 2 trials. 

 The third Phase 1 study was another dose-escalation trial (CERVISEG-300) 
using 70, 105, and 175 mg of CIGB-300 with prior antihistamine administration, 
designed to answer the issues raised by the allergic-like syndrome identifi ed as the 
dose-limiting toxicity of CIGB-300 during clinical research. This trial, unlike 
CERVIFARM-I-300, never reached the maximum tolerated dose. Importantly, 
the prophylactic administration of antihistaminic medication enabled increasing the 
dosage of CIGB-300 and enlarged the existing safety margins for the administration 
of this compound. 

 By design, the CERVIFARM-I-300, CERVIFARM-II-300, and CERVISEG-300 
Phase 1 trials addressed the safety and pharmacology of CIGB-300 exclusively in a 
neoadjuvant setting, that is, as a monotherapy prior to chemoradiotherapy in women 
with cervical cancer stage 1B2/II. However, as CIGB-300 has shown synergistic 
and/or additive interactions in tumor cell lines when combined with standard 
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anticancer drugs, additional clinical trials were designed where intratumoral injec-
tions of CIGB-300 were administered concomitantly with chemoradiotherapy. 
According to data from a dose-fi nding Phase 2 trial using this approach 
(CERVICON-300), the combination of 15, 35, or 70 mg of CIGB-300 with chemo-
radiotherapy was safe and well tolerated. Additionally, the patients enrolled in the 
cohort receiving 15 mg of CIGB-300 and chemoradiotherapy had a higher fre-
quency of complete response than those of the cohort receiving chemoradiotherapy 
alone, as determined by magnetic resonance imaging (unpublished data). Likewise, 
a separate trial where antitumor responses were determined by positron emission 
tomography (PET) also found that the concomitant administration of CIGB-300 and 
chemoradiotherapy was safe and well tolerated (unpublished data). 

 Collectively, the existing data from human pharmacology and therapeutic explo-
ration have enabled determining the safety profi le as well as optimal treatment 
schedules for the local administration of CIGB-300 to patients with stage IB2/II 
cervical cancer. These fi ndings will guide the design of future Phase 3 clinical trial 
in the same patient population, where effi cacy will be the major end point. 

 Taking into account the poor anatomical accessibility of most tumors, and in 
light of preclinical fi ndings demonstrating that the systemic delivery of CIGB-300 
successfully hampers tumor growth in mice, early stage clinical trials of CIGB-
300 have also addressed the possibility of intravenous administration. The fi rst 
Phase 1 trial that investigated this delivery route used 16 patients with advanced 
cancer, delivering CIGB-300 in a dose-escalation scheme that went from 0.2 to 
1.6 mg/kg. The drug was administered in 3 cycles, each consisting of a daily 
15-min intravenous infusion for 5 consecutive days of the test compound. This 
therapeutic regime failed to reach the maximum tolerated dose and yielded only 
grade 1/2 adverse events. Although CIGB-300, like other peptide-based drugs, 
had a relative quick clearance and a short half-life in blood after intravenous 
delivery, it did exhibit a large volume of distribution. Most importantly, survival 
was increased in 12 of 16 patients beyond the life expectancy of their advanced 
cancers (manuscript in preparation). A subsequent trial was also implemented in 
patients with blood cancer, using an intra-patient dose-escalation scheme from 1.6 
to 12.8 mg/kg that administered CIGB-300 in 15-min intravenous infusions. Each 
CIGB-300 dose level was delivered in cycles of 3 consecutive days during 5 
weeks. Satisfyingly, it was possible to explore the safety and tolerability of CIGB-
300 across this wide dose range, and signs of therapeutic effi cacy were also 
observed (unpublished data). 

 CIGB-300 has also been used to treat isolated patients under compassionate use 
clauses. Remarkably, a successful antitumor response was observed in a chemora-
dio refractory patient diagnosed with germinoma who experienced signifi cant tumor 
shrinking with a sustained improvement of his quality of life after CIGB-300 treat-
ment [ 12 ]. 

 In summary, clinical research on CIGB-300 is still undergoing, and data from 
further trials exploring its effi cacy will undoubtedly contribute to turn CK2- 
mediated phosphorylation into a validated clinical target.  
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7     Concluding Remarks 

 CIGB-300 is an anti-CK2 peptide that induces apoptosis in vitro and in vivo and is 
under clinical research in cancer patients. So far, CIGB-300 has been shown to 
inhibit CK2-mediated phosphorylation of B23/npm, AKT, and PTEN, although 
other CK2 substrates could be also affected. Of note, downstream modulation by 
CIGB-300 includes a diverse array of proteins involved in processes that go from 
apoptosis and cell proliferation to ribosomal biogenesis, drug resistance, and angio-
genesis, among others. Accordingly, CIGB- 300 not only affects cell viability and 
proliferation but also exhibits an antiangiogenic effect and synergizes with standard 
anticancer drugs, such as paclitaxel, cisplatin, and erlotinib. Remarkably, CIGB-300 
can be delivered either by the systemic route or by local intratumoral administra-
tion, highlighting promising features of this investigational drug for cancer therapy. 
The available human pharmacology data for CIGB-300 not only demonstrate its 
safety and tolerability but also provide important clues for designing future clinical 
trials focusing on its therapeutic effi cacy. Overall, CIGB-300 meets several impor-
tant requirements as an anticancer targeted agent and may serve as a tool to validate 
CK2 as a promising clinical target for cancer therapy.       Acknowledgements   We thank 
to C.I.G.B. and Biorec for supporting all of the work compiled in this review article. 
We also thank Alejandro Martin for reviewing the manuscript.  
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      Targeting CK2 for Cancer Therapy 
Using a Nanomedicine Approach 

             Khalil     Ahmed    ,     Gretchen     Unger    ,     Betsy     T.     Kren    , and     Janeen     H.     Trembley    

    Abstract     CK2 is a signal-responsive serine/threonine protein kinase which 
promotes cell proliferation, suppresses apoptosis, and demonstrates increased 
expression in numerous cancers. Here, we present information on investigations 
into CK2-focused cancer therapy in general and discuss in detail a nanomedicine 
approach to targeting CK2 in a cancer cell-specifi c manner. Specifi cally, we sum-
marize data on biodistribution and therapeutic effi cacy of a tenfi bgen (TBG) nano-
encapsulation technology for the delivery of anti-CK2 cargos to malignant cells. 
The TBG nanocapsule cargos discussed include siRNA (siCK2), single-stranded 
DNA/RNA chimeric oligonucleotides (RNAi-CK2), and a small-molecule CK2 
inhibitor (DMAT). Systemic administration of TBG-RNAi-CK2 resulted in xeno-
graft tumor reduction using low doses with concomitant reduction in CK2 protein 
expression. Systemic TBG-DMAT treatment decreased xenograft tumor prolifera-
tion. No toxicity or early infl ammation response was observed after using any of the 
TBG encapsulated anti-CK2 cargos. The utility of this therapy approach for target-
ing metastatic cancer sites and on overall survival is also discussed. Protected and 
malignant cell-specifi c delivery of a therapeutic is a promising target-specifi c and 
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versatile approach for cancer therapy, and both the TBG encapsulation technology 
and the anti-CK2 oligonucleotide approach demonstrate substantial potential for the 
treatment of malignancy.  

  Keywords     CK2   •   Antisense   •   RNAi   •   siRNA   •   DMAT   •   Nanocapsule   •   Nanoparticle   
•   Nanomedicine   •   Xenograft   •   Prostate   •   HNSCC   •   Biodistribution   •   Metastasis  

1         Introduction 

 Our laboratories are focused on disabling the expression and function of the CK2 
protein kinase as an approach to cancer therapy. Early studies in this laboratory on 
prostate and in head and neck squamous cell cancers led to the conclusion that not 
only was CK2 expression and activity associated with the malignant phenotype, but 
that moderate loss of CK2 activity could tip the balance of cancer cell survival toward 
cell death [ 1 – 6 ]. As is detailed in another chapter (see    “CK2: A Global Regulator of 
Cell Death”), coincident experimental work demonstrated that the central role for 
higher CK2 expression and activity in cancer cells is the suppression of cell death 
[ 7 – 11 ]. These studies culminated in our original proposal to target CK2 for cancer 
therapy [ 12 ,  13 ], a concept that has gained considerable attention in recent years. 
The discussion in this chapter is focused on the rationale and methodology behind 
taking a nanomedicine approach for suppressing CK2 function as well as a discussion 
of results from targeting CK2 in xenograft models of cancer in mice.  

2     Why Is CK2 a Meaningful Target? 

 CK2 (formerly casein kinase II or CKII) is predominantly a protein Ser/Thr kinase 
with a consensus amino acid target sequence favoring a phosphorylation site 
surrounded by negatively charged amino acids, such as X-S/T-X-X-D/E/Sp/Yp 
[ 14 ,  15 ]. The CK2 heterotetrameric enzyme typically contains two catalytic subunits 
(CK2α and/or CK2α′) and two regulatory subunits (CK2β). This kinase is ubiqui-
tously expressed and is associated with various cellular compartments and organ-
elles, including chromatin, nuclear matrix, nucleoli, endoplasmic reticulum, Golgi, 
mitochondria, and cytoskeleton as well as cell membrane [ 16 – 18 ]. CK2 phosphory-
lates a large number of substrates with functions relating to the majority of cellular 
activities. Additionally, although aspects of its regulation which modulate CK2 activ-
ity continue to emerge, overall CK2 exhibits constitutive activity in cells [ 19 – 23 ]. 
Thus, specifi c activating events such as phosphorylation of the activation segment 
observed in cyclin-dependent kinase 2 (CDK2) or protein kinase A (PKA) are not 
required for CK2 enzymatic function [ 24 ]. 

 Studies from our laboratory and others have resulted in the labeling of CK2 as a 
“master regulator” of cell survival, especially in the context of cancer. In non- 
transformed cells, expression of CK2α and CK2β is essential for survival [ 19 ,  25 – 28 ]. 
At the same time, in cells under normal growth or maintenance conditions, CK2 
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steady-state expression levels are generally moderate and stable. When considering 
transformed cells, CK2 expression and activity are consistently elevated [ 6 ,  29 – 33 ]; 
moreover, the increase in CK2 expression in malignant cells is often associated with 
a more prominent nuclear localization [ 3 ,  34 ,  35 ]. These expression characteristics 
correlate with disease severity and prognosis [ 1 – 3 ,  35 – 40 ]. Interestingly, in contrast 
to many oncogenes or cancer-associated genes, mutational changes in CK2 genes 
are not generally observed in cancers. Moreover, recent publications demonstrated 
through database analyses that copy number variations for the CK2 genes are 
observed in glioma and breast cancer [ 41 ,  42 ]. Thus, response to anti-CK2 therapy 
is not dependent on the presence of particular mutational forms of the enzyme. 
Overall, CK2 is undoubtedly an important contributor to the cancer phenotype, 
making it an attractive target for anticancer therapeutic development based on the 
increased dependence of cancer cells on CK2 expression.  

3     Targeting CK2 Protein Expression and Kinase 
Activity in Tumors 

 Both chemical and molecular biological methods have been developed for targeting 
CK2. Protein expression can be blocked using siRNA and antisense oligonucle-
otides to promote cleavage and degradation or hinder translation of the mRNA tran-
script. The majority of nucleic acid-based CK2-targeting research has been 
performed in cultured cancer cells. Antisense strategies targeting    CK2 have been 
applied in breast and colon cancer cells, head and neck squamous cell carcinoma 
(HNSCC), leukemia, neuroblastoma, and prostate cancer cells [ 4 ,  5 ,  43 – 46 ]. 
Transfection of anti-CK2 siRNAs has also been performed in many and varied can-
cer cell lines [ 38 ,  40 ,  47 – 53 ]. Overall, the results from these studies have demon-
strated the loss of activity in key signaling pathways such as Notch1, Hedgehog/
Gli1, Akt, and NF-κB. Further, loss of CK2 expression caused growth inhibition, 
increased sensitivity to anoikis and chemotherapeutic drugs, induction of cell death, 
and loss of stem-like cancer cell populations. Some studies have shown that CK2 
downregulation caused differing effects with respect to cellular p53 status. In colon 
cancer HCT-116 cells which express wild-type p53, loss of CK2 caused cellular 
senescence [ 54 ]. In contrast, loss of CK2 in acute myeloid leukemia cells caused 
p53-dependent apoptosis [ 47 ]. However, in prostate cancer cells it has been shown 
that p53 is not required for the induction of apoptosis [ 55 ]. Results from studies in 
which a nucleic acid therapy approach was utilized in mouse xenograft tumor studies 
will be discussed later in this chapter. 

 As an alternate to a nucleic acid-based approach, protein catalytic activity can 
be suppressed using small-molecule chemical inhibitors. Numerous CK2 small- 
molecule inhibitors exist and continue to be developed [ 56 ]. CK2 inhibitors are 
typically type I ATP-competitive molecules. Similar to the effects of anti-CK2 anti-
sense and siRNA treatment of cells, the addition of CK2 inhibitors to cultured 
patient cells and established cell lines induced loss of cell viability, enhanced radio- 
and chemosensitivity, overcame drug resistance, caused loss of key survival signaling 
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activity, and induced cell death [ 47 ,  51 ,  57 – 74 ]. CK2 small-molecule inhibitors 
have been employed to assess their effects in mouse xenograft models of human 
cancer [ 41 ,  67 ,  75 – 80 ]. These studies have included single agent testing of the CK2 
inhibitors DMAT, TBB, and CX-4945 as well as combinatorial testing of CK2 
inhibitors with other agents such as the EGFR inhibitor erlotinib or standard chemo-
therapy drugs. CX-4945 is an orally available ATP-competitive anti-CK2 drug, and 
much of the published mouse xenograft tumor response data is from the use of this 
drug delivered orally twice per day at 75 mg/kg. Used as a single agent, CX-4945 
has shown tumor growth inhibition effects of 76–97 % in breast, prostate, pancre-
atic, and glioblastoma tumors [ 41 ,  67 ,  76 ]. The use of CX-4945 in combinatorial 
testing has shown improved results with cisplatin and gemcitabine in ovarian cancer 
and with erlotinib in squamous cell and non-small cell lung cancers [ 79 ,  80 ]. 
CX-4945 has also undergone testing in solid tumors in Phase 1 clinical trials. No 
complete or partial RECIST responses were observed, but stable disease for at least 
6 months was evident in 15 % of treated patients [ 81 ]. Recently, Senhwa Biosciences, 
Inc., announced a new randomized Phase 1b/2 trial of CX-4945 in combination with 
gemcitabine and cisplatin for the treatment of bile duct cancers (ClinicalTrials.gov 
NCT02128282). 

 Another treatment approach for modifying CK2 activity in cancer cells has been 
taken by the development of a peptide-based drug called CIGB-300 (formerly 
P15- Tat) (   discussed in detail in chapter “CIGB-300: A Promising Anti-Casein 
Kinase 2 (CK2) Peptide for Cancer Targeted Therapy” by Perea et al.). CIGB-300 
targets the CK2 phospho-acceptor site, predominantly blocking phosphorylation of 
 B23/nucleophosmin, thereby causing nucleolar disassembly and apoptosis [ 82 ]. 
This drug was tested by direct injection into tumors as well as systemic administra-
tion in mice [ 83 – 85 ]. Importantly, CIGB-300 has also undergone human testing by 
intralesional injection for safety and effi cacy in patients with cervical cancer [ 86 ,  87 ]. 
In these Phase 1 trials, patients experienced signifi cant lesion reduction and reduced 
nuclear B23 protein levels.  

4     Delivery of an Anti-CK2 Drug to Malignant 
Cells by Nanoencapsulation 

 An advantage to targeting CK2 as an anticancer strategy is the universally increased 
dependence of malignant cells compared to normal cells on CK2 expression. 
However, considering that normal cells still require its expression and activity for 
survival, it should be preferable to deliver a CK2-targeting drug specifi cally to the 
malignant cells in the body. Nucleic acid-based cancer therapy is an approach with 
exquisite gene target specifi city. However, when considering an oligonucleotide ther-
apeutic approach for systemic treatment, the delivery vehicle for the nucleic acids 
becomes critical. Not only do the nucleic acids need to be protected from degradation 
in the blood stream, but ideally they need to specifi cally enter cancer and not normal 
cells and induce the desired response within the targeted population, thus avoiding 
the issues of host toxicity. We have developed a tenfi bgen nanoencapsulation 
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technology that allows for the delivery of drug cargos into malignant cells in vivo 
while avoiding accumulation in normal cells [ 51 ,  88 ]. The drug cargo can be nucleic 
acids or small-molecule drugs. 

