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Abstract: Since diabetes is a global epidemic, the development of novel therapeutic strategies for the
treatment of this disease is of major clinical interest. Diabetes is differentiated in two types: type 1
diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM). TIDM arises from an autoimmune
destruction of insulin-producing (3-cells whereas T2DM is characterized by an insulin resistance,
an impaired insulin reaction of the target cells, and/or dysregulated insulin secretion. In the past,
a growing number of studies have reported on the important role of the protein kinase CK2 in the
regulation of the survival and endocrine function of pancreatic 3-cells. In fact, inhibition of CK2
is capable of reducing cytokine-induced loss of 3-cells and increases insulin expression as well as
secretion by various pathways that are regulated by reversible phosphorylation of proteins. Moreover,
CK?2 inhibition modulates pathways that are involved in the development of diabetes and prevents
signal transduction, leading to late complications such as diabetic retinopathy. Hence, targeting CK2
may represent a novel therapeutic strategy for the treatment of diabetes.
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1. Introduction

Protein kinase CK2 is a ubiquitously expressed, constitutively active serine/threonine- and tyrosine
kinase. With more than 500 substrates, CK2 is estimated to be responsible for up to 10% of the whole
human phosphoproteome [1,2]. The CK2 holoenzyme is a tetramer, comprised of two catalytic «- or
o’- and two non-catalytic 3-subunits [3]. The a-subunits are encoded by two distinct homologous
genes, CSNK2A1, which encodes CK2« [4], and CSNK2A2, which encodes CK2«’ [5]. The (3-subunit is
encoded by CSNK2B [6]. CK2f} is not only a simple on—off regulator of the catalytic activity of CK2x
but also regulates thermostability, substrate specificity, and the ability to attach and penetrate cell
membranes [7-10]. CK2« and CK2p are also highly important for embryonic development. CK2oc™/~
embryos die in mid-gestation with defects in the heart and neural tube [11]. CK2B~/~ mice die shortly
after implantation with no signs of apoptosis, but reduced cell proliferation [12]. However, CK2x'~/~
knock-out mice are viable, but male mice exhibit globozoospermia [13].

It is well known that CK2 activity is elevated in most cancer cells and more importantly, CK2
inhibition leads to the induction of apoptosis in these cells [14,15]. Several studies have reported that
this kinase is involved in various oncogenic signaling pathways such as the phosphoinositide 3-kinase
(PI3K) and Wnt signaling [16,17]. The latter is associated with the regulation of cell development and cell
differentiation [18]. Defects in Wnt signaling are often associated with tumorigenesis [18]. For instance,
loss-of-function mutations for adenomatous polyposis coli (APC) result in 3-catenin accumulation, and
thus, promote the expression of a number of potential oncogenes [17]. CK2 phosphorylates 3-catenin,
which results in increased protein stability [19]. On the basis of these results and further studies
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that showed that this kinase regulates important cancer signaling pathways, multiple attempts have
been made to develop chemotherapeutic drugs based on CK2 inhibition. These inhibitors include
4,5,6,7-tetrabromobenzotriazole (TBB), (2E)-3-(2,3,4,5-Tetrabromophenyl)-2-propenoic acid (TBCA),
tetrabromo-1H-benzimidazole (DMAT), and CX-4945, also known as Silmitasertib [20-22]. The latter
is currently the most specific CK2 inhibitor that has entered phase II clinical trials (NCT02128282).

Aside from the well-established role of CK2 in tumorgenesis, this kinase is also implicated in
the regulation of other physiological processes including glucose homeostasis [23-26]. In the last
few years, it has been reported that CK2 seems to play an important role in endocrine pancreatic
functions because CK2 affects insulin expression at different cellular levels. Moreover, the kinase itself
is regulated by glucose concentration in pancreatic 3-cells [27]. Based on these findings, the present
review will summarize the current knowledge about the putative function of CK2 in type 1 diabetes
mellitus (T1IDM) and type 2 diabetes mellitus (T2DM), the risk factors triggering T2DM as well as
diabetes mellitus-associated complications.