 The sub-50 nm (i.e., less than 50 nm) size nanocapsules used by us for cancer 
therapy are comprised of the ligand tenfi bgen (TBG), which is the carboxy-terminal 
fi brinogen globe domain of tenascin-C, and a condensed drug cargo. To allow for 
receptor-mediated targeting via tenascin-C receptors which are elevated in cancer 
cells [ 89 – 95 ], the shell of the nanocapsule is comprised of the protein ligand TBG. 
A diagrammatic representation of the TBG nanocapsule is shown in Fig.  1 . 
The nanocapsules are formulated by complexing oligonucleotides or DMAT with 
polyornithine or spermine, respectively. The complexes are then emulsifi ed using a 
water-insoluble surfactant dispersed into a water-miscible solvent and then inverted 
by dilution into a suspension with addition of PBS. The resultant hydrophobic 
micelles are coated by adsorption of TBG dispersed into the solution and then sub-
jected to spray dispersion atomization into a LiCl salt solution. Following incuba-
tion at 4–6 °C with rotation in the salt solution for more than 14 h, the nanocapsules 
are recovered by centrifugation or diafi ltration and fi nally exchanged into PBS 
containing 10 % lactitol (w/v). This process results in uniform rounded nanocap-
sules with a size range of 13–26 nm for oligonucleotide and small-molecule cargos 
(see Table  1  and [ 88 ,  96 ,  97 ]). 

5        Malignant Cell Specifi city and Access by TBG 
Nanocapsules 

 TBG nanocapsules are specifi cally taken up by malignant cells but not by normal 
cells. This uptake specifi city has been demonstrated in cultured cells by measuring 
cell viability following treatment of prostate epithelial cells (PrEC), benign 
prostatic hyperplasia (BPH-1), and malignant prostate cells (C4-2, PC3-LN4) 
with TBG nanoencapsulated anti-CK2 small-molecule inhibitor DMAT, TBG 

  Fig. 1    Tenfi bgen nanocapsule design. Cartoon depiction of tenfi bgen (TBG) nanocapsule components 
including the cargo       
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nanoencapsulated anti-CK2 siRNA (siCK2), or TBG nanoencapsulated single-
stranded DNA/RNA oligonucleotide (RNAi-CK2) [ 51 ,  97 ]. The cancer cells showed 
reduced viability, whereas the benign cells did not exhibit any loss of viability. 
In comparison, both the benign and malignant cells showed reduced viability 
after treatment with naked DMAT or transfection with siCK2 using commercial 
lipid reagents. 

 To ascertain biodistribution and malignant cell specifi city in vivo, the uptake of 
naked antisense oligonucleotides and of TBG encapsulated oligonucleotides was 
examined in tumors and other tissues after systemic administration in mice. Naked 
FITC-labeled antisense (AS) phosphorothioate oligonucleotides directed against 
CK2αα′ were injected into nude mice carrying orthotopic PC3-LN4 xenograft pros-
tate tumors. Tumors and other tissues were collected 24 h after the second injection 
and the FITC signal quantitated in tissue lysates. The highest level of accumulation 
of naked FITC-AS-CK2 was in kidney, followed by tumor, then spleen, liver, blood, 
and heart. In order to measure an encapsulated oligonucleotide, we utilized an 
iodine-derivatized oligonucleotide that we could measure via neutron activation 
analysis regardless of whether it was released from the nanocapsule. In this study, 
nude mice carrying HNSCC tumors were injected intravenously (i.v.) with 
TBG- I 127 - siRNA or TBG-sugar (background control) nanocapsules. Two hours 
after administration of the nanocapsules, the mice were sacrifi ced, and collected 

     Table 1    General characteristics of tenfi bgen nanocapsules   

 Shell ligand 
 Particle 
size (nm) a  

 Zeta 
potential 
(meV) b   Morphology c   Cargo  Sequence information d  

 Tenfi bgen (TBG) 
 27 kDa 

 20.7 ± 5.2  −1.7 ± 2.4  Uniform, 
single capsules 

 siCK2  e    5′-auacaacccaaacucca
caudTdT-3′ (guide strand) 

 Tenfi bgen (TBG) 
 27 kDa 

 17.6 ± 2.5  −6.2 ± 3.1  Uniform, 
single capsules 

 RNAi- 
CK2       f   

 5′-ATACAACCCAAACT
 ccacau (propyl)-3′ 

 Tenfi bgen (TBG) 
 27 kDa 

 14.6 ± 1.2  −8.6 ± 2.2  Uniform, 
single capsules 

 DMAT  g    N/A 

    a  Mean ± SD of the average elliptical diameter determined from AFM or TEM micrographs 
   b  Mean ± SE of the average surface charge measured by DLS from two different preparations across 
a 20 V potential in 1 mM KCl at 2 µg/ml 
   c  Morphology of all nanocapsules determined by visual AFM and TEM observation as uniform, 
single capsules [ 88 ,  96 ,  97 ] 
   d  Upper case letters represent phosphodiester DNA bases; small case letters represent RNA bases; 
small case italic letters represent 2′  O -methyl RNA bases 
   e  TBG-siCK2 encapsulation effi ciency mean of 86.8 % observed by Burton analysis relative to 
unencapsulated oligomer 
   f   TBG-RNAi-CK2 encapsulation effi ciency mean of 79.8 % observed by Burton analysis relative 
to unencapsulated oligomer 
   g  TBG-DMAT encapsulation effi ciency mean of 0.24 % determined by neutron activation analysis 

of the four Br residues in DMAT  
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tissues were subjected to neutron bombardment which converted I 127  to I 128 . TBG 
nanoencapsulated oligonucleotide accumulation was observed at highest levels per 
gram of tissues in lymph node tumor and prostate tumor. Kidney, thyroid, liver, and 
brain showed minimal accumulation (Fig.  2 ).  

 In another study, the CK2 inhibitor DMAT was TBG nanoencapsulated and used 
to treat PC3-LN4 subcutaneous xenograft tumors in mice. These nanocapsules con-
tained the F(ab′) 2  fragment of Syrian hamster IgG within the TBG protein coat; 
this IgG was used as a marker for the identifi cation of the nanocapsule within tissues. 
By indirect immunofl uorescence, the presence of Syrian hamster IgG was detected 
in tumors of TBG-DMAT-treated mice, but not in the liver and testis from the same 
mice [ 96 ]. As testament to the cross-species conservation of the TBG protein, it was 
documented that nanocapsules made using the same purifi ed recombinant human 
TBG were taken up by tumors of mouse origin [ 19 ]. Thus, we anticipate that non- 
tumor uptake of TBG nanocapsules in mouse tissues would be readily detected. 

 Further evidence of TBG-directed delivery of the nanocapsules to metastatic 
sites was seen using TBG encapsulated luciferase expression plasmid. Mice carrying 
metastatic HNSCC xenograft tumors were injected with TBG-luciferase nanocap-
sules, and lung and abdominal metastatic signals were detected by imaging 5 days 
later. Upon sacrifi ce, tumor and tissue lysates were subjected to immunoblot analysis 
for keratin-14, a HNSCC marker protein. The lysates were also immunoprecipitated 
for luciferase. Keratin-14 and luciferase signal were co-detected in brain, lung, and 
spleen [ 29 ]. Further, it was shown that TBG nanocapsules localize to prostate tumor 

  Fig. 2    Biodistribution of TBG nanocapsules in FaDu tumor xenograft mice. Biodistribution was 
determined in vivo 2 h after i.v. administration of TBG nanocapsules containing I 127 -siRNA to nude 
mice bearing FaDu tumors ( n  = 3) by neutron activation analysis of the tissues. Levels of endoge-
nous tissue iodine were measured in FaDu tumor mice treated with TBG-sugar ( n  = 2), and these 
values were subtracted from those of the TBG-I 127 -siRNA-treated mice. The results are expressed as 
% injected dose (ID) per tissue ( white bars ) and % ID per gram of tissue ( black bars )       
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located in bone [ 97 ]. These data demonstrate co-localization of TBG-delivered 
cargos to sites of metastatic tumor growth. Finally, other data also suggest that the 
TBG nanocapsules are taken up by tumor-derived microvessels [ 13 ,  29 ]. Taken 
together, these studies demonstrate that TBG nanoencapsulated molecules suc-
cessfully and preferentially enter malignant-derived cells when systemically 
administered in vivo.  

6     Acute Effects of Naked and TBG Nanocapsule 
Anti-CK2 Treatments in Primary Tumors 

 In addition to biodistribution studies in mice, we have also examined the effects 
of TBG nanocapsules containing various anti-CK2 cargos on primary tumor growth 
and death. Initial therapy studies were conducted in prostate xenograft tumors to 
examine CK2 as a target for oligonucleotide-based therapy. An antisense oligonu-
cleotide targeted to the 5′ end of the CK2α mRNA was directly injected into 
PC3-LN4 subcutaneous tumors as a single treatment. A dose-response was carried 
out from 5 to 20 µg, with the 20 µg injection resulting in complete elimination of the 
tumor in 7 days [ 98 ]. At the lower doses, tumor size was signifi cantly reduced with 
corresponding loss of CK2α mRNA and nuclear matrix-associated protein. 

 In the next study, we tested systemic administration of an antisense oligonucle-
otide. Because we frequently observed increased CK2α′ protein expression after 
downregulation of CK2α, we redesigned the oligonucleotide so that it perfectly 
 targeted CK2α (20/20 residues) and imperfectly targeted CK2α′ (19/20 residues) 
within the coding region of both transcripts [ 46 ]. The oligonucleotide was used as 
phosphorothioate chemistry to improve in vivo stability (termed bs-AS-CK2). In a 
dose- response design study, nude mice bearing orthotopic PC3-LN4 prostate tumors 
were treated twice by intraperitoneal (i.p.) injections given 24 h apart with cumula-

  Fig. 3    Comparison of 
therapeutic effi cacy of naked 
bs-As-CK2 and TBG-
RNAi- CK2 in orthotopic 
prostate cancer xenograft 
tumors. Primary tumor 
masses are shown following 
treatments as indicated on the 
chart. Means ± SE are 
presented. * p  < 0.05       
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tive doses ranging from 0.33 to 132 µg/kg. Decreased tumor weight (Fig.  3 ) and 
CK2αα′ mRNA and protein expression were observed in treated mice relative to 
saline and GAPDH antisense controls [ 46 ]. In a further study in which a cumulative 
dose of 66 µg/kg was delivered, divided into different delivery schedules over two 
or four injections, protein level therapeutic responses were seen for CK2α, CK2α′, 
CK2β, NF-κB, and AKT [ 46 ]. To sum, these experiments showed the effi cacy of 
targeting CK2 in prostate cancer using an oligonucleotide-based approach.  

 Having established that using oligonucleotide-based methods to downregulate 
CK2 expression is effective in vivo and further that TBG nanoencapsulation func-
tions to deliver cargo preferentially to tumor sites, we undertook in vivo therapeutic 
studies employing TBG-anti-CK2. In the subsequent examples, the encapsulated 
oligonucleotide has the identical bispecifi c sequence targeting CK2αα′ as the sys-
temically delivered naked bs-AS-CK2 oligonucleotide described above. However, 
the nanoencapsulated cargo, RNAi-CK2, utilized in the next studies differs in chem-
ical composition; the fi rst 14 bases (5′) are standard DNA nucleotides and the last 
six residues (3′) are 2′  O -methyl RNA oligonucleotides, terminated with a 3′ propyl 
group. This DNA/RNA hybrid RNAi molecule is stable and can potentially use both 
antisense-like RNase H-mediated and siRNA-like RISC-mediated pathways [ 88 , 
 97 ]. Detailed information on the general characteristics of TBG-RNAi-CK2 nano-
capsules is presented in Table  1 . 

 Our initial proof-of-concept mouse studies using TBG-RNAi-CK2 nanocapsules 
were carried out using PC3-LN4 orthotopic prostate tumors in nude mice. These 
mice received two i.p. injections, given with an interval of 24 h, of either TBG-
RNAi- CK2 or vehicle. At 13 days after the initiation of treatment, a decrease of 
greater than 60 % in tumor mass was observed using doses of 33 and 330 ng/kg 
(Fig.  3 ). Quantitative analysis of the CK2 mRNA levels showed a lesser reduction 
than observed with naked bs-AS-CK2 treatments, whereas reduction in CK2αα′ 
proteins was very comparable [ 46 ,  97 ]. Overall, the results observed using TBG-
RNAi- CK2 at doses from 33 to 330 ng/kg were equal to or better than those we 
observed using the naked bs-AS-CK2 at doses from 330 ng/kg to 132 µg/kg. In addi-
tion, in order to assess the potential for an early infl ammatory response, we measured 
the serum concentration of interferon-γ and the tissue weight ratios for spleen, liver, 
and thymus in non-tumor-bearing, immunocompetent mice. No differences in the 
tissue weights for the animals treated with the TBG-RNAi-CK2 or TBG-sugar rela-
tive to vehicle control were noted. We also found no evidence of interferon-γ eleva-
tion, which typically is observed in particle-mediated early infl ammatory responses 
[ 99 ] thus suggesting the relative safety of these nanocapsules. 

 We have also examined the effects of a TBG nanoencapsulated CK2 inhibitor 
DMAT on prostate xenograft tumor growth in nude mice. Formulation of DMAT 
into TBG nanocapsules was much less effi cient than the various anti-CK2 oligonu-
cleotides, and thus we were limited in the dose level and number of treatments we 
could administer. Information on the TBG-DMAT nanocapsules is detailed in 
Table  1 . We studied four treatment groups: TBG-DMAT 100 µg/kg and vehicle 
control groups received daily injections for 8 days and were sacrifi ced on day 9, and 
TBG-DMAT 20 µg/kg and naked DMAT 500 µg/kg groups received daily injections 
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for 6 days and were sacrifi ced on day 7. Treatment with TBG-DMAT at either dose 
level caused increased death within the tumor masses and signifi cantly decreased 
tumor cell proliferation as measured by Ki-67 staining [ 96 ]. NF-κB p65 protein 
expression was also reduced by TBG-DMAT treatment. No tissue damage was 
observed in liver or testis after TBG-DMAT treatment. 

 We carried out similar acute response studies to evaluate the therapeutic effects 
of TBG-RNAi-CK2 treatment in models of HNSCC. In both the UM-SCC 11A and 
Fadu models of HNSCC, two to three treatment injections of TBG-RNAi-CK2 at 
10 µg/kg resulted in signifi cantly decreased tumor volumes (greater than 50 %) rela-
tive to control [ 53 ]. Reduced CK2αα′ protein expression was observed in the treated 
tumors by immunohistochemical staining. Markers of apoptosis were detected such 
as increased TUNEL, cleaved caspase-3, and reduced expression of Bcl-2 and 
Bcl-xL. A negative impact on proliferative signaling was evidenced by reduced 
NF-κB p65 expression, reduced NF-κB p65 phosphorylation on S536 and S529, 
loss of Cyclin D1 expression, and increased p53 and p63 expression [ 53 ].  

7     Delivery and Effi cacy of TBG Anti-CK2 Nanocapsule 
Treatment in Metastatic Tumors 

 The majority of deaths related to cancer are caused by metastatic growth of cancer 
cells in alternate sites both near and far from the primary tumor. We have data indi-
cating the treatment effects of TBG-RNAi-CK2 nanocapsules on metastatic cancer 
originating from orthotopic prostate and HNSCC tumors in mice. First, in the case 
of orthotopic PC3-LN4 prostate tumors, there was growth of regional lymph node 
tumors in the peritoneal cavity as well as the presence of distant metastases. 
Treatment with 33 and 330 ng/kg TBG-RNAi-CK2 resulted in greater than 70 % 
reduction in volume of the largest retroperitoneal lymph node tumor in each mouse 
as well as decreased mean length of all collected retroperitoneal lymph node 
tumors compared to control. Additionally, there was a signifi cant difference as to 
the presence or absence of distant metastases when comparing TBG-RNAi-CK2 to 
control- treated mice. Indirect immunofl uorescence analysis of the lymph node 
tumors demonstrated antiproliferative treatment effects on both the AKT and NF-κB 
pathways [ 97 ]. 

 Second, in the case of HNSCC Fadu tumors initiated intradermally, the mice were 
treated one time with a high dose of TBG-RNAi-CK2 or TBG-sense-CK2 (nanoen-
capsulated oligonucleotide control) at 25 mg/kg or with vehicle. Immunoblot analysis 
of spleens from control-treated mice showed the presence of keratin-14 signal 
indicating metastases, as well as stronger CK2αα′ signal than spleens from naïve, 
non-tumor mice. In contrast, the expression of CK2αα′ mRNA and protein and of 
keratin-14 protein was signifi cantly reduced in the mice treated with TBG-RNAi- CK2 
[ 88 ]. Moreover, hematological profi le and serum chemistry analyses indicated no 
changes between 25 mg/kg TBG-RNAi-CK2-treated and TBG-sense- CK2 control 
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mice. Together, these data suggest the strong potential for TBG-RNAi- CK2 to 
effectively treat both primary tumors and metastases.  

8     Survival of TBG-RNAi-CK2-Treated Mice 

 Survival studies were performed in three orthotopic xenograft models of 
HNSCC. These mice were treated with one to two injections of TBG-RNAi-CK2 
ranging in dose level from 0.01 to 50 mg/kg. Control treatments included TBG-
sense- CK2, TBG-sugar, and vehicle. Tumor volumes were tracked for 35 days and 
demonstrated a signifi cant difference in two models at day 35 for TBG-RNAi-CK2- 
treated mice compared to controls. At 200 days posttreatment, 25 of 46 TBG-RNAi- 
CK2-treated mice survived without local recurrence, whereas only 12 of 53 control 
mice survived. Survival for more than 6 months was statistically signifi cant for two 
of the three models [ 88 ].  

9     Concluding Remarks 

 CK2 is a remarkably universal target for cancer drug development research. Multiple 
approaches are being pursued across the world, focusing on reducing CK2 activity 
or expression to an extent where malignant cells no longer survive. It is possible that 
several anti-CK2 therapeutic strategies will be employed in the future, with the 
strategy chosen dependent on the cancer to be treated and the combination of drugs 
to be employed. In any case, because CK2 is a ubiquitous and essential cell survival 
signal, it would be advantageous to target CK2 in a protected and cancer cell-
directed manner. To that end, we have summarized here our published studies show-
ing the effi cacy of TBG nanoencapsulated anti-CK2 drugs in two different types of 
cancer—prostate adenocarcinoma and head and neck squamous cell carcinoma. We 
are currently in the fi nal stages of a study evaluating the safety of a modifi ed TBG-
RNAi-CK2 nanocapsule therapy in companion cats with naturally occurring 
HNSCC. The results are very encouraging and will help us to move this therapeutic 
concept forward toward human translation. 
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Abstract Various compound libraries of the Drug Therapeutic Program (DTP) of 
the NIH/NCI were screened against the catalytic subunit and the tetrameric holoen-
zyme of protein kinase CK2. Different IC50 values were obtained for the two CK2 
molecules. In the case of nortangeretin, the IC50 value was 0.34 μM for the catalytic 
subunit and 15 μM for the holoenzyme. In the case of coumestrol, opposite results 
were obtained, i.e., high IC50 for the CK2α subunit (2.7 μM) and a lower IC50 
value for the holoenzyme (0.19 μM).

From the many compounds identified to inhibit CK2, we have selected 14 
 different compounds and listed them according to their CK2α/CK2 holoenzyme 
IC50 ratio.

Four compounds were tested on a panel of seven cell lines revealing considerable 
differences in the degree of CK2 inhibition inside the cells.
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1  Importance of Secondary Natural Compounds 
for Their Host

Cancer is from a scientific perspective caused by external or internal factors such as 
radiation, pollution, sun, and heritage, among others. In this chapter, we want to 
shed some light on the possibility of using nature’s own “products” for the treatment 
of cancer, i.e., “a natural approach of curing cancer.”

The role of secondary plant compounds has long been unclear. It was assumed 
that secondary metabolic pathways served to make useless or toxic metabolic by- 
products or end products of primary metabolites harmless, because it was not pos-
sible to assign them a direct role in metabolism. Today, it is believed that secondary 
plant metabolites have important ecological functions. As a result of an intense 
interaction between plants and their environment, secondary metabolites have been 
developed especially against predators. Many secondary plant metabolites are used 
as an effective chemical defense against herbivores and pathogens. On the other 
hand, they attract through their coloring and flavoring compounds pollen-spreading 
insects and seed-spreading fruit eaters.

Plants use secondary metabolites, such as tannins, iridoids, phytosterols, pyre-
throids, alkaloids, cannabinoids, and cardenolides to protect themselves against her-
bivores; they use carotenoids, flavonoids, and anthocyanins for attracting pollinators; 
they use monoterpenes, suberin, and cutin to prevent evaporation, or lignins as 
mechanical strengthening.

Natural compounds evolved during millions of years. They have conquered their 
place in the various organisms’ survival programs and are now a permanent part of 
the individual organisms’ metabolism. Given the fact that the abovementioned sec-
ondary plant compounds have evolved specifically to serve plant survival and prop-
agation, so how shall we consider their possible benefits for human health that is 
inherent to some of these compounds? Or in other words, shall we rely/trust/apply 
these compounds simply because they are natural products?

There is a plethora of anecdotal information documenting the historical use of 
herbs and spices for their health benefits (reviewed in Johnson and Balick from [1]). 
Reports on the use of herbs and spices are found in Egyptian, Chinese, and Indian
literature dating back thousands of years. One can only speculate how the knowl-
edge was acquired.

2  Why the Focus on Natural Compounds as Potential Drug 
Leads for Kinase Inhibitors?

We focus on plants and specifically on their secondary compounds/metabolites, 
which have been proposed to exert beneficial effects in a multitude of disease states, 
including cancer, cardiovascular disease, and neurodegenerative disorder.
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Many of the biological actions of secondary natural compounds are attributed 
to their antioxidant properties, e.g., interfering with reactive oxygen species 
(ROS) production [2]. However, recent studies showed that the concentration of 
secondary natural compounds, e.g., flavonoids in the body, is too low to compete 
with the small molecule antioxidants such as ascorbate and α-tocopherol. Hence, 
additional functions for these natural secondary compounds are postulated such 
as the direct interaction with specific proteins in signaling cascades, e.g., protein 
kinases. Indeed, bioactive dietary compounds have been shown to modify all of 
the major signaling pathways deregulated in cancer. Estimates suggest that
30–70 % of all cancer cases might be preventable by diet, depending on the 
dietary compounds and the specific type of cancer (reviewed in Cindy D. Davis 
from [1]). Compounds such as apigenin, curcumin, resveratrol, and quercetin 
inhibit the progression through the cell cycle. These compounds, together with 
others, also have been shown to influence the two major pathways of programmed 
cell death, either by binding to the death receptor (extrinsic pathway) or by inter-
fering with AKT, p53, and SMAC/Diablo (intrinsic pathway). There are many 
overlapping compound activities which do not only involve interactions with 
protein kinases but also with other unrelated molecules. But even when focusing 
only on protein kinases, the targets are many and the selectivity and potency usu-
ally are low. Indeed, it has been shown for various protein kinases that plant-
derived compounds such as quercetin and apigenin inhibit recombinant protein 
kinases at low micromolar concentrations [3]. An example for the affinity of 
flavonoids for protein kinases is the binding of quercetin and myricetin to the 
ATP-binding site of PI3K [4]. The inhibitory activity expressed as IC50 was 
3.8 μM and 1.8 μM, respectively. In the case of protein kinase CK2, the values 
were 0.55 μM and 0.92 μM, respectively [5]. However, these concentrations are 
still too high to expect a therapeutic effect when fed to whole organisms. Yet, 
some flavonoids have served as lead compounds and as such made to be 100 
times more potent [6].

3  Screening Platforms for Kinases

In a first screening attempt, a luminometric assay platform was used which has 
been described earlier for testing PI3K [7]. We used the Perkin Elmer, VICTOR
luminometer with semiautomated sample handling, which can handle several thou-
sand compounds daily. For target screening the luminometric kinase activity assay, 
EasyLite Luminescence ATP Detection Assay System, was used. The principle of
the reaction is that in a kinase reaction, the γ-phosphate moiety of ATP is trans-
ferred to the substrate resulting in a phosphorylated substrate and ADP. During this 
reaction, the amount of ATP in the kinase reaction solution declines. After the 
completion of the kinase reaction, the remaining ATP can be measured by the addi-
tion of the firefly luciferase and d-luciferin, according to the scheme below. 
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The emitted light is proportional to the ATP concentration within a certain range of 
concentrations:

 ATP D Luciferin O Oxyluciferin AMP PPi CO
Luciferase Mg

+ + ® + + +
+

- 2 2

2/

++ Light  

The more active the protein kinase is, the less ATP is available for the subsequent 
 luciferase-catalyzed reaction; hence, the signal intensity (CPS) will be low. If the 
kinase reaction is inhibited, lesser or no ATP is used by the kinase, and most ATP is 
available for the luciferase; hence, the signal intensity (CPS) will be high.

Since this is an indirect method, to measure kinase activity, where the use of ATP 
is measured, promising compounds have to be retested using a radioactivity-based 
assay where phosphorylation of a substrate harboring the consensus sequence for 
the kinase under investigation is monitored.

Before the screening was initialized, we have established the luminometric test 
with the catalytic CK2α1-335 subunit and the heterotetrameric holoenzyme, 
(CK2α1-335)2(CK2β)2. Figure 1 shows the results for the CK2α activity. The 
activity is expressed in percent (y-axis). No addition of substrate peptide or enzyme 
is indicated by “0” (i.e., only ATP is present); negative control indicates the pres-
ence of 25 ng (0.66 pmol) CK2α in the absence of substrate. Usually, an amount of 
CK2α enzyme, resulting in more than 80 % ATP consumption, was used for the 
screening. Here, 25 ng of CK2α led to 83 % reduction of ATP in the assay. Although 
50 ng CK2α depleted the ATP content by 97 %, we preferred to choose the lower 
amount of enzyme for several reasons, (1) to hold the use of inhibitor low, (2) to 
detect compounds which might exert a stimulatory effect, and (3) for economical 
reasons.
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Fig. 1 Luminometric-based assay for the determination of optimal kinetic conditions. Increasing
amounts of the catalytic CK2α subunit were tested, and optimal enzyme concentration was deter-
mined by quantifying residual ATP available to the luciferase in the presence of d-luciferin. Total 
amount of ATP in the assay is expressed in percentage relative to the control experiment performed 
in the absence of CK2α (0). Negative control (Neg. control) refers to an assay in the presence of 
25 ng CK2α and absence of substrate
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4  Screening of Compound Libraries from the DTP/NIH/NCI

DTP is the drug discovery and therapeutic program (DTP) of the National Cancer 
Institute (NCI). DTP plans, conducts, and facilitates the development of therapeutic 
agents for cancer and AIDS treatment and provides compounds for the researcher 
directly to use. In this study, different compound libraries were used including a 
natural compound library.

In the latter case, compounds were acquired from terrestrial or marine environ-
ments (see: http://dtp.nci.nih.gov/about.html).

5  Screening for Kinases with Focus on CK2

Since protein kinase CK2 is an antiapoptotic kinase which is upregulated in all so 
far investigated cancers, it is an accepted drug target (reviewed in [8–11]).

Different compound libraries from the NIH/NCI were screened for CK2 inhibi-
tors against both the recombinant human CK2α subunit and the tetrameric CK2α2β2 
holoenzyme.

Figure 2 shows an example of a screening of 30 compounds out of 90 from one 
screening plate. The negative control shows the ATP status in the presence of 25 ng 
of CK2 holoenzyme with no substrate in the assay. This value is ca. 250,000 
CPS. Positive control is 25 ng CK2 holoenzyme in the presence of a substrate. 
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Fig. 2 Inhibitory effects of natural compounds on CK2 holoenzyme kinase activity. Natural com-
pounds were tested at 10 μM final concentration in a luminometric-based assay. Negative control 
refers to an assay in the presence of CK2 and absence of substrate. Positive control refers to an 
assay in the presence of CK2 and substrate peptide. Values are expressed in arbitrary units (CPS)
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The highest CPS values were found with compound E9 (i.e., up to 300,000 CPS).
How can this value, which is higher than the negative control value, be explained?

CK2 holoenzyme shows in the absence of a substrate substantial autophosphory-
lation of the CK2β subunits at the N-terminal serine residues, i.e., some ATP is used 
(this is not the case for the catalytic α-subunit [12]).

A potent inhibitor will, therefore, interfere with such an autophosphorylation.

6  Identification of CK2 Inhibitors

Our compound screening of the DTP natural compound library led to the identifica-
tion of various molecules, e.g., fisetin, pomiferin, coumestrol, stictic acid, 
β-carotene, hypericin, emodin, and finally resorufin, being the latter in sensu stricto 
not a natural compound but a derivative. Other natural compounds have been 
reported to target CK2 [5, 13].

Table 1 shows 14 different compounds which were identified in our screens using 
the diversity, mechanistic, and natural compound libraries from DTP. The compounds 
were tested against the catalytic CK2α subunit and the tetrameric CK2 holoenzyme. 
During the screening, we observed that many of the compounds detected show sig-
nificant differences in the IC50 values between CK2α and the holoenzyme. Hence, 
we arranged the compounds not according to their chemical relationship or with 
respect to their origin. We have arranged them according to the IC50 ratio CK2α/
CK2 holoenzyme (Table 1) in two groups, i.e., IC50 ratio >1 and IC50 ratio <1.

Hence, coumestrol with an IC50 of 2.7 μM obtained for the CK2α subunit in 
comparison to an IC50 value of 0.185 μM for the CK2 holoenzyme has the highest 
ratio of 14. Pomiferin with an IC50 value of 4 μM for the CK2α subunit and 63 μM 
for the CK2 holoenzyme resulting in a ratio of 0.06 is found at the lower end of the 
scale. This classification is arbitrary and might not have a practical value momen-
tarily. Yet, it can be helpful in selecting compounds for specific investigations where 
differences in the IC50 ratio between the CK2α subunit and the holoenzyme may be 
desirable and advantageous, e.g., when searching for compounds with the potential 
to target allosteric sites on a kinase.

The molecular mass of most compounds investigated is in a range between 250 
and 400 Da, apart from a few exceptions such as naganol (Table 1).

This is, to our knowledge, the first systematic comparison of IC50 values of the 
catalytic CK2α subunit with those for the CK2 holoenzyme.

Interactions between subunits of CK2 and their protein substrates toward sensi-
tivity to specific inhibitors were investigated by Janeczko et al. [14]. The experi-
ments were performed using yeast CK2 isoforms and the ATP-competitive inhibitors 
TBB and TBI. Since no IC50 values were determined, a direct comparison to our 
results is difficult to assess.

So far, all evidence suggests that the majority of CK2 molecules is present within 
the cells as a tetramer; however, there is an evidence for unbalanced expression 
of the subunits [15, 16]. Since most of the screenings for new CK2 inhibiting 
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Table 1 IC50 values for CK2 inhibitory compounds determined by dose-response curves

Compound Structure
NSC 
no. Mw

IC50

CK2α 
(μM)

IC50

CK2α2β2 
(μM)

Ratio
CK2α/CK2α2β2

Coumestrol 22842 268.22 2.70 0.19 14.2

Naganol 34936 1429.2 0.75 0.25 3.00

Resorufin 12097 213.19 4.10 1.50 2.73

Boldine 65689 327.37 1.70 0.70 2.43

B8-4722 134674 257.0 4.72 2.00 2.36

Galloflavin 107022 278.0 0.39 0.20 1.70

Stictic acid 87511 386.31 9.70 10.7 0.91

G11-4726 156563- 
L/2

350 1.30 1.60 0.81

H11-4245 348401 330.28 2.50 7.70 0.32

Fisetin 407010 286.24 0.16 1.19 0.13

(continued)
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 compounds are performed with recombinant CK2α, compounds, which specifically 
target the CK2 holoenzyme, may escape detection.

Although this report is focusing on protein kinase CK2, we would like to empha-
size the possible role of off-target molecules.

We believe strongly that compounds that have been identified under a screening 
against a particular protein kinase are very likely not acting entirely through this 
particular kinase but also through off-targets.

A literature search for the compounds shown in Table 1 confirms our multi- 
kinase inhibitor hypothesis. This will also change the current view of how to iden-
tify the best targets in cancer therapy (perhaps relevant for all multifunctional 
diseases).

It is mandatory to verify the efficacy of identified inhibitors using biomarkers to 
establish them as promising targets for CK2 but also for off-targets which are 
involved in angiogenesis, proliferation, and programmed cell death.