1.1. CK2 Regulates Pancreatic -Cell Death

T1DM results from an autoimmune destruction of insulin-producing (3-cells, leading to a complete
lack or inadequate secretion of insulin [28]. In contrast, T2DM is characterized by insulin resistance,
impaired insulin reaction of the target cells, and dysregulated insulin secretion [29]. Interestingly,
it has also been shown that T2DM inflammation can contribute to the progression of the disease [30,31].
The inflammatory response is triggered by cytokines such as interleukin (IL)-1f3, tumor necrosis factor
(TNF)-o, and interferon (IFN)-y. This leads to the induction of the pro-apoptotic NFkB pathway,
resulting in a massive reduction of the (3-cell mass [32]. CK2 phosphorylates the NF«kB subunit p65 on
serine 529 [33]. The loss of this phosphorylation results in decreased transcriptional activity and, thus,
protects against cytokine-induced apoptosis [33-35]. Jaksch et al. [36] reported that inhibition of CK2 by
DRB and DMAT reduces the re-synthesis of IkBx, which in turn inhibits the phosphorylation of p65 in
-cells. Furthermore, inhibition of CK2 results in a reduction of the IFN-«-stimulated phosphorylation
of STAT1. These results indicate that the suppression of inflammatory signaling pathways by CK2
inhibition may protect 3-cells from cytokine-induced cell death (Figure 1). This is quite an unusual
observation, since commonly, CK2 has been shown to be a pro-survival and anti-apoptotic kinase [25,37].
On the other hand, DRB and DMAT lowered glucose-induced insulin secretion without influencing
the insulin content of 3-cells [36]. These results are in contrast to other studies showing that CK2
inhibition by CX-4945 markedly increases glucose-induced insulin secretion [38,39]. This could be
explained by off-target effects, which may negatively affect the endocrine function of 3-cells. In fact,
DRB also inhibits RNA polymerase II [40], whereas DMAT induces reactive oxygen species [41].

Cytokines, released by infiltrating immune cells, disturb the endoplasmic reticulum (ER) homeostasis,
which leads to ER stress during insulitis [42]. In response to these environmental changes, pancreatic
(3-cells trigger the unfolded protein response (UPR) by activation of ER stress sensor proteins including
the transcription factor CCAAT/enhancer binding protein C/EBPf [43]. Recently, Takai et al. [44]
demonstrated that C/EBP3 accumulates in pancreatic (3-cells and co-localizes with CK2 in the nucleus
of 3-cells following thapsigargin-induced ER stress. Moreover, the authors found a distinct, although
non-canonical phosphorylation site of C/EBPf (serine 5222), which stabilizes C/EBPf3 under ER stress
conditions. This leads to an inhibition of AMP-activated protein kinase (AMPK)-mediated insulin
secretion and an increased rate of apoptosis in pancreatic 3-cells [44] (Figure 1). Aside from C/EBP3,
further CK2 substrates within the ER stress response were identified and characterized. For instance,
the activating transcription factor (ATF)4 as well as the CAAT/enhancer binding protein homologous
transcription factor (CHOP) are substrates of CK2 and their transcriptional activity is regulated by
CK2-dependent phosphorylation [43,45,46]. These proteins are also crucially involved in diabetes,
because the loss of CHOP and ATF4 results in a decline in 3-cell mass, and thus contributes to the diabetic
phenotype in mice [47,48]. However, further studies are required to clarify whether the CK2-dependent
phosphorylation of the two proteins plays a role in ER stress-induced (3-cell degeneration.
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Figure 1. Effect of CK2 on inflammation-induced [3-cell death. Cytokine-induced inflammation leads
to phosphorylation of the NF«B subunit p65 as well as ER stress-induced transcription factor C/EBPf.
The phosphorylation of these proteins induces apoptotic signaling pathways, leading to a reduction of
[-cell mass.