Table 1 (continued)

Compound Structure
NSC 
no. Mw

IC50

CK2α 
(μM)

IC50

CK2α2β2 
(μM)

Ratio
CK2α/CK2α2β2

Hypericin 407313 504.44 1.00 7.50 0.13

A6-4722 283845 273.0 2.62 30.0 0.09

Pomiferin 5113 420.45 4.00 63.0 0.06

Nortangeretin 76988 302.0 0.34 15.0 0.02

Data expressed in micromolar were obtained by determining the incorporation of 32P-phosphate 
into a synthetic peptide substrate in a radioactive-based kinase assay. Columns: (1) shows 
the  compound names. In those cases where no common compound name was available, the DTP 
plate number is shown; the full chemical name appears in the text. (2) shows the compound struc-
tures; (3) NSC no., the NSC number is a numeric identifier for substances submitted to the National 
Cancer Institute (NCI) for testing and evaluation. It is a registration number for the Developmental 
Therapeutics Program (DTP) repository. NSC stands for National Service Center.  (4) Mw, molecu-
lar weight, (5) IC50 CK2α (μM), (6) IC50 CK2α2β2 (μM), (7) ratio of CK2α/CK2α2β2
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7  Characterization of the CK2 Inhibiting Compounds

7.1  Compounds with IC50 Ratios of CK2α/CK2 
Holoenzyme >1

7.1.1  Coumestrol, NSC 22842

Coumestrol is a known phytohormone which has recently been shown to suppress 
HIF-1α by inhibiting ROS-mediated sphingosine kinase 1 in hypoxic PC-3 prostate 
cancer cells [17].

Liu et al. [18] identified coumestrol when screening the NCI’s natural product 
library. It turned out to be a reversible ATP-competitive CK2 inhibitor with an IC50 
value of 0.228 μM in good agreement with the IC50 value of 0.19 μM which we 
obtained for the holoenzyme (Table 1).

Coumestrol inhibited cancer cell growth partially through downregulation of 
CK2-specific AKT phosphorylation.

Of interest was the observation by Lee et al. [19] that coumestrol induces senes-
cence through protein kinase CK2 inhibition-mediated ROS production in human 
cancer cells.

We show here that coumestrol has the lowest IC50 for the CK2 holoenzyme, 
among the compounds shown in Table 1. The IC50 value for the catalytic subunit 
was 15 times higher, i.e., 2.7 μM. Results from structural studies involving the cata-
lytic CK2α subunit and the CK2 holoenzyme together with coumestrol could per-
haps explain the remarkable differences seen between the two IC50 values and lead 
to more insight about possible allosteric binding sites on CK2 molecules.

7.1.2  Naganol (Suramin/Germanin), NSC 34936

Naganol is a clinically prescribed drug for the treatment of human African trypano-
somiasis, cancer, and infection. Despite its importance in clinical and basic research, 
the biological actions of this molecule are still incompletely understood.

Naganol shows an IC50 value of 0.25 μM for the holoenzyme and 0.75 μM for 
the catalytic CK2α subunit.

There is one report showing that naganol/suramin inhibits DNA-dependent pro-
tein kinase activity with an IC50 of 1.7 μM. Inhibition of DNA-PK sensitizes cells 
to ionizing radiation, e.g., under cancer treatment. Together with our observations 
that naganol inhibits the antiapoptotic protein kinase CK2, one may conclude that it 
is a promising compound also for cancer treatment.

Moreover, with a molecular mass of 1,429 Da, it is the largest molecule that has 
been identified during our screening [20, 21].
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7.1.3 Resorufin, NSC 12097

This compound has been described by [22] as a CK2 inhibitor showing a similar 
IC50 ratio as observed with naganol, i.e., 2.73. However, the potency is five times 
less. Klopffleisch et al. [23] showed co-crystallization of CK2α and resorufin. The 
results obtained suggested that resorufin penetrates relatively deeply into a region of 
the ATP-binding site that is typically blocked by a conserved water molecule [24]. 
Obviously, resorufin binding requires no clearly defined hydrogen bonds to the 
enzyme matrix, in particular not to the hinge/αD region.

A curious feature of the crystal packing of the CK2α-resorufin complex that was 
not found in any other human or maize CK2α crystal form is an “arginine zipper,” 
i.e., a set of six alternating arginine side chains from two symmetry-equivalent 
enzyme subunits. To our knowledge, such an extended motif as the arginine zipper 
has not been described before.

7.1.4 Boldine, NSC 65689

Boldine is the major and most characteristic alkaloidal constituent of the boldo tree 
(Peumus boldus Mol. and Lindera aggregata). Boldine is an effective antioxidant in 
both biological and non-biological systems [25, 26] and protects against free 
radical- induced lipid peroxidation or enzyme inactivation. In addition, it has alpha- 
adrenergic antagonist activities in vascular tissue, and it has also been reported to 
have hepatoprotective, cytoprotective, antipyretic, and anti-inflammatory effects. 
Only recently, it has been shown that boldine inhibited cell growth and cell cycle 
arrest, and it appears to be linked to the inactivation of ERK and AKT activity in
T24 human bladder cells [27]. The fairly low IC50 values for CK2 inhibition, i.e., 
0.7 and 1.7 μM for the holoenzyme and the catalytic α-subunit, respectively, suggest 
that the observed therapeutic effects of boldine for the treatment of urinary bladder 
cancer may also partly be explained by CK2 inhibition, an interesting molecule 
worthwhile to be pursued.

7.1.5 B8-4722, NSC 134674

4,5,6,7-Tetrachloro-benzotriazole

This compound has not been shown so far to be a protein kinase inhibitor. The com-
pound has been shown to have virus-inhibitory activity, e.g., influenza B virus mul-
tiplication [28]. We have identified B8-4722 to inhibit CK2 holoenzyme with an 
IC50 of 2 μM and the CK2α with an IC50 of 4.72 μM.
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7.1.6 Galloflavin, NSC 107022

Galloflavin has been shown to interfere with lactate dehydrogenase (LDH) activity
[29]. Galloflavin induces death in human breast cancer cells by affecting distinct 
signaling pathways [30]. Moreover, the suppression of LDH activity was accompa-
nied by MYC downregulation in Burkitt lymphoma cells through the inhibition of 
Sirtuin-1 (SIRT1) [31].

This observation was very interesting since CK2 has been shown to phosphory-
late SIRT1 [32]. Moreover, it was shown that CK2 is the regulator of SIRT1 
substrate- binding affinity, deacetylase activity, and cellular response to DNA dam-
age [33]. The inhibition of CK2 induces p53-dependent cell cycle arrest in glioblas-
toma cells through SIRT1 inhibition [34]. Hence, our finding that galloflavin is a 
CK2 inhibitor for both CK2α and CK2 holoenzyme with fairly good IC50 values 
makes it a promising compound with therapeutic potential. The obtained IC50 val-
ues for CK2α and the holoenzyme were 0.39 and 0.2 μM, respectively. Obviously, 
one compound can affect totally different molecules such as LDH and a protein
kinase such as CK2.

7.2  Compounds with IC50 Ratios of CK2α/CK2 
Holoenzyme <1

7.2.1 Stictic Acid, NSC 13091250

Stictic acid is an aromatic organic compound, a product of secondary metabolism in 
some species of lichens. Stictic acid is the subject of medical research in cancer. 
Researchers showed that stictic acid extracted from Antarctic lichens has cytotoxic 
apoptotic effects on hepatocytes [35]. Subsequent cancer research results revealed 
that the compound has tumor-suppressing effects via action on mutant p53 proteins 
in cancer cells [36]. In this context, it is interesting to note that p53 is a well-known 
substrate for CK2 which is modulating p53 activity.

Other authors report on antioxidant activities associated with stictic acid deriva-
tives from the lichen Usnea articulata [37].

7.2.2 G11-4726, NSC 156563-L/2

(4Z)-4-[[4-(carboxymethyl)phenyl]hydrazinylidene]-3-oxonapthalene-2-
carboxylic acid

The IC50 values obtained for the CK2α and CK2 holoenzyme were 1.3 and 1.60 μM, 
respectively. No protein kinase-associated results were found in the literature.
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7.2.3 H11-4245, NSC 348402

4-(6-Thioguanine)-7-nitro-2, 3-benzoxadiazole

This compound has relatively high IC50 values of 2.5 and 7.7 μM for CK2α and the 
holoenzyme, respectively. The ratio is 0.33. So far, it has not been described to be a 
kinase inhibitor or having effects on cellular signaling.

7.2.4 Fisetin, NSC 407010

Fisetin has been described as a CK2 inhibitor [5]. These authors found an IC50 of 
0.35 μM. We have identified fisetin to inhibit CK2α with an IC50 of 0.16 μM and 
the CK2 holoenzyme with an IC50 of 1.19 μM.

Yet, fisetin has also been shown to target MAPK and NF-κB signaling pathways 
[38]. Moreover, it was identified as a novel dual inhibitor of PI3K/AKT and mTOR 
[39, 40]. Fisetin induces apoptosis in tumor cells through ERK1/2-mediated activa-
tion of caspase-dependent pathways. There are a number of reports describing the 
involvement of this flavonoid in inflammation [41], in activation of ROS/AMPK 
signaling [42], and in regulating obesity by targeting mTORC1 signaling [43]. The 
many observed effects fisetin has on the different cellular targets make it difficult to 
assign it a specific function, even if only focusing on one class of molecules such as 
protein kinases.

7.2.5 Hypericin, NSC 407313

Hypericin and its derivatives have been extensively studied mainly for their antitu-
mor, antiviral, and antidepressant properties. Notably, hypericin is one of the most 
potent natural photodynamic agents derived from St. John’s wort.

Hypericin causes the generation of ROS; it is antiangiogenic and involved in 
multiple molecular pathways (intrinsic/extrinsic apoptotic pathways) and ERK
inhibition (for review [44]).

We found IC50 values for hypericin of 1 and 7.5 μM for CKα and the holoen-
zyme, respectively. The role of CK2 inhibition by hypericin is difficult to assess 
since no cellular experiments are available.

However, most of the investigations are associated with its photodamage proper-
ties [45–47].

7.2.6 Pomiferin, NSC 5113

Pomiferin is a prenylated isoflavonoid from Maclura pomifera.
Isoflavones possess strong antioxidant activities inasmuch as they inhibit the pro-

duction of ROS (reviewed in [48]). It has also been shown to increase the  production 

T.D. Rasmussen et al.



331

of reactive oxygen species in mouse macrophages [49]. Antiproliferative activity of 
pomiferin was shown in normal and transformed breast epithelial cells [50].

Recently, pomiferin has been shown to be a histone deacetylase inhibitor at low 
micromolar concentrations (IC50 approx. 1 μM) and to inhibit growth of different 
human cancer cell lines, e.g., kidney, lung, prostate, breast, or colon cancers without 
affecting the growth of primary human hepatocytes [51].

Pomiferin has also been identified as a novel mTOR and translation inhibitor [52].
We have identified pomiferin as a CK2 inhibitor. The IC50 for the CK2α subunit 

was determined with 4 μM and is in the range of the IC50 value found for histone 
deacetylase (1 μM). To our surprise, the IC50 value for the CK2 holoenzyme was 
63 μM, approx., 15 times higher than that for the catalytic subunit (Fig. 4a). Since 
the holoenzyme is the predominant CK2 molecule in the cell, the effect of pomiferin 
on endogenous CK2 activity should be only marginable.

However, because of the large differences in the IC50 values, pomiferin is cer-
tainly an interesting molecule for structural studies when exploring potential allo-
steric binding sites on the two CK2 molecules.

7.2.7 Nortangeretin, NSC 76988

Nortangeretin (5,6,7,8,4′-pentahydroxyflavone) is a citrus flavonoid known to exhibit 
remarkable cytotoxicity to leukemia cells [53]. Other pentahydroxyflavones such as 
quercetin, morin, and taxifolin have been shown to inhibit protein kinase CK2 holo-
enzyme [5]. The published IC50 values for these three compounds were determined 
as 0.55, 10, and 29 μM, respectively. We found IC50 for nortangeretin of 0.34 μM for 
CK2α and 15 μM for the holoenzyme. Hence, nortangeretin exhibits a high IC50 
value such as that determined for the pentahydroxyflavones morin and taxifolin for 
the holoenzyme [5]. Unfortunately, no IC50 data for the catalytic subunit have been 
published for morin and taxifolin, so that we cannot assess whether the large differ-
ence seen in IC50 values between CK2α and the CK2 holoenzyme is a characteristic 
of pentahydroxyflavones. In any case, there are many data available on quercetin and 
its many features such as anti-ROS activity and growth inhibition [54–58].

8  The Role of CK2β

The role of the CK2β dimer within the tetrameric holoenzyme structure has been 
closely investigated [59]. Mutations in the acidic amino acid stretch 55–59 led to 
autophosphorylation and phosphorylation of the β-subunit [60]. CK2β mutants 
lacking the acidic amino acids at position 55–57 showed >25-fold stimulation of the 
catalytic subunit [61].

CK2 downregulation and activation by polybasic peptides were shown by [62]. 
Moreover, with the elucidation of the holoenzyme structure [59] and subsequent 
investigations on the structural interactions between CK2α and CK2β, important 
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information was gathered concerning the special function of CK2β within the tetra-
meric holoenzyme structure [63, 64].

In the same vein, one could imagine that the β-subunit may influence enzyme 
activity when a small molecular compound binds to the holoenzyme and it would 
not come to a surprise if the binding to the catalytic subunit alone could lead to dif-
ferent IC50 values. In our present investigation, the compound with the highest 
IC50 value for the holoenzyme identified throughout our investigations was pomif-
erin with an IC50 value which is about 15 times higher than that found for the cata-
lytic subunit alone. Here, the β-subunit obviously “protects” against pomiferin 
action. On the other side of the ranking, we have identified coumestrol which inhib-
its the holoenzyme with an IC50 of 0.19 μM in comparison to the catalytic α-subunit, 
where we determined an IC50 of 2.7 μM. Here, the β-subunit does not “protect” 
against kinase activity inhibition by coumestrol.

The majority of today’s kinase inhibitors are ATP selective (type I inhibitors) 
which makes most of them not very selective. An alternative type of inhibitors 
would be allosteric inhibitors. Some of our results are indicative for compound- 
induced allosteric changes affecting the catalytic activity via binding to the β-subunit 
similar as reported by [65]. In silico modeling could be helpful in supporting these 
notions.

9  Compound Selection

As already mentioned previously, the CK2 holoenzyme is the major form in the cell. 
Hence, inhibitors with lower IC50 values for the CK2 holoenzyme would be prefer-
able for in vitro and in vivo studies. Therefore, coumestrol (0.19 μM), galloflavin 
(0.2 μM), naganol (0.25 μM), and boldine (0.7 μM) are the compounds of choice 
because of their specificity for the CK2 holoenzyme (Table 1).

We have also performed further investigations applying the compounds in cell 
cultures using the two glioblastoma cell lines M059J and M059K, which are iso-
genic cell lines isolated from a surgical sample obtained from a patient with 
untreated glioblastoma multiforme (see http://www.lgcstandards-atcc.org). The 
M059J cell line lacks DNA-PKcs, making the cells severalfold more sensitive to 
ionizing radiation and radiomimetic drugs than M059K. The aim of the experiment 
treating both cell lines with resorufin was to see whether the inhibition of protein 
kinase CK2 is more evident in the M059J cells. The reason for our assumption was 
based on earlier observations by [66] who showed that CK2α′ is significantly 
increased both at the protein and mRNA level with a concomitant increase in CK2 
activity in DNA-PKcs-deficient M059J cells. Results were described in [67], where 
it was postulated that CK2α′ associates with CK2β to form CK2α′β2 trimeric com-
plexes which might be less “stable” than the tetrameric CK2α-based holoenzyme. 
One can speculate that the trimeric complexes are more vulnerable toward CK2 
inhibitors targeting the ATP-binding site, e.g., resorufin.
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Figure 3 shows the results with the glioblastoma cell lines M059J and M059K 
after resorufin treatment.

In Fig. 3a, we show MO59J cells treated with increasing concentrations of reso-
rufin. CK2 activity is decreasing in a dose-dependent manner. There is no distinct 
drop in activity up to 15 μM. At 25 μM resorufin, the activity drops to 20 % and 
remains more or less constant up to 100 μM.

The isogenic M059K cell line behaves distinctively different. Here, CK2 activity 
drops to 60 % of that what was observed in the untreated control and remains at that 
level up to 100 μM resorufin (Fig. 3b). According to the results obtained by [66], we 
postulate the presence of a larger number of CK2α′ holoenzyme molecules in 
M059J cells which would render these cells more vulnerable against CK2 inhibitor 
treatment in comparison to M059K cells. Indeed, that is what we observed (Fig. 3a). 
Janeczko et al. [14] who have performed a thorough Ki determination of five differ-
ent CK2 complexes using different protein substrates found in all cases an up to 
nine times lower Ki value for the α′-based holoenzyme than for the α-holoenzyme. 
This is supporting our hypothesis that cell lines with higher CK2α′-based holoen-
zyme are more sensitive to inhibitor treatment.

0

30

60

90

120

0 5 10 15 25 50 100

%
 o

f 
co

nt
ro

l

Resorufin (µM)

M059J

0

30

60

90

120

0 25 50 100

%
 o

f 
co

nt
ro

l

Resorufin (µM)

M059K

a

b

Fig. 3 Kinase activity determination of CK2 from whole cell lysates derived from (a) M059J and 
(b) M059K human glioblastoma cell lines in the presence of increasing concentrations of resoru-
fin. Inhibition is expressed in percentage relative to control assays performed in the absence of 
inhibitor
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We also tested pomiferin, a compound with more than one order of magnitude 
lower IC50 value for CK2α (IC50 4 μM) compared to CK2 holoenzyme (IC50 
63 μM) (Fig. 4a) for cell morphology and adhesion (Fig. 4b).

Both cell lines responded almost equally up to 10 μM pomiferin. A drastic loss 
of cell adhesion occurred at a concentration of 25 μM pomiferin (Fig. 4b). In the 
case of the M059K cells, the effect of 25 μM pomiferin treatment was less pro-
nounced (Fig. 4b) supporting the notion that the aforementioned differences in the 
CK2α′ holoenzyme complexes might explain the observed results.

Cells were treated with increasing concentrations (i.e., up to 25 μM) of pomif-
erin, hypothesizing that a concentration of 25 μM would be sufficient to inhibit the 
predominant CK2α′ holoenzyme complexes present in the M095J cells. The results 
in Fig. 4c show no difference in CK2 activity between the two cell lines.

A possible explanation could be that the 25 μM concentration was too low to 
inhibit endogenous CK2 complexes or that the binding to the complex is reversible 
in cellular lysates.

Hence, it is possible that off-targets affected by pomiferin may explain the “adhe-
sion” results seen in Fig. 4b. Pomiferin has also been shown to be a histone deacety-
lase inhibitor [51]. An overview of the treatment results with respect to CK2 activity 
in cancer cell lines is shown in Table 2. Here, we show the effect of resorufin, 
coumestrol, fisetin, and pomiferin on various cancer cell lines. Resorufin inhibits 
CK2 activity in HTC116 cell by 40 % and in prostate carcinoma cell lines by 70 % 
inhibition. Cell line-dependent inhibition was already previously shown by [68] 
where PC-3 cells were less responsive toward cisplatin treatment than other prostate 
carcinoma cell lines. Similar results were reported by Yde et al. [69] with respect to 
breast carcinoma cell lines.

10  Conclusion

The sequence of events in order to find potential kinase targets by screening com-
pound libraries involved the following steps: (1) identification of a protein kinase 
inhibitor from screening suitable compound libraries for example such as the ones 
provided by DTP/NCI, (2) testing identified positive compounds in various cell 
lines  using established biomarkers, (3) selectivity screen against a kinase panel and 
(4) in vivo testing in animals.

We believe from our own and others’ results that screening for one target usually 
identifies compounds which additionally target also other molecules and pathways, 
e.g., involved in angiogenesis and proliferation, and which have antiapoptotic prop-
erties. This is what one would like to achieve finally. Our personal view of a “magic 
bullet” is circumstantial. We believe that it is more desirable to have compounds with 
defined mechanisms irrespective of the number of molecules involved. Importantly, 
they should interfere successfully with targets responsible for the  disease process.

Finally, the ideal chemopreventive agent should have no/low toxicity, oral avail-
ability, known mechanism, and low cost.
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respectively. Radioactive-based kinase assays were performed in the presence of increasing con-
centrations of pomiferin. Kinase inhibition is expressed in percentage relative to the lowest con-
centration of compound tested, i.e., 0.1 μM. (b) Phase contrast microscopy pictures of M059K and 
M059J cells left untreated (control) or incubated with increasing concentrations of pomiferin for 
24 h. Pictures were taken at 400× magnification. (c) Whole protein lysates from cells left untreated 
or treated as described above were subjected to radioactive-based protein kinase assays in the pres-
ence and absence of 150 mM NaCl, respectively. Kinase activity is expressed in percentage relative 
to the assays performed in the presence of DMSO and whole protein extract from untreated cells
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      CK2 Inhibitors and the DYRK Family 
Protein Kinases 

             Yoshihiko     Miyata    

    Abstract     CK2 is a ubiquitous and pleiotropic Ser-/Thr-targeting acidophilic protein 
kinase. CK2 plays an important role in the aberrant proliferation of malignant cancer 
cells. Because of constitutive activity of CK2, its inhibitors have been widely used to 
analyze the physiological function of CK2 in cellular systems. In addition, CK2 inhibi-
tors are regarded as promising cancer chemotherapeutic candidates. Recently, several 
commonly used CK2 inhibitors have been shown to suppress DYRK (dual-specifi city 
tyrosine-phosphorylation-regulated protein kinase) family protein kinases. Thus, the 
results obtained with conventional CK2 inhibitors should be carefully interpreted con-
sidering their effects on DYRKs. In this chapter, after an introductory section on CK2 
and its inhibitors, the structures and activation mechanism of DYRK family protein 
kinases are portrayed. DYRK1A is one of the pivotal factors encoded in Down’s syn-
drome critical region on human chromosome 21, and dysregulation of DYRK1A may 
be a molecular basis of various phenotypes observed in Down’s syndrome patients. 
Substrates, physiological function, binding partners, regulatory mechanisms, and CK2 
inhibitor sensitivities of DYRK1A are described in detail. Finally, the biological and 
clinical importance of CK2 and DYRK1A as therapeutic targets will be discussed.  

  Keywords     CK2   •   DYRK1A   •   Phosphorylation   •   Protein kinase   •   Inhibitor   •   Down’s 
syndrome   •   TBB   •   Cancer chemotherapeutics   •   NFAT   •   Leukemia  

1         CK2 and Its Inhibitors 

1.1     Protein Kinase CK2 

 CK2 (previously misleadingly called as “casein kinase 2”) is a ubiquitous serine-/
threonine-specifi c protein kinase [ 1 – 6 ] which was discovered many decades ago as 
a major responsible enzyme for protein phosphorylation. CK2 is a tetrameric 
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enzyme consisting of two α- and/or α′-catalytic subunits and two accessory 
β-subunits that dimerize to bring two catalytic subunits together. CK2 preferentially 
phosphorylates Ser/Thr residues that are followed by a cluster of acidic amino acids; 
thus, CK2 is categorized in the “acidophilic” protein kinase class. This is a sharp 
contrast to other classical AGC group “basophilic” protein kinases, including PKA 
and PKC. Many signaling protein kinases belonging to the CMGC group such as 
mitogen- activated protein kinases (MAP kinases) and cyclin-dependent kinases 
(CDKs) specifi cally phosphorylate Ser/Thr residues followed by a Pro residue; thus, 
they are categorized as “Pro-directed” protein kinases. CK2 shares a common root 
with CMGC group protein kinases in the phylogenic tree (Fig.  1 ), but the amino 
acid sequence of the catalytic domain of CK2 is only distantly related to other 
CMGC kinases. CK2 plays essential and pivotal roles in many physiological systems 
by phosphorylating a wide variety of more than 300 cellular proteins [ 7 ]. In fact, 
phospho-proteomic analyses suggest that CK2 alone may be responsible for more 
than 20 % of the eukaryotic protein phosphorylation sites [ 8 ,  9 ]. However, even 
after the long history of CK2 studies, it remains unclear how CK2 activity is regu-
lated in cells. CK2 activity is readily detectable in extracts of cells and tissues with-
out any stimulation. In contrast to many other protein kinases that require activating 

  Fig. 1    A phylogenic tree of CMGC group Pro-directed protein kinases and CK2α. Similarity of 
amino acid sequences of the catalytic domains of indicated kinases was analyzed using the fi xed 
distance scale UMGMA method. CK2 and DYRK family protein kinases are  colored        
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low-molecular-weight factors, no pivotal factor that directly activates CK2 in cells 
is revealed to date. Signaling protein kinases are often positively or negatively con-
trolled by binding to regulatory partner subunits. The β-subunit of CK2 confers 
substrate specifi city in CK2 holoenzyme and CK2β is required for optimal phos-
phorylation of certain substrates [ 4 ,  10 ,  11 ]. However, the catalytic CK2α/α′ alone 
seems to be able to phosphorylate most of CK2 substrates. Many signaling protein 
kinases are regulated by phosphorylation with upstream “kinase kinases.” Several 
protein kinases, including Cdc2, Src, ERK2, and Akt, have been reported to phos-
phorylate CK2 [ 12 – 15 ], but none of these kinases seems to be absolutely required 
for CK2 activity. All the evidence suggests that the regulatory mechanism of CK2 
activity is different from that of other well-characterized signaling protein kinases 
whose activities are responsive to cellular stimulations. Therefore, CK2 has been 
often suggested to be “constitutively active.” On the other hand, CK2 activity is 
upregulated in highly malignant cancer cells [ 16 ,  17 ]. CK2 activity is intimately related 
to the cell cycle [ 18 – 20 ] and modulated during the circadian rhythm [ 21 – 23 ]. In 
addition, CK2 plays an important role in mediating Wnt/β-catenin signaling [ 24 ]. 
These facts altogether indicate that there should be a precise control mechanism for 
CK2 in cells, despite its constitutive activity when isolated.   

1.2     CK2 Inhibitors 

 CK2 inhibitors have been widely used both in vivo and in vitro to examine the physi-
ological role of CK2. CK2 activity has long been known to be strongly inhibited by 
polyamines such as heparin, and thus the heparin sensitivity has been regarded as a 
Merkmal for CK2 [ 25 ], but high molecular weights and the highly negatively charged 
nature of such polyanions limit their applicability to intact cells and bodies. In fact, 
heparin does not enter into the cells and also it shows many physiological effects on 
cells other than CK2 inhibition: therefore, it can only be used as a specifi c CK2 
inhibitor in in vitro studies. Several protein kinase inhibitors, including emodin [ 26 ], 
quercetin [ 27 ], and apigenin [ 28 ,  29 ] suppress CK2 activity (Table  1 ); however, they 
are rather classifi ed as general ATP-competitive ligands that inhibit a large number of 
protein kinases other than CK2. One of the fi rst clues of a highly specifi c CK2 inhibi-
tor came from a fi nding that DRB (5,6-dichloro-1-β-d - ribofuranosylbenzimidazole), 
an inhibitor of eukaryotic mRNA transcription, inhibits in a parallel manner the 
activity of CK2 [ 30 ]. A screening of derivatives of DRB identifi ed several com-
pounds that showed higher specifi city for CK2 among other protein kinases known 
those days. The most widely used inhibitor for CK2 in the scientifi c literatures may 
be 4,5,6,7-tetrabromobenzotriazole (TBB), which was described as a potent and spe-
cifi c inhibitor for CK2 from yeast and mammalian sources in 1995 [ 31 ]. As of June 
2014, more than 70 publications using TBB as a CK2 inhibitor are included in the 
PubMed database, and TBB still continues to be used as a specifi c CK2 inhibitor. 
TBB strongly inhibits CK2 ( K   i   = 120 nM) but not another ubiquitous acidophilic 
kinase CK1. This is an advantage of TBB, because some previous CK2 inhibitors 
such as DRB showed almost comparable inhibition of CK1.
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   Recently, because many more kinases are available to examine the effects and 
specifi cities of protein kinase inhibitors, it is now apparent that the specifi cities of 
some of conventional CK2 inhibitors seem to be inadequate for cell biological and 
clinical purposes. Notably, many of the commonly used CK2 inhibitors, including 
DRB, TBB, TBBz (4,5,6,7-tetrabromo-1H-benzimidazole), IQA ([5-oxo-5,6-
dihydro- indolo(1,2-a)quinazolin-7-yl]acetic acid), and DMAT (2-dimethylamino- 
4,5,6,7-tetrabromo-1H-benzimidazole), were revealed to inhibit DYRK family 
protein kinases as well (Table  1 ). Therefore, the results obtained with these conven-
tional CK2 inhibitors should be carefully reinterpreted considering their effects on 
DYRK family protein kinases. In the following sections, a concise description on 
DYRK family protein kinases will be presented to be of help for those who are 
interested in and investigating CK2.   

2     DYRK Family Protein Kinases 

2.1     Structures of DYRK Family Protein Kinases 

 DYRK (dual-specifi city tyrosine-phosphorylation-regulated protein kinase) family 
protein kinases belong to the CMGC protein kinase group that also includes MAP 
kinases and CDKs (Fig.  1 ). In mammalian species, the DYRK family consists of 

      Table 1    Inhibitors for CK2 
and DYRK1A. IC 50  (µM) or 
% remaining activities 
collected from literatures are 
shown  

 CK2  DYRK1A 

 Staurosporine  19.5  0.012 
 Emodin  0.9–2.0  4.2 
 Quercetin  19 % at 20 µM  21 % at 10 µM 
 Apigenin  30  15 % at 10 µM 
 NBC  0.37  15 
 dNBC  32  0.6 
 DRB  6–10  19 % at 10 µM 
 IQA  0.39  50 % at 10 µM 
 DMAT  0.15  0.12 
 DMAT  7 % at 10 µM  5 % at 10 µM 
 TBB  0.15–1.6  1–4.4 
 TBB  6 % at 10 µM  4 % at 10 µM 
 TBBz  10 % at 10 µM  3 % at 10 µM 
 CX-4945  0.001–0.003  5 % at 0.5 µM for DYRK2 
 Harmine  >10  0.034 
 Leucettine L41  0.32  0.012 

  Note that the data were obtained in different systems with different 
ATP concentrations and different kinase sources  
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fi ve members, including DYRK1A, DYRK1B, DYRK2, DYRK3, and DYRK4. 
According to the amino acid sequence similarity, DYRK1A and DYRK1B are cat-
egorized into “type 1” DYRKs, whereas DYRK2, DYRK3, and DYRK4 are “type 
2” DYRKs. All DYRK family protein kinases share a homologous protein kinase 
catalytic domain in the center of their amino acid sequences (Fig.  2 ). The amino 
acid identity in the kinase domain is highest between DYRK1A and DYRK1B 
(85 %) and then between DYRK2 and DYRK3 (79 %). On the other hand, the amino 
acid identities between type 1 and type 2 DYRKs in the catalytic domain do not 
exceed 50 % (Fig.  2 ). All DYRKs possess characteristic N-terminal and C-terminal 
domains. DYRK1A and DYRK1B share two regions in their N- and C-terminal 
domains with amino acid identities of 71 % and 34 %, respectively. On the other 
hand, all the type 2 DYRKs share in their N-terminal domain a homologous region 
that is not observed in type 1 DYRKs. Finally, DYRK2 and DYRK3 have in com-
mon a similar C-terminal domain with 41 % amino acid identity (Fig.  2 ). DYRK1A 
is ubiquitously expressed in many species in multiple tissues and rich in testis and 
heart [ 32 ]. On the other hand, other DYRKs expressed mostly in testis [ 32 ]. 
DYRK1A has been most intensively studied so far; therefore, this chapter focuses 
mostly on DYRK1A. The detailed description of other members of DYRKs can be 
obtained in several review articles [ 33 – 36 ].   