1.2. CK2 Regulates Insulin Expression

A major transcription factor for pancreatic development and for the regulation of insulin expression
is the pancreatic and duodenal homeobox (PDX)1 [49,50]. The relevance of this transcription factor for
the development and the endocrine function of 3-cells is evident in an inheritable form of diabetes,
“maturity onset diabetes of the young” (MODY). We have reported that PDX-1 is phosphorylated by
CK2 at serine 232 and threonine 231, resulting in a decreased insulin transcription [38,51]. In addition,
these phosphorylation sites are located close to the binding site of the E3 ubiquitin ligase adapter protein
PCIF1 [52,53]. PDX1 interacts with PCIF1, and this interaction is reduced by CK2 inhibition, resulting
in a prolonged PDX1 half-life [54]. However, this is in contrast to the results of Ostertag et al. [55],
demonstrating that CK2-dependent phosphorylation of PDX1 diminishes the binding affinity to PCIF1.
CK2 and PDX1 are located in the cytoplasm under low glucose conditions. With increasing glucose
concentration, the two proteins migrate into the cell nucleus [51]. Interestingly, the biosynthesis of
PDX1 is regulated by upstream stimulatory factors (USF) as well as PDX1 itself by an auto-regulatory
loop [56]. USF1 and USF2 belong to the basic helix loop helix (bHLH) leucine zipper family and are
capable of forming the USF1/USF2 heterodimer. Recently, we found that PDX1 and USF1 interact
functionally at the PDX1 promoter where USF1 acts as a transcriptional repressor [39]. Moreover, USF1
is phosphorylated at threonine 100 by CK2 [57] and the loss of this phosphorylation increases the
transcriptional activity of the PDX1/USF1 complex [39], indicating that CK2 acts as a negative regulator
of the auto-regulatory loop. PDX-1 is not only a substrate for CK2, but also for a number of other
kinases [58,59]. Mammalian sterile 20-like kinase 1 (MST1) is a pro-apoptotic kinase that is responsive
to cell stress, for instance, in a diabetic milieu. MST1 phosphorylates PDX1 at threonine 11, and thus
reduces its stability [60,61]. Recently, MST1 was also identified as a substrate of CK2 [62]. Therefore,
it is tempting to speculate that this phosphorylation also influences PDX1-induced insulin expression
in pancreatic -cells. These results demonstrate that CK2 indirectly suppresses insulin expression
(Figure 2). Hence, CK2 inhibition represents a promising approach to improve the endocrine function
of pancreatic p-cells.
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Figure 2. Effect of CK2 on insulin expression and secretion. CK2-dependent phosphorylation of
USF1 reduces the expression of transcription factor PDX1, leading to a decreased insulin expression.
CK2-induced phosphorylation of PDX1 itself also represses insulin expression by destabilizing its
binding affinity to PCIF1. The kinase MST1 is also a substrate of CK2 and phosphorylates PDX1, which
might also result in a decreased insulin expression. ACC induces insulin secretion by generation of
malonyl-CoA. The expression of ACC is regulated by the transcription factor SP1, whose transcriptional
activity is reduced by CK2-dependent phosphorylation. Hence, CK2 may repress ACC-induced insulin
secretion via SP1. The muscarinic receptor M3R and KHC are both substrates of CK2 and their
phosphorylation reduces insulin secretion.

1.3. CK2 Regulates Insulin Release

Glucose-stimulated insulin secretion (GSIS) is characterized by an increased glucose uptake into
pancreatic B-cells via the glucose transporter (GLUT)1 or GLUT2. This leads to closing of the K*
channels, membrane depolarization, and the subsequent opening of plasma membrane associated
Ca?* channels. The elevated level of cytosolic Ca?" ions is important for 3-granule transport and
insulin release [63]. Kinesin heavy chain (KHC) promotes the transport of 3-granules to the plasma
membrane [64]. It has been shown that CK2 phosphorylates KHC under a low level of Ca?* ions. Upon
the increase in the Ca* concentration, KHC is rapidly dephosphorylated by protein phosphatase 2B
(PP2B). Of note, PP2B inhibition leads to deteriorated insulin secretion [65], indicating that CK2 activity
represses insulin secretion by KHC phosphorylation.