  Fig. 2    A schematic illustration of the DYRK family protein kinase structures. Amino acid identi-
ties in the N-terminal, kinase catalytic, and C-terminal domains of the fi ve DYRK members with 
amino acid numbers are shown       
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2.2     Activation Mechanism of DYRK1A 

 Many CMGC group protein kinases contain a phosphorylation site in the activation 
loop region between the protein kinase subdomains VII and VIII. Phosphorylation 
of the activation loop by an upstream kinase is essential for the optimal activity of 
these kinases. For example, conventional MAP kinases, including ERK1/2, 
JNK|SAPK, and p38, encode a TXY motif in the activation loop, and phosphoryla-
tion of both the Thr and Tyr residues in the motif by upstream activating kinases, 
MAP kinase kinases (MAPK kinase, or MEK), activates the MAP kinases. DYRK 
family protein kinases contain a YXY motif in the corresponding region of the acti-
vation loop. Instead of being phosphorylated by an activating upstream kinase, 
DYRK1A phosphorylates the Tyr in the motif by a  cis -autophosphorylation mecha-
nism [ 37 ]. This autophosphorylation is required for the full activity of DYRK1A; a 
replacement of Tyr in the region by a non-phosphorylatable amino acid signifi cantly 
obstructs the protein kinase activity of DYRK1A. In addition, it was proposed that 
the autophosphorylation of DYRKs occurs during the polypeptide translation and 
plays an important role in switching the kinase from the autophosphorylating Tyr- 
kinase into a Ser/Thr kinase toward exogenous substrates [ 38 ]. A recent analysis 
modifi ed the scheme and it is proposed that DYRK1A is in a structural equilibrium 
between the Tyr-autophosphorylating kinase and the Ser-/Thr-targeting kinase and 
that the Tyr-autophosphorylation stabilizes the conformation suitable for the Ser-/
Thr-targeting kinase activity in the equilibrium [ 39 ]. The involvement of molecular 
chaperones has been reported in the maturation process of GSK3β [ 40 ]. Similarly, 
molecular chaperones may play a role in the conformational regulation of DYRKs. 

 Just like CK2, it seems that DYRK1A does not require a cofactor, upstream acti-
vating kinases, or an associating subunit for its activity, and it is “constitutively 
active” after translation and Tyr-autophosphorylation. A possibility cannot be 
excluded, however, that phosphorylation of DYRK1A by other kinases modulates 
its activity. In addition, there should be binding partners of DYRK1A that control 
the activity, stability, and localization of DYRK1A in cells (see Sect.  4 ).  

2.3      Substrates for DYRK1A 

 Substrate specifi cities of DYRKs have been determined using peptide-based in vitro 
assays [ 32 ,  41 ,  42 ]. Although there may be slight specifi city differences between the 
members, DYRKs in common preferentially phosphorylate Ser/Thr residues fol-
lowed by a Pro. Therefore, DYRKs can be categorized into the Pro-directed protein 
kinases as many other CMGC group kinases. In addition, DYRK1A effi ciently 
phosphorylates Ser/Thr residues with Arg at the –3 position and Pro at the –2 posi-
tion, resulting in the optimal recognition sequence of RPX[ST]P [ 41 ]. This is strik-
ingly different from the phosphorylation consensus sequence of CK2, [ST]
XX[DEpSpTpY]; therefore, most of CK2 phosphorylation sites in proteins might 
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not be phosphorylated by DYRK1A, except in rare cases that a sequence fulfi lls the 
optimal substrate consensus for both CK2 and DYRK1A. 

 The number of reported DYRK1A substrates has been rapidly increasing in the 
last decade. The list of DYRK1A substrates includes eIF2B [ 43 ], microtubule- 
binding protein tau [ 43 – 46 ], splicing factor SF3b1|SAP155 [ 47 ], caspase 9 [ 48 ,  49 ], 
glycogen synthase [ 50 ], CRY2 [ 51 ], cyclin L2 [ 52 ], DSCR1|RCAN1 [ 53 ], and several 
transcription factors, including STAT3 [ 37 ,  54 ], CREB [ 55 ], FKHR [ 56 ], Gli1 [ 57 ], 
and NFAT [ 58 ,  59 ]. The best characterized DYRK1A substrate, NFAT (nuclear 
factor of activated T cells), locates in the cytosol when phosphorylated and hence 
transcriptionally inactive. After dephosphorylation by a Ca 2+ -activated phosphatase 
calcineurin, NFAT translocates to the nucleus and cooperates with multiple tran-
scription factors to regulate the target gene expression. Nuclear NFAT protein is 
phosphorylated by several protein kinases including DYRK1A and translocates 
back to the cytosol [ 58 ,  59 ]. Therefore, DYRK1A is a negative regulator of NFAT- 
dependent signaling process.  

2.4      Physiological Function of DYRK1A 

 Among the fi ve members of DYRKs, DYRK1A has attracted most extensive attention, 
not only because of its ubiquitous expression but also because of its pivotal role in 
pleiotropic phenotypes observed in Down’s syndrome caused by chromosome 21 
trisomy. The analysis of partial trisomy cases suggested that Down’s syndrome crit-
ical region (DSCR) in chromosome 21 between 21q22.1 and 21q22.3 is responsible 
for Down’s syndrome caused by the trisomy. DSCR includes 33 genes, and 
DYRK1A is one of them [ 60 ,  61 ]. In fact, DYRK1A is overexpressed in Down’s 
syndrome patients [ 62 ,  63 ], and the analyses of mouse models suggested that over-
expression of DYRK1A is responsible for at least a part of pleiotropic phenotypes 
observed in Down’s syndrome patients [ 64 – 67 ], although other genes in chromo-
some 21 DSCR should also play a role.  Minibrain  is a mutant of  Drosophila  that 
exhibits a marked brain size reduction in the optic lobes and central hemispheres 
[ 68 ]. The responsible gene  mnb  was identifi ed, which encodes a fruit fl y homologue 
of DYRK1A [ 68 ]. These results indicate that DYRK1A plays an important role in 
developmental and functional regulation of neuronal cells from insects to human. 
In addition, triplication of DYRK1A is necessary and suffi cient in model mice to 
cause the structural and functional retinal alterations that are also observed in 
Down’s syndrome children [ 69 ]. Gene knockout mice of the major DYRK1A sub-
strate NFAT share various phenotypic alterations in facial structure, social interac-
tion, motor function, and cardiac morphogenesis, with patients as well as model 
mice of Down’s syndrome [ 59 ]. Altogether, DYRK1A is one of the pivotal factors 
encoded in DSCR and regulates many physiological functions of cells, and dysregu-
lation of DYRK1A leading to NFAT deactivation by hyper-phosphorylation may be 
a molecular basis of various phenotypes observed in Down’s syndrome patients. 
The functional importance of phosphorylation of other DYRK1A substrates in 
Down’s syndrome awaits further experimental evidence.   
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3      Effect of CK2 Inhibitors on DYRKs (See Table  1 ) 

 The human genome encodes more than 500 protein kinases, and recently the effect 
of conventional CK2 inhibitors has been tested on many more kinases than before. 
While most of CK2 inhibitors have no impact on most of protein kinases examined, 
DYRK family protein kinases are often strongly suppressed by conventional CK2 
inhibitors (Table  1 ). This is rather an unexpected result because the amino acid 
sequences of DYRKs are only distantly related to that of CK2 (Fig.  1 ). 

 IQA is an effective and selective CK2 inhibitor ( K   i   = 170 nM), and the structural 
details of the binding of IQA to CK2 were described by analyzing the CK2-IQA 
complex [ 70 ]. Examination of the effect of 10 µM IQA on a panel of 44 protein 
kinases indicated that most of the kinases other than CK2 (90 % inhibition) in the 
panel were not affected by IQA, except only one kinase, DYRK1A (50 % inhibi-
tion). Examination of 34 protein kinases for the effect of TBB and its derivatives 
resulted in a conclusion that TBB and 2-dimethylamino TBB (with better effi ciency 
in CK2 inhibition) signifi cantly inhibited DYRK1A, but not other kinases [ 71 ]. 
Pagano et al. examined a panel of 70 protein kinases for their sensitivity toward 
several conventional CK2 inhibitors [ 72 ]. While most of protein kinases tested were 
insensitive to 10 µM DMAT (93 % inhibition of CK2), it strongly inhibited the 
activity of DYRK1A (95 % inhibition), DYRK2 (94 % inhibition), and DYRK3 
(97 % inhibition). Several other protein kinases, including PKD1, PIM1/2/3, and 
HIPK2/3, were also inhibited by DMAT. The effect of TBB on the same expanded 
set of 70 protein kinases was also examined, and DYRK and PIM kinases were 
strongly inhibited [ 72 ]. Several other newly developed TBB derivatives also signifi -
cantly inhibited DYRK1A, whereas there are some compounds that showed only a 
modest inhibition of DYRK1A remaining suffi cient effi cacy in CK2 inhibition. 
Specifi c inhibition of CK2 without touching DYRK1A activity may be achieved if 
carefully selected compounds are used with appropriate concentrations. 

 Leucettines were originally developed as specifi c CLK and DYRK inhibitors, 
and leucettine L41 effectively suppressed all the members of DYRKs (IC 50  for 
DYRK1A = 10 nM), while many other Pro-directed kinases, including CDKs and 
ERKs, were not affected [ 73 ]. However, the activity of CK2 was strongly sup-
pressed by leucettine L41 (Table  1 ). Binding proteins for immobilized leucettine 
L41 were analyzed, and both DYRK1A and CK2 were found to specifi cally bind to 
the inhibitor [ 73 ]. These results further implicate the signifi cant overlap of the bind-
ing and inhibiting spectrum of inhibitors for CK2 and DYRK1A. 

 All of these analyses suggested that CK2 and DYRKs may share a common 
structural factor in the ATP binding pocket, which may accept a similar array of 
ATP-analogous competitive inhibitors. The amino acid sequence alignment of the 
kinase catalytic domains of CK2α and DYRK1A is shown in Fig.  3 . Both of the 
sequences have in common many characteristic amino acid motifs conserved in 
most of Ser/Thr kinases. In addition, there are several conserved amino acids 
between CK2α and DYRK1A, but it remains unclear which of them rule the sensitivity 
to shared inhibitors for both kinases.   
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4      Functional Regulation of DYRK1A by Cellular 
Binding Partners 

4.1     WDR68 

 To unveil the physiological function and regulation, the identifi cation of cellular 
binding partners for DYRK1A should be of potential importance. Several studies 
revealed that a WD40-repeat protein WDR68 is a major binding partner for 
DYRK1A and DYRK1B, but not for class 2 DYRKs [ 50 ,  74 – 76 ]. The amino acid 
sequence of WDR68 is extremely conserved among species from plant to human, 
and all known mammalian WDR68 sequences encode exactly the same 342 amino 
acids. WDR68 is essential for cell proliferation and cell survival in mammalian 
cultured cells [ 75 ]. WDR68 is one of the components of a ubiquitin-conjugating 

  Fig. 3    Alignment of amino acid sequences of the kinase catalytic domains of CK2α and 
DYRK1A. Identical amino acids are shown by “|” and similar amino acids are shown by “+.” 
Amino acids conserved in most of Ser/Thr kinases are indicated by “*”       
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enzyme DDB1-CUL4 complex [ 77 ], thus also called as DDB1-CUL4-associated 
factor 7 (DCAF7). The analysis of its amino acid sequence revealed that WDR68 
contains fi ve WD40-repeats; however, our computational structural analysis indi-
cates that WDR68 forms a seven-bladed β-propeller ring [ 78 ]. All of these facts sug-
gest that WDR68 plays a fundamental biological role in cells possibly by facilitating 
protein–protein interactions. Cellular localization of WDR68 is ubiquitous both in 
the cytoplasm and nucleus [ 75 ]. The cellular localization of WDR68 seems to be 
critical for its proper function, since mislocalization of WDR68 resulted in the devel-
opmental malformation of craniofacial structure in zebrafi sh [ 79 ]. Overexpression of 
DYRK1A induced nuclear accumulation of WDR68 [ 75 ]. Moreover, the molecular 
chaperone TRiC|CCT was essential for the DYRK1A- binding and nuclear accumu-
lation of WDR68 [ 78 ]. The balance between cytoplasmic and nuclear WDR68 distri-
bution may be precisely controlled, and DYRK1A should be a pivotal factor for the 
normal distribution and function of WDR68 in cells. The dysregulation of cellular 
localization of WDR68 by overexpressed DYRK1A might be a part of the molecular 
mechanism underlining the pleiotropic pathological alterations observed in Down’s 
syndrome patients.  

4.2     14-3-3 

 The 14-3-3 proteins are a family of regulatory molecules and participate in a wide 
range of cellular processes through binding to hundreds of structurally and function-
ally diverse proteins [ 80 ,  81 ]. 14-3-3 proteins recognize a sequence motif containing 
phospho-Ser/Thr in target proteins. 14-3-3 proteins were identifi ed as binding part-
ners of DYRK1A by a yeast two-hybrid screening [ 82 ,  83 ]. In yeast, a DYRK1A 
homologue Yak1p and a 14-3-3 homologue Bmh1/2p have been also shown to be 
associated together [ 84 ,  85 ]. 14-3-3 binds to either the N-terminal region of DYRK1A 
in a phosphorylation-independent manner or to the PEST domain near the C-terminal 
region after autophosphorylation of DYRK1A [ 82 ,  83 ]. The binding of 14-3-3 
modestly increased DYRK1A kinase activity in vitro, and the inhibition of the 14-3-3 
binding to DYRK1A by a small peptide decreased DYRK1A kinase activity. 
These results indicate that the 14-3-3 binding facilitates the protein kinase activity of 
DYRK1A.  

4.3     REST|NRSF 

 REST (RE1-silencing transcription factor)|NRSF (neuron-restrictive silencer factor) 
plays a pivotal role in neuronal differentiation process by modulating transcription 
of its target genes by binding to a specifi c DNA element, the repressor element 1 
(RE1)|neuron-restrictive silencer element (NRSE) [ 86 ,  87 ]. Target proteins for 
REST, including ion channels, synaptic proteins, and neurotransmitter receptors, 
have fundamental functions in neuronal cells. REST acts as a repressor of neuronal 
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differentiation and activates proliferation. REST is induced during normal aging in 
human neurons, but is lost in Alzheimer’s disease patients [ 88 ]. REST levels are 
closely correlated with cognitive preservation during aging, suggesting an impor-
tant role of REST in neuroprotection [ 88 ]. DYRK1A overexpression reduces REST 
protein levels by facilitating its ubiquitination and degradation [ 89 ]. DYRK1A 
interacts with a SWI/SNF complex that is known to bind to REST [ 89 ]. REST sta-
bility is regulated by phosphorylation-dependent ubiquitination by an E3 ligase; 
however, it remains unclear if DYRK1A directly phosphorylates REST. Altogether, 
the DYRK1A function in neural cell differentiation may in part be ascribed to its 
REST level regulation. On the other hand, REST can activate DYRK1A transcrip-
tion via a RE1|NRSE site in the human DYRK1A promoter [ 90 ], suggesting a nega-
tive feedback loop mechanism that precisely controls the expression levels of REST 
and DYRK1A. Dysregulation of the DYRK1A–REST combination may result in 
developmental as well as functional defects of neural system observed in Down’s 
syndrome patients.   

5     CK2 and DYRK1A as Therapeutic Targets 

5.1     CK2 Inhibitors as Cancer Chemotherapeutic Agents 

 Early observations suggested that CK2 could be activated by growth factors such as 
epidermal growth factor and insulin-like growth factor [ 91 – 93 ]; however, recent 
analyses indicated that this might not generally be the case [ 94 ,  95 ]. On the other 
hand, CK2 activity is recognized to be higher in rapidly proliferating cells [ 16 ,  17 ], 
and exogenous overexpression of CK2 in transgenic mice is tumorigenic [ 96 ]. CK2 
is thus implicated to play an important role in supporting the malignant growth of 
cancer cells and tumors. There are many known CK2 substrates that are involved in 
cell growth and proliferation; however, the detailed molecular mechanism of CK2- 
mediated cell proliferation is not yet fully revealed. CK2-dependent phosphoryla-
tion of Cdc37, a kinase-targeting co-chaperone for Hsp90, is essential for the folding 
and function of many Cdc37/Hsp90 client signaling kinases, including Cdk4 and 
Raf1 [ 97 – 100 ]. Therefore, phosphorylation of Cdc37 alone might signifi cantly con-
tribute to the important role of CK2 in cell growth and proliferation. CK2 is regarded 
as a promising molecular target for cancer chemotherapy, and many new-generation 
CK2 inhibitors have been recently developed. CX-4945 [Silmitasertib®] 
(5-((3- chlorophenyl)amino)benzo[c][2,6]naphthyridine-8-carboxylic acid) is a 
potent (Ki < 1 nM) and orally available ATP-competitive inhibitor with unprece-
dented specifi city for CK2α and CK2α′ catalytic subunits [ 101 ,  102 ]. CX-4945 has 
antiproliferative activity in multiple cancer cell lines, shows antitumor effi cacy in 
mouse models, and is under clinical trials for cancer chemotherapy [ 103 ,  104 ]. 
In phase I clinical trials, CX-4945 induced stable disease in 20 % of patients with 
different solid tumors, having promising pharmacodynamic and safety profi les. 
A combinatorial treatment with CK2 inhibitors and other chemotherapeutic agents 
might be also a valid therapeutic option.  

Inhibitors for CK2 and DYRK1A



352

5.2     Down’s Syndrome, Leukemia, and DYRK1A Inhibitors 

 Involvement of DYRK1A in tumorigenesis is rather complex. Adult Down’s syndrome 
individuals overexpressing DYRK1A show reduced tendency of most of malignant 
solid tumors of epithelial origin [ 105 ,  106 ]. This suggests that DYRK1A may have 
a tumor-suppressive function, but the molecular basis for this observation is not yet 
completely understood. It should be pointed out that DYRK family protein kinases 
have been proposed to play a role in promoting cell apoptosis [ 36 ], which is 
intimately involved in the exclusion of cancer cells in the body. On the contrary, 
children with Down’s syndrome have a markedly increased risk of developing both 
acute megakaryoblastic leukemia and acute lymphoblastic leukemia as compared 
with children who do not have Down’s syndrome [ 105 ,  106 ]. Therefore, DYRK1A 
could be proleukemic in children and antitumorigenic in adults. 

 The molecular mechanism behind this paradox is only partially fi gured out. In 
general, activation of the NFAT pathway is considered cancer promoting through 
several mechanisms [ 107 ]. The NFAT family proteins were originally discovered in 
T cells and shown to facilitate T cell activation and proliferation. In addition, NFAT 
pathway can enhance angiogenesis by activating transcription of VEGF (vascular 
endothelial growth factor). As describe in Sects.  2.3  and  2.4 , increased expression 
of DYRK1A suppresses NFAT function by the phosphorylation-dependent nuclear 
export of NFAT. DYRK1A, in cooperation with another protein DSCR1|RCAN1 
encoded in DSCR, suppresses VEGF-dependent endothelial cell proliferation [ 108 ]. 
The suppression of tumor angiogenesis by the DYRK1A-provoked NFAT inhibition 
may explain the lower rate of epithelial cancers in Down’s syndrome adults. 
Angiogenesis is critical for the growth and expansion of cancer cells in solid tumor, 
whereas most of leukemic cells in blood do not rely on angiogenesis for prolifera-
tion. This could be one of the reasons why leukemia is increased, while solid tumors 
are decreased in Down’s syndrome patients. Obviously, contributions of other 
DYRK1A substrates and other proteins encoded in chromosome 21 DSCR cannot 
be ruled out in the trisomy-related tumor suppression. 

 In any case, cell biological analyses with specifi c DYRK1A inhibitors may shed 
new light on the molecular basis of Down’s syndrome and tumorigenesis as well. 
In addition, DYRK1A inhibition may have a therapeutic benefi t. Recently, several 
specifi c DYRK1A inhibitors have been identifi ed [ 109 ]. Harmine (7-methoxy-1- 
methyl-9H-pyrido[3,4-b]indole), originally isolated from South American vine, 
was reported to suppress the activity of DYRK1A [ 110 ], though it also shows a 
potent inhibitory effect on monoamine oxidase A [ 111 ]. Malinge et al. suggested 
that DYRK1A inhibitors may be clinically useful in the context of Down’s 
syndrome- related acute megakaryoblastic leukemia by demonstrating that harmine 
inhibited the growth of megakaryoblastic leukemic cell lines with trisomy 21 
[ 112 ]. Since some of conventional CK2 inhibitors have potent inhibitory activity 
on DYRK1A (see Sect.  3 ), one may consider the CK2 inhibitors as lead com-
pounds for the development of DYRK1A-specifi c inhibitors that have no impact on 
CK2 activity. 
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 Down’s syndrome is caused by congenital alteration by the chromosome trisomy, 
and the therapeutic aim should be the modulation of DYRK1A from 1.5-fold 
increase back to the normal level [ 111 ]. This should be quite challenging having 
only a narrow therapeutic range for the DYRK1A inhibitors, but certainly worth the 
further investigation.   

6     Conclusion 

 CK2 is a ubiquitous and constitutively active protein kinase implicated in the 
malignant proliferation of cancer cells. Low-molecular-weight specifi c inhibitors 
for CK2 have been developed both for biological and clinical applications. Recent 
studies revealed that many conventional CK2 inhibitors including DMAT and TBB 
also suppress the activity of DYRK family protein kinases; therefore, the alterations 
in tissues and cells observed with these drugs should not be ascribed solely to CK2. 
New-generation highly specifi c CK2 inhibitors such as CX-4945 have been recently 
developed and tested for clinical applications as cancer chemotherapeutic agents. 
DYRK1A plays a pivotal role in Down’s syndrome, and DYRK1A-dependent phos-
phorylation of NFAT is a key event that causes various phenotypes and also low 
incidence of solid tumors in Down’s syndrome patients. Specifi c inhibitors for 
DYRK1A may also have biological and clinical importance.
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      Sensitivity of Protein Kinase CK2 
to ATP/GTP and Specifi c Inhibitors Depends 
on Complexity of Interacting Proteins 

             Andrea     Baier     and     Ryszard     Szyszka    

    Abstract     In yeast cells fi ve isoforms of protein kinase CK2 may simultaneously 
exist composed of αα′ββ′, α 2 ββ′, α′ 2 ββ′, and free catalytic α, α′. Each isoform 
exhibits properties typical for CK2, but they differ in their substrate specifi city and 
sensitivity to specifi c modulators. Enzymes tested with protein substrates differ-
ently interacting with CK2 subunits were tested for their ATP/GTP binding capacity 
as well as with two commonly used ATP-competitive inhibitors TBB and 
TBI. Obtained results show that both ATP/GTP binding capacity and sensitivity to 
specifi c inhibitors are determined by the composition of CK2/substrate complexes. 
Both inhibitors, TBB and TBI, decrease cell growth to extend devoting interac-
tions with different CK2 isoforms present in the cell; however, the presence of the 
regulatory ββ′ dimer has a high importance toward sensitivity. Conceivably, only 
selected CK2-mediated processes in the cell can be inhibited by a given inhibitor 
concentration. 

 Protein kinase CK2 denotes one of the most pleiotropic serine/threonine protein 
kinases with hundreds of substrates already known. As the list of targets for CK2 
continues to grow, it becomes evident that CK2 has the potential to participate in the 
regulation of fundamental cellular processes, such as gene expression, protein syn-
thesis, proliferation, apoptosis, and differentiation/transformation. Protein kinase 
CK2 is distributed ubiquitously in eukaryotic organisms, where it appears as tetra-
meric complex composed of two catalytic subunits (α/α′) associated with a dimer of 
regulatory β-subunits. Tetrameric CK2 complexes may contain identical (i.e., α 2 β 2  
or α′ 2 β 2 ) or nonidentical (i.e., αα′β 2 ) catalytic subunits, and the composition of the 
holoenzyme may have infl uence on CK2 properties, namely, nucleotide and protein 
substrate specifi city and sensitivity to effectors. In contrast with the majority of 
other protein kinases, the catalytic subunit of CK2 has never been found in an inactive 
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conformation because of unique intramolecular constraints, a feature which is 
 commonly referred to by saying that CK2 is “constitutively active.” Such a lack of 
evident down-regulatory devices is likely to refl ect the pleiotropy of this enzyme 
but is also probably responsible for the pathogenic potential of this kinase, whose 
 aberrantly high activity has been associated with numerous diseases.  

  Keywords     CK2   •   Phosphorylation   •   ATP-competitive inhibitors   •   Protein–protein 
interactions  

1         Properties of CK2 

 Protein kinase CK2 has a tetrameric structure which consists of two catalytic subunits 
(~42 kDa α and ~38 kDa α′) and a dimer of regulatory subunits (~28 kDa β) existing 
as confi gurations αα′β 2 , α 2 β 2 , or α′ 2 β 2 ; however, the subunits may exist and function 
individually in cells. The two catalytic subunits are linked through a homodimer of the 
β-subunits in animal cells [ 1 ] or heterodimer of ββ′-subunits in yeasts [ 2 ]. 

 While the catalytic subunits exhibit 90% amino acid sequence homology in the 
N-terminal region, the regulatory subunit does not demonstrate any sequence simi-
larity. The β-subunit plays an important role in the assembly and stability of the 
holoenzyme and directs the recruitment of substrates, thus modulating the enzyme’s 
substrate selectivity and specifi city. The holoenzyme formation signifi cantly ampli-
fi es CK2 catalytic activity [ 3 – 5 ]. 

 There are some peculiar properties associated with protein kinase CK2 which are 
not found in any other protein phosphotransferase: (1) the enzyme is constitutively 
active, (2) it can use ATP as well as GTP, and (3) it is found elevated in most inves-
tigated rapidly proliferating tissues and tumors [ 3 – 6 ]. 

 The importance of the protein kinase CK2 is evidenced by studies demonstrating 
its essential involvement in development, proliferation, and survival [ 3 ]. Mice with 
knockout of the catalytic subunit CK2α′ are viable but produce sterile offspring, 
indicating its involvement during spermatogenesis [ 7 ], whereas mice with knockout 
of the CK2β induce embryonic lethality [ 8 ]. This underscores the high degree of 
functional redundancy between both catalytic subunits CK2α and CK2α′ with non- 
absolute compensation. 

 Analogous results were obtained in yeast  Saccharomyces cerevisiae , which also 
harbors two catalytic isoenzymes CK2α and CK2α′, designated CKA1 and CKA2 
[ 9 – 11 ]. After disruption of either CKA1 or CKA2 gene, cells remain viable, while 
disruption of both of them is synthetically lethal. This indicates that the two isoforms 
of catalytic subunits can compensate for each other in the context of viability as it was 
observed in mice. Differently from mammalian holoenzymes, yeast CK2 contains two 
different regulatory subunits, designated CKB1 and CKB2 [ 9 ]. It was shown that in 
yeast haploid and diploid strains lacking either one or both beta subunit genes, cells 
are viable, demonstrating that the regulatory subunit of CK2 is dispensable. Such 
strains exhibit wild-type behavior with regard to growth on both fermentable and 
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nonfermentable carbon sources, mating, sporulation, spore germination, and resistance 
to heat shock and nitrogen starvation but are salt-sensitive, which suggests a role for 
CK2 in ion homeostasis [ 12 ].  

2     Biological Function of CK2 

 CK2 is a protein serine/threonine kinase which is a highly conserved and ubiquitous 
protein kinase. It is localized in the cytoplasmic and nuclear compartments, which 
accords with its multiple functional activities in the cell. 

 A number of protein kinases have an infl uence on apoptotic pathways by regulat-
ing caspases or events downstream of caspases. Of particular note are those proteins 
where phosphorylation by CK2 proximal to their cleavage sites has been shown to 
protect from caspases cleavage which results in apoptosis inhibition (e.g., Bid   , Max, 
PTEN) [ 13 ]. In addition, phosphorylation of caspase-2 by CK2 inhibits its dimer-
ization and activation [ 14 ]. Similarly, CK2 modifi cation of Ser 348  on caspase-9 
appears to render the protease refractory to cleavage by active caspase-8 [ 15 ]. In 
case of ARC protein modifi cation, CK2 increases its ability to localize to the mito-
chondria and inhibit caspase-8 activity [ 16 ]. 

 Adequate to this is also the fact that a large number of putative substrates for CK2 
have been identifi ed in various compartments of the cell. New evidence from several 
laboratories has further reinforced the involvement of CK2 in signal transduction 
related to many cellular functions, thus underscoring the signifi cance of its functional 
role in normal and abnormal cell growth and proliferation. Additionally, the shuttling 
of the kinase to various compartments in response to physiological and stress stimuli 
appears to be a key feature of the functional regulation of its activity in the cell. An 
important feature of CK2 biology is the recognition that the enzyme localizes dynami-
cally to various compartments of the cell under different conditions [ 17 ]. 

 Over 300 CK2 substrates have been identifi ed, and more are being rapidly added 
to the list (reviewed in [ 18 ]). Three biggest functional groups of CK2 substrates are:

 –    Signaling proteins (e.g., β-catenin, androgen receptor Bid, calmodulin, 
DARPP- 32, NLS receptor, RII subunit of PKA, inhibitor 2 of PP1, PKC IIβ, 
NIPP-1, PTEN)  

 –   Transcription factors (e.g., c-MYB, c-MYC, CREB, CREM, IκBβ, p53, Max, 
TFIIIA)  

 –   Proteins affecting functions of DNA/RNA and protein synthesis (e.g., DNA 
ligase, DNA topoisomerases I and IIα, eIF2, nucleolin, RNA polymerases I and 
III, Nopp140, TBP, ribosomal proteins P0, P1, and P2) [ 18 ]    

 CK2 phosphorylates protein substrates with minimal consensus sequence of Ser/
Thr-X-X-Asp/Glu/pSer (where X denotes any nonbasic amino acid), which is dis-
tinct from other known intracellular kinases. CK2 phosphorylates its substrates by 
utilizing either ATP or GTP as a phosphate donor. This unique property of CK2 is 
due to the substitution of Val 66  for Ala in the kinase-conserved region. This provides 
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its catalytic core at the nucleotide-binding site with enough space for a hydrogen- 
bonding frameshift, allowing water molecules to utilize either adenine or guanine to 
employ the full hydrogen-bonding potential of this cleft [ 4 ]. 

 Elevated levels of CK2 have long been associated with increased cell growth and 
proliferation, in normal as well as in cancer cells. It was shown that CK2 expression 
and activity are elevated in many cancer cells, including cancers of the head and 
neck, lung, prostate, and immune system [ 19 – 21 ]. The overexpression of CK2 
attenuates apoptosis induced by chemotherapeutic drugs. This antiapoptotic effect 
is due to the ability of CK2 to phosphorylate in response to apoptotic stimuli pro-
apoptotic proteins such as Max   , Bid, connexin 45.6, and HS1 [ 3 ,  22 ]. In all cases, 
phosphorylation by CK2 protects these proteins from caspase-mediated degrada-
tion. On the other hand, downregulation of CK2 expression or inhibition of its activ-
ity facilitates cell death triggered upon drug exposure, ligation of death receptors, 
and ionizing radiation [ 16 ,  23 ]. In addition to this it has been shown that inhibition 
of CK2 with antisense oligodeoxynucleotides is a potent inducer of apoptosis in 
cancer but not in normal cells. It has been shown that inhibition of CK2 activity 
induces apoptotic cell death by activation of caspase-3, fragmentation of DNA, and 
externalization of phosphatidylserine. As a result of CK2 inhibition, a signifi cant 
increase of hydrogen peroxide—a critical mediator of apoptosis—was observed in 
leukemia cells [ 16 ]. In a related study, pharmacological downregulation of CK2 
activity by a panel of specifi c inhibitors, or knockdown of CK2α expression by 
RNA interference, was able to induce cell death in R-CEM line. It was shown that 
inhibitors of CK2 could promote an increased uptake of chemotherapeutic drugs 
inside the cells and sensitize them to drug-induced apoptosis in a cooperative man-
ner [ 24 ]. Furthermore, it was shown that inhibition of CK2 resulted in induction of 
reactive oxygen species (ROS)-mediated apoptosis in leukemia cells [ 16 ]. Taken 
together, presented data suggest the involvement of CK2 in carcinogenesis by 
endowing cells the ability to evade apoptosis and as such present a novel target for 
potential exploitation for cancer management. Therefore considerable efforts have 
been made in recent years to develop specifi c and cell-permeable CK2 inhibitors.  

3     Substrates Can Regulate CK2 Viability to Bind ATP/GTP 

 Protein kinase CK2 differs from other phosphotransferases in utilizing as phosphate 
donor ATP as well as GTP, being constitutively active and lacking factors that acti-
vate or inhibit the enzyme in response to stimuli [ 3 ,  25 ,  26 ]. The catalytic subunits 
of protein kinase CK2 have always active conformation and capability to phos-
phorylate substrate proteins both as part of a holoenzyme and in the absence of 
regulatory β-subunits. Many of CK2 protein substrates can serve at the same time as 
regulators of phosphotransferase activity. Studies in yeast and in human cells dem-
onstrate that different isoforms of CK2 interact with a large number of cellular 
proteins [ 27 ]. Some of these, e.g., Nopp140 or nucleolin interactions with CK2, 
simply refl ect enzyme–substrate interactions, but some other proteins, e.g., Cdc37, 
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Hsp90, and Pin1, may alter or stabilize enzyme catalytic activity at the same time 
[ 3 ,  26 – 28 ]. In many case CK2 substrates interact with catalytic and/or regulatory 
subunits of protein kinase, as shown for FGF-1, FGF-2, Hsp90, and eIF2β [ 3 ,  26 –
 30 ]. In addition, there are reports which demonstrate that CK2 subunits mediate 
effects other than phosphorylation by interacting as adaptor/scaffold/targeting pro-
teins [ 3 ,  26 ,  27 ]. 