Insulin secretion is also mediated by the major parasympathetic neurotransmitter acetylcholine,
which acts in part through G-protein coupled muscarinic M3 receptors (M3R) [66]. Several studies have
reported that the activity of M3R is regulated by different protein kinases including G-protein-coupled
receptor (GPCR) kinases, CK1, and CK2 [67-70]. Rossi et al. [71] investigated the role of CK2 in
M3R-mediated insulin secretion in detail and showed that CK2 phosphorylates M3R in pancreatic
-cells and that loss of M3R phosphorylation ameliorates M3R-stimulated insulin release in vitro as
well as in vivo. This is in line with other studies showing that inhibition of CK2 by CX-4945 elevates
GSIS [38,39]. The analyses of the underlying mechanism revealed that this was due to the activation
of the protein kinase (PK)C and the phospho lipase (PL)C, resulting in an increased cytosolic Ca%t
concentration, which triggers the secretion of insulin from {3-granules [71]. In addition, inhibition of
CK?2 protects from glucolipotoxicity, which is characteristic for T2DM and caused by the continued
exposure of B-cells to high glucose and lipids [72]. These findings clearly demonstrate a possible
therapeutic use of CK2 inhibitors for the treatment of T2DM.
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Acetyl-CoA carboxylase (ACC) was proposed as one of the key elements in GSIS [73,74]. ACC is
the regulatory enzyme of the fatty acid synthesis pathway, generating malonyl-CoA from acetyl-CoA.
Malonyl-CoA represents the starter molecule for fatty acid synthesis and, moreover, inhibits the
transport of fatty acids into mitochondria. Accordingly, long chain fatty acids accumulate in the
cytosol and are capable of triggering insulin secretion [75]. The expression of ACC is under the control
of the PII-promoter, which contains binding sites for the transcription factor SP1 [76]. In addition,
Armstrong et al. [77] reported that CK2-mediated phosphorylation of the C-terminus of Sp1 decreased
its transcriptional activity. In fact, overexpression of CK2 partially inhibits the activity of the
PII-promoter [76], which may have implications for GSIS. In summary, CK2 influences insulin secretion
on different levels and active CK2 acts as a molecular repressor of insulin secretion (Figure 2).
Accordingly, CK2 inhibitors may be suitable for the treatment of T2DM by the amelioration of
insulin secretion.

1.4. CK2 Regqulates Insulin Signaling in Adipocytes/Fat Tissue

Obesity is a worldwide health problem that is strongly associated with T2DM. This disease is due
to an abnormal accumulation of adipose tissue, resulting from chronic over-nutrition and reduced
physical activity. Adipose tissue serves as a fuel storage depot, but also plays a crucial role in energy
homeostasis, appetite regulation, and glucose metabolism. The elevated accumulation of fat tissue
caused by adipocyte hyperplasia/hypertrophy is associated with perturbations including fatty acid
secretion and dysregulated adipocyte hormone signaling [78].

Insulin is a potent adipogenic hormone that triggers the differentiation of preadipocytes into
mature adipocytes (hyperplasia). Many studies have demonstrated that a sequential activation of
transcription factors such as C/EBP 3, C/EBP«, and peroxisome proliferator-activated receptor (PPAR)y2
leads to the removal of pre-adipocytes from the cell cycle and the induction of highly specific proteins
like GLUT4 [79-81]. We have previously shown that CK2 is required for the process of adipogenesis
because inhibition of the kinase within the early phase of differentiation suppresses the development
of mature adipocytes [23]. The analysis of the underlying signaling cascade revealed a decreased
expression of C/EBPx and PPARY?2 [82]. Moreover, Chen et al. [83] reported the vital role of deacetylase
sirtuin 6 (SIRT6) in adipogenesis through the regulation of CK2 activity. They found that SIRT6 reduced
the expression of kinesin heavy chain isoform (KIF)5C, which is a negative regulator of mitotic clonal
expansion. KIF5C is a binding partner of CK2«’ and a substrate for CK2 [84,85]. The reduction of KIF5C
expression results in a nuclear translocation of CK2«’, and thus the induction of adipogenesis [83].
Of note, CK2& phosphorylates SIRT6 in cancer cells and the loss of the phosphorylation reduces the
activity of the metallopeptidase (MP)9- and (-catenin-related signaling pathways, which play an
important role in tumorigenesis [86]. Therefore, it is conceivable that the activity of SIRT6 as well
as KIF5C is also regulated by CK2 in adipocytes. Taken together, these data demonstrate that CK2
inhibition suppresses hyperplasia of fat tissue, and hence may protect against obesity-induced diabetes.