 We examined all yeast isoenzymic forms of CK2, namely, enzymes with subunit 
composition αα′ββ′, α′ 2 ββ′, α 2 ββ′ and free catalytic subunits α and α′ for their 
capacity to bind both phosphate donors with different protein substrates listed in 
Table  1 . Proteins used as protein substrates are:

 –     Ribosomal protein P2B (RPP2B)—A component of the ribosomal stalk formed 
by fi ve acidic proteins organized as a pentameric complex (P0 − [P1A − P2B] / [P1
B − P2A]), with P0 acting as an anchor linking the stalk to the ribosome and 
directly interacting with the large rRNA GTPase-associated domain [ 31 ] involved 
in the interaction between translational elongation factors EF2 and the ribosome 
[ 32 ]. Free (cytoplasmic) P2 stimulates the phosphorylation of the eIF2α subunit 
(Sui2) by protein kinase Gcn2 [ 33 ]. P2 also regulates the accumulation of P1 
(RPP1A and RPP1B) in the cytoplasm. In all P-proteins forming ribosomal stalk, 
the conservative C-terminal end is phosphorylated by CK2 at serine residues [ 34 ].  

 –   FIP1—Subunit of cleavage polyadenylation factor (CPF) interacting directly 
with poly(A) polymerase (Pap1) to regulate its activity. Amino    acids 80–105 of 

    Table 1    Yeast protein CK2 substrates and their characteristic   

 Protein 
substrate  Modifi ed sequence  Short characteristic  References 

 RPP2B  EEEAKEE S  100 DDDMGF  Yeast 60S acidic ribosomal protein 
P2-beta. No interaction with CK2 
subunits 

 [ 31 – 34 ] 

 FIP1  YSDS S  73 DDD S  77 DSDLE  Pre-mRNA polyadenylation factor, 
component of the cleavage and 
polyadenylation factor (CPF) complex. 
Interact with CK2α. FIP1 
phosphorylation by α but not α′-subunit 
is inhibited by ββ′ 

 [ 2 ,  35 ,  36 ] 

 ELF1  DDGDEG S  95 DSDYESD 
DGEID S  117 DEEEVDSD 

 A conserved transcription elongation 
factor from RNA polymerase promoter. 
Interact with all subunits of CK2. ELF1 
phosphorylation by both α and α′ 
subunits is enhanced by ββ′ 

 [ 37 ,  38 ] 

 SVF1 a   DEEE S  210  S  211 ADEDD 
GD S  227 EEE S  231 G S  233 EEE 
EEE S  237 DSEEVE 

 Required for survival in response 
to oxidative stress. Involved in diauxic 
shift. Interact with CK2β. Regulatory 
ββ′ inhibit SVF1 phosphorylation 
by α but not by α′ catalytic subunit 
of CK2 

 [ 39 – 41 ] 

   a Putative phosphorylation sites  
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the FIP1 polypeptide are responsible for binding and for the inhibition of Pap1 
activity as well as essential for cell viability [ 35 ]. CK2 phosphorylates FIP1 pro-
teins at sites in close neighborhood of this region (Ser 73  and Ser 77 ), which prob-
ably infl uences Pap1 activity and inhibits polyadenylation process [ 36 ]. 
Co-immunoprecipitation experiments show that FIP1 interact with CK2α sub-
unit. Phosphorylation of FIP1 polypeptide by α but not α′ subunit is inhibited by 
ββ′ [ 2 ].  

 –   ELF1—Factor maintaining proper chromatin structure in regions of active tran-
scription elongation [ 37 ]. ELF1 is phosphorylated by CK2 at serine residues 
(Ser 95  and Ser 117 ) [ 38 ], and probably this modifi cation destabilizes interaction 
with Pol II and proteins Spt4 and Spt6 [ 37 ]. The N-terminal part of ELF1 con-
tains the sequence K 3 RKKSTRK 10  with high homology to sequences 
K 75 KKIKRE 82  and K 85 MKKIYRE 92  present in CK2α and CK2α′, respectively. 
Co-immunoprecipitation experiments show that ELF1 interact with catalytic as 
well as regulatory subunits of yeast CK2 [ 38 ].  

 –   SVF1—Protein with a potential role in cell survival pathways, required for the 
diauxic growth shift, and for yeast survival under conditions of oxidative stress, 
including cold stress [ 39 ]. Expression in mammalian cells increases survival 
under conditions inducing apoptosis. In yeast, SVF1 may be functionally com-
plemented by exogenous expression of the human antiapoptotic Bcl-x(L) gene 
[ 40 ]. SVF1 protein is multiphosphorylated in vitro by CK2 (up to six Ser resi-
dues). Co-immunoprecipitation experiments show that SVF1 interacts only with 
regulatory β-subunits of yeast CK2. CK2 reconstitution experiments show that 
the dimer of regulatory subunits ββ′ inhibits SVF1 phosphorylation only in case 
of α 2 ββ′ holoenzyme [ 41 ].    

 As shown in Tables  2  and  3 , the effi ciency of phosphate donor binding is differ-
ent and depends on the composition of CK2 as well as from the protein substrate 
used in the experiment, suggesting that protein substrates together with CK2 regula-
tory subunits may have infl uence on utilization of ATP as well as GTP as phosphate 
donor. All isoforms of CK2 possess lower affi nity for GTP with exception of free 
catalytic α-subunit and ribosomal P2B protein (respectively 39 μM and 42 μM). 
They bind ATP (Table  2 ) with  K   m   values ranging from 2.4 μM for the complex of 
CK2α′/ELF1 until 54 μM for the complex of CK2α/SVF1. GTP utilization is much 
lower and has  K   m   values from 23 to 24 μM for complexes of αα′ββ′ holoenzyme 
with ELF1 and SVF1 until much over 100 μM for many complexes especially those 
containing the α 2 ββ′ holoenzyme.

    Those results are in particular interest especially in relation to results presented 
for human CK2, which is able to utilize both phosphate donors at much lower con-
centration (ATP with  K   m   values of 12, 15, 5, and 6 μM and GTP with  K   m   values of 
20, 21, 10, and 9 μM for α, α′, α 2 β 2 , and α′ 2 β 2 , respectively, assayed with 
RRRDDDSDDD peptide substrate) [ 42 ]. In the report of Jensen et al. is shown that, 
unlike most CK2s, catalytic CK2α subunit of the protozoan parasite  Trypanosoma 
brucei  discriminates highly between ATP and GTP and only weakly accept guano-
sine triphosphate [ 43 ].  
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4     ATP-Competitive Inhibitors of CK2 

 The degree of homology across the family of protein kinases is relatively high, 
especially within their catalytic sites. Nevertheless, the majority of CK2 inhibitors 
interact with the conserved ATP-binding site. Several classes of ATP-competitive 
inhibitors have been identifi ed, showing variable effectiveness (Fig.  1 ) [ 44 – 49 ]. 
This class of inhibitors represents small chemical compounds acting as adenine 
mimics, such as halogenated benzimidazole derivatives, condensed polyphenolic 
derivatives, and indoloquinazoline-based compounds displaying high specifi city for 
CK2 and effi ciency in nanomolar concentrations. However, the molecular architec-
ture of this multisubunit enzyme could offer alternative strategies to inhibit CK2 
functions. As a result, recently, many laboratories show an increasing interest in 
identifying more specifi c CK2 inhibitors that do not directly compete with ATP and 
exhibit different mechanisms of action, e.g., targeting substrate-binding site, target-
ing the CK2β subunits, or disrupting subunit interaction [ 50 – 54 ].  

 In the case of protein kinase ATP-competitive inhibitors, the potency of the 
inhibitor in the cell depends on the K m  for ATP of its target, which means that such 
inhibitors will inhibit in cells those kinases that have a higher K m  [ 55 ]. Protein 
kinase CK2 has a relatively low K m  for ATP, ~10–20 μM, and therefore can be 
affected by this problem more than other kinases. 

 Nevertheless, during the last years a number of different classes of chemical com-
pounds that target the CK2 active site have been characterized as ATP-competitive 
inhibitors, such as halogenated compounds, 4,5,6,7-tetrabromo- 1H -benzimidazole 

    Table 2    Values of  K   m   for ATP of different isoforms of yeast CK2   

 Composition of yeast CK2 
 α  α′  αα′ββ′  α 2 ββ′  α′ 2 ββ′ 

 Protein substrate   K   m   (μM) 
 RPP2B  39.0  25.0  28.2  31.6  49.0 
 FIP1  46.0  6.6  13.7  26.2  25.0 
 ELF1  7.2  2.4  4.4  10.4  43.8 
 SVF1  53.0  28.0  7.5  16.2  18.0 

   Table 3    Values of  K   m   for GTP of different isoforms of yeast CK2   

 Composition of yeast CK2 
 α  α′  αα′ββ′  α 2 ββ′  α′ 2 ββ′ 

 Protein substrate   K   m   (μM) 
 RPP2B  42.0  80.0  55.0  >100  >100 
 FIP1  72.0  53.0  29.0  53.0  >100 
 ELF1  30.0  37.0  23.0  32.0  >100 
 SVF1  >100  82.0  24.2  42.0  75.0 
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(TBB) derivatives [ 46 ], indoloquinazoline-based compounds [ 45 ,  56 ], and con-
densed polyphenolic derivatives [ 57 ]. They display high specifi city for CK2 and 
high effi ciency in the low micromolar range. Some of them show good cell perme-
ability but differ in their physiological effects. This physiological difference proba-
bly refl ects their off-target activity toward other ATP-binding proteins with similar 
nucleotide- binding sites [ 45 ,  47 ].  

  Fig. 1    Chemical formula of selected ATP-competitive CK2 inhibitors, with the value of the 
reported  K   i         
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5     Interactions Between Protein Kinase CK2 
and Substrates Infl uence Sensitivity 
to ATP-Competitive Inhibitors 

 A key role in cellular signal transduction pathways plays interactions between pro-
teins. The regulatory CK2β subunit by bringing CK2α and/or CK2α′ into proximity 
with its partners and substrates enhances CK2 signaling [ 58 ]. 

 TBB and TBI (Fig.  1d, e ) have capacity to inhibit CK2 from various sources [ 59 , 
 60 ]. In addition, it was shown that TBI does not infl uence the activity of free CK2α′ 
toward acidic ribosomal P-proteins in vitro and in vivo [ 48 ,  60 ]. Phosphorylation of 
yeast ribosomal P-proteins is known as one of the mechanisms regulating transla-
tional activity of the ribosomes. Ribosomal P-proteins can be phosphorylated 
in vitro by all CK2 isoforms. In our experiments translational activity of the yeast 
cells was monitored by comparison of the proportion between polysomes, 80S 
monosomes, and free ribosomal subunits (the most sensitive indicators of the physi-
ological state of the cell and cell growth). It was shown that only TBB at 5 μM 
concentration induces signifi cant increase of monosomes and free ribosomal sub-
unit level correlated with the decrease of polysomes. The observed effect was cor-
related with inhibition of P-proteins phosphorylation [ 48 ] and indicates very high 
specifi city of TBB in vivo just with complex P-proteins/CK2α′. 

 Both inhibitors (TBB and TBI) were tested with all fi ve molecular isoforms of 
CK2 and different substrates. At 5 μM concentration of TBI, just few reactions were 
strongly inhibited (RPP2B with α, α′, and αα′ββ′; ELF1/α 2 ββ′; SVF1/αα′ββ′   ), while 
the same TBB concentration signifi cantly inhibits all CK2 reactions with substrates 
listed in Table  1 . 

 As is shown in Tables  4  and  5 , the effi ciency of both investigated inhibitors of 
CK2 depends on phosphorylation complex composition. The  K   i   values vary from 
0.2 μM for complexes RPP2B/α′ 2 ββ′, ELF1/α, and ELF1/αα′ββ′ with TBB until 
values over 50 μM for SVF1/α 2 ββ′ and SVF1/α′ 2 ββ′ with TBI and ATP used as 
phosphate donor. It should be noted that in many cases,  K   i   is up to twice higher 
when GTP was used as a phosphate donor.

    Obtained results show that besides enzyme–substrate interactions, there are other 
ones which have infl uence on the 3D structure of the ATP-binding pocket. Those 
interactions in protein complexes can change CK2 affi nity for ATP/GTP as well as 
their sensitivity to ATP-competitive inhibitors. 

 Additionally when both inhibitors were used for their effect on the growth on 
yeast cells (a wild type and having single deletions of the genes CKA1, CKA2, 
CKB1, or CKB2), they show decreases of cell growth to extend devoting interaction 
with different CK2 isoforms present in the cell. Of    high importance in sensitivity to 
both inhibitors is the presence of regulatory subunits. Only strains with deletion of 
genes coding for one of the regulatory subunits (CKB1 or CKB2) resulting in only 
free catalytic subunits (CK2α and CK2α′) present in the cell [ 2 ] show increased 
sensitivity to both investigated inhibitors. 
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 Similar differences as described above were obtained when the sensitivity of 
human CK2α and CK2α′ was tested with 4,5,6,7-tetrabromo- and 4,5,6,7-tetraiodo- 
1H   -benzimidazole derivatives and two different substrates: RPP2B and synthetic 
CK2 substrate (RRRDDDSDDD). In this case investigated iodo derivatives showed, 
in most cases, stronger inhibitory properties than respective brominated congeners, 
but differences showed considerable dependence on the substrate used [ 49 ]. The 
α′-subunit was mostly inhibited to a higher extent than the α-subunit.  

6     Conclusions 

 Protein kinase CK2 is one of the most pleiotropic, ubiquitous, and constitutively 
active phosphotransferases, with cytosolic and nuclear localization in mammalian 
cells. It has many cellular targets and forms different signaling complexes which 
refl ect the multifunctional nature of this enzyme. It is believed that CK2 promotes 
tumorigenesis because its protein content and/or activity are enhanced in many 
human cancers and rapidly proliferating tissues [ 3 ,  22 ]. Moreover   , CK2 may play an 
important role in other human disorders and conditions such as Alzheimer’s dis-
ease, ischemia, chronic alcohol exposure, or HIV infection [ 61 ]. During the last 
years, different classes of CK2-specifi c inhibitors were developed, and a few of 
them present an appropriate drug-like profi le. 

   Table 4     K   i   values of different isoforms of yeast CK2 with ATP used as phosphate donor   

 Composition of yeast CK2 
 α  α′  αα′ββ′  α 2 ββ′  α′ 2 ββ′ 
  K   i   (μM) 

 Protein substrate  TBB  TBI  TBB  TBI  TBB  TBI  TBB  TBI  TBB  TBI 
 RPP2B  0.6  0.4  1.4  0.9  0.4  1.4  1.8  21.0  0.2  4.3 
 FIP1  1.8  12.4  1.2  17.6  0.5  5.0  3.8  6.7  0.4  14.2 
 ELF1  0.2  5.3  1.0  19.0  0.2  13.9  2.5  1.8  0.8  7.2 
 SVF1  1.9  7.2  0.5  32.7  1.1  3.1  4.3  >50  2.8  >50 

   Table 5     K   i   values of different isoforms of yeast CK2 with GTP used as phosphate donor   

 Composition of yeast CK2 
 α  α′  αα′ββ′  α 2 ββ′  α′ 2 ββ′ 
  K   i   (μM) 

 Protein substrate  TBB  TBI  TBB  TBI  TBB  TBI  TBB  TBI  TBB  TBI 
 RPP2B  1.3  0.3  1.8  3.8  1.6  2.8  3.5  25.2  3.4  8.2 
 FIP1  2.4  5.1  1.4  6.3  2.0  2.4  4.2  3.4  4.3  9.8 
 ELF1  0.6  1.2  1.6  7.2  0.8  0.6  3.7  1.2  1.0  3.5 
 SVF1  1.1  15.0  2.4  3.2  2.6  0.6  2.2  25.8  6.7  28.2 
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 Conceivably (bearing in mind all presented results in vitro and in vivo), a given 
inhibitor concentration can inhibit only selected processes in the cell mediated by 
protein kinase CK2. All results together show that each of the fi ve CK2 isoforms 
may regulate different processes and the way of its regulation, and sensitivity of 
each protein complex to a specifi c inhibitor depends on their components—between 
them are also protein substrates of CK2. The presented fi ndings reveal the great 
challenge that is faced in order to understand the regulation of protein kinase CK2. 
An understanding of how these protein substrates/regulators interact with CK2 may 
also help to develop new CK2-specifi c inhibitors, inhibitors that may be important 
for treatment of cancer and other diseases.     
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