Besides specific transcription factors related to adipogenesis, the excess storage of triglycerides
(adipocyte hypertrophy) is also regulated by CK2. Under physiological conditions, insulin promotes
adipocyte glucose-uptake by plasma membrane localization of GLUT4, and in parallel, acts as an
anti-lipolytic hormone by the inhibition of the hormone-sensitive lipase (HSL). Borgo et al. [87] reported
that the inhibition of CK2 diminishes Akt activity, which, in turn, activates the phosphatase and tensin
homolog (PTEN), resulting in a disturbed GLUT4 translocation to the cell surface. Additional in vivo
analysis demonstrated that an acute pre-treatment of mice with CX-4945 suppresses glucose-uptake in
white adipose tissue [87]. Of note, CK2 is upregulated in the abdominal fat tissue of human obese
patients independently of insulin resistance [87]. Moreover, adipocytes secrete numerous adipokines
such as leptin, resistin, and adiponectin [88]. The latter one binds to the adiponectin receptors (AdipoR)1
and 2, which are widely expressed in the tissue of the whole body including pancreatic (3-cells. Several
studies have shown that adiponectin stimulates insulin secretion of 3-cells and, more importantly, that
high plasma adiponectin levels correlate with improved insulin sensitivity, reduced inflammation, and
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enhanced survival of 3-cells [89,90]. In 2008, Heiker et al. [91] identified AdipoR1 as an intracellular
interacting protein of CK23 and also showed that inhibition of CK2 by DMAT leads to a decrease
of ACC phosphorylation when stimulated with adiponectin. In a follow-up study, they found that
aside from the regulatory CK2p subunit, the catalytic CK2o subunit also interacts with AdipoR1 [92].
These data demonstrate that the activity of CK2 is required for fatty acid synthesis, however, further
studies are required to identify the underlying molecular mechanisms. Taken together, obesity-related
diseases such as T2DM have become more and more a problem for Western civilization. Therefore,
downregulation of CK2 might be a promising therapeutic approach to counteract human obesity, and
thus, the development of T2DM.

1.5. CK2 and Diabetic Retinopathy

Increased levels of glucose in diabetic patients are thought to be a risk factor for microvascular
and macrovascular complications. Diabetic retinopathy is the most common vascular complication
that occurs in up to 20% of patients with diabetes and may lead to blindness in working-age
adults [93]. The metabolic dysregulation results in non-perfusion and subsequent ischemia of retinal
tissue. This, in turn, triggers pro-angiogenic factors, resulting in vascular cell proliferation, and
thus neovascularization of retinal vasculature [94,95]. CK2 stimulates various pathways linked to
angiogenesis including Ras-Raf-MEK-ERK, p38 MAPK, PKC, and PI3K-Akt [96,97]. Accordingly,
inhibition of CK2 seems to be a potential anti-angiogenic therapeutic approach [24]. In fact, inhibition
of this kinase reduces the vascularization of developing endometriotic lesions [98]. Moreover, treatment
with CX-4945 reduces the phosphorylation of Akt and PTEN in endothelial cells, leading to a diminished
microvascular tube formation [99].

Retinal endothelial cells express insulin-like growth factor receptor binding protein 3 (IGFBP-3),
which is responsible for the delivery of insulin-like growth factor 1 (IGF-1) to the cells under
physiological conditions [100]. In diabetic retinopathy, the expression of IGFBP-3 is markedly reduced
due to elevated levels of TNF-« [101]. Of note, it has been shown that TNF-a knockout mice
failed to develop diabetic retinopathy, indicating a major role of this inflammatory mediator in this
disease [102,103]. Molecular analysis revealed that high glucose-induced TNF-« secretion leads
to the phosphorylation of p38 and increased activity of CK2, which in turn attenuates IGFBP-3
expression [104]. Therefore, CK2 inhibition may be a suitable therapeutic strategy to suppress
diabetes-induced neovascularization of retinal tissue. Indeed, Ljubimov et al. [105] demonstrated
that inhibition of CK2 activity decreased normal and diabetic retina endothelial cell proliferation,
migration, and viability in vitro. Moreover, pretreatment of mice with the CK2 inhibitors TBB or
emodin reduced retinal neovascularization in a mouse model of oxygen-induced retinopathy [105].
In a follow-up study, they reported that CK2 was highly expressed in astrocytes near superficial retinal
blood vessels during intraretinal neovascularization, whereas other cells only expressed this kinase at
low levels [106]. Therefore, it is tempting to speculate that the CK2 inhibitor blocks the kinase activity
primarily in astrocytes, and thus may inhibit intraretinal neovascularization.

2. Conclusions and Future Perspectives

CK2 is ubiquitously expressed and plays an important role in many physiological processes such
as thrombosis, differentiation, and cell cycle regulation [23-25,107]. In -cells, it has been reported
that this kinase promotes cytokine-induced cell death [36] and decreases the endocrine function [38].
The latter is achieved by the phosphorylation of proteins that are directly or indirectly implicated in
the downregulation of insulin expression and secretion. Therefore, the development of anti-diabetic
drugs targeting CK2 activity may be an interesting approach, as CK2 inhibition (i) increases insulin
expression and secretion; (ii) reduces adipocyte hyperplasia/hypertrophy, which may counteract
obesity-induced development of T2DM; and (iii) deceases diabetes-induced neovascularization of
retinal tissue (Figure 3).
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Figure 3. Effect of CK2 on insulin release, adipocyte hyperplasia/hypertrophy, and retinal
vascularization. The protein kinase CK2 decreases the insulin release of -cells. On the other
hand, this kinase increases adipocyte hyperplasia/hypertrophy as well as retinal vascularization.
Therefore, inhibition of this kinase may represent a promising therapeutic approach for the treatment
of T2DM.

It has been reported that Wnt signaling impacts pancreatic 3-cell function [108]. For instance,
Rulifson et al. [109] demonstrated that expression of a constitutively active 3-catenin in the mouse
pancreas ameliorates insulin secretion. Based on this, it would be conceivable that the increased
insulin secretion after CK2 inhibition may be triggered by Wnt signaling because CK2 influences Wnt
signaling on multiple levels. However, downregulation of CK2 results in the subsequent degradation of
[-catenin by the proteasome [19]. In contrast, blockade of Wnt signaling with a specific inhibitor of the
Wnt pathway ameliorates retinal inflammation, vascular leakage, and retinal neovascularization [110].
Therefore, the inhibitory effect of CK2 inhibition on the neovascularization of retinal tissue could be
due to the repression of Wnt signaling.

The currently available CK2 inhibitors have a high cell membrane penetrative capacity without
cell specificity. Hence, the application of these molecules bears the risk of major side effects due to the
importance of CK2 in many other processes such as cell differentiation and cell proliferation under
physiological conditions. Therefore, the development of cell specific CK2 inhibitors is one of the
essential factors in achieving this goal. Moreover, nothing is known about the expression, activity, and
substrates of CK2 in other endocrine pancreatic cells such as o-cells thus far. These cells release the
insulin-antagonist glucagon during hypoglycemia, which stimulates glucose output from the liver.
Therefore, it is conceivable that CK2 inhibition may decrease glucagon expression/secretion in x-cells
as a consequence of the increased insulin expression/secretion in [3-cells.
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