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Abstract

Signaling networks that regulate cellular proliferation often involve complex interactions between
several signaling pathways. In this manuscript we review the crosstalk between the Casein Kinase
Il (CK2) and Glycogen Synthase Kinase-3 (GSK-3) pathways that plays a critical role in the
regulation of cellular proliferation in leukemia. Both CK2 and GSK-3 are potential targets for anti-
leukemia treatment. Previously published data suggest that CK2 and GSK-3 act synergistically to
promote the phosphatidylinositol-3 kinase (P13K) pathway via phosphorylation of PTEN. More
recent data demonstrate another mechanism through which CK2 promotes the PI3K pathway — via
transcriptional regulation of PI3K pathway genes by the newly-discovered CK2-1karos axis.
Together, these data suggest that the CK2 and GSK-3 pathways regulate AKT/PI3K signaling in
leukemia via two complementary mechanisms: a) direct phosphorylation of PTEN and b)
transcriptional regulation of PI3K-promoting genes. Functional interactions between CK2, Ikaros
and GSK3 define a novel signaling network that regulates proliferation of leukemia cells. This
regulatory network involves both direct posttranslational modifications (by CK and GSK-3) and
transcriptional regulation (via CK2-mediated phosphorylation of Ikaros). This information
provides a basis for the development of targeted therapy for leukemia.
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1. Introduction

Casein kinase Il (CK2) and Glycogen Synthase Kinase-3 (GSK-3) are two ubiquitous,
highly expressed serine/threonine kinases that are involved in the regulation of multiple
pathways (Pinna, 1994; Woodgett, 1990). Over the last several decades, tremendous
advances have been made in understanding the biochemical and biological functions of these
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proteins in physiological and pathological conditions. Although these studies produced a
wealth of knowledge and provided novel insights into a number of physiological processes,
there are many unanswered questions regarding the roles of these enzymes in health and
disease. More recently, the development of inhibitors for these kinases provided the
opportunity to modify their activity as a therapeutic strategy for various diseases. Since both
CK2 and GSK-3 regulate pathways that are essential for cellular proliferation, it is not
surprising that inhibitors of these enzymes were tested first as potential therapeutic agents
for malignant diseases. The initial success of these inhibitors in preclinical studies further
enhanced interest in the function of CK2 and GSK-3 in regulating cellular proliferation. The
recent discovery of a novel CK2-lkaros signaling axis and its role in the regulation of the
phosphatidylinositol 3-kinase (P13K) pathway in leukemia (Song et al., 2015), along with
the known role of GSK-3 in regulating the function of key proteins in PI3K pathway (Al-
Khouri et al., 2005; Cordier et al., 2012; Maccario et al., 2007; McCubrey et al., 2015), shed
new light on the role of CK2 and GSK-3 in cellular proliferation in leukemia. The purpose
of this review is to briefly summarize current knowledge of the function of CK2 and GSK-3,
and to highlight several interactions between CK2 and GSK-3-regulated signaling pathways
that are relevant for malignant diseases with an emphasis on novel discoveries regarding the
role of the CK2-1karos axis and GSK-3 in regulating the PI13K pathway in leukemia.

2. Casein Kinase Il (CK2)

Casein Kinase Il (CK2) is a ubiquitous serine/threonine-selective pro-oncogenic protein
kinase that has become a more prominent target for research due to its effects and key role in
tumorigenesis (Gowda, C. et al., 2017a; Pinna, 2002). CK2, a well-conserved, pleiotropic
kinase, phosphorylates a variety of substrates that are implicated in gene expression, signal
transduction, and other nuclear functions (Meggio and Pinna, 2003). Casein Kinase Il was
initially identified as an essential protein that phosphorylates casein in vitro in 1954, but it
was later shown that casein is not one of its immediate physiological substrates as previously
thought (Pinna, 1994). CK2 kinase has a unique structure and is the only protein in the
kinase family to have more than three consecutive basic amino acids; interestingly, it has a
stretch of six basic amino acids that are responsible for the binding of CK2p (Pinna, 1990).

2.1. CK2 function and structure

In humans, CK2 is encoded at 4 genomic loci, however, one of the loci is not transcribed;
the 3 transcribed genomic loci are located on chromosomes 20, 16, and 6. The subunits
encoded on these chromosomes, respectively, are referred to as the a subunit, the a.” subunit
(catalytic subunits), and the B subunit, (regulatory subunit) (Ackermann et al., 2005).
Potential unique roles of the a and a.” catalytic subunits have not been widely studied,
however they are approximately 75% identical (Cozza et al., 2013).

CK2 is comprised of a tetramer consisting of two catalytic a. and/or a” subunits and two
regulatory B subunits. The catalytic a and a.” subunits are 391 and 350 amino acids long
(130 kDa), respectively, compared to the regulatory B subunit (25 kDa), which is only 215
amino acids long (Krehan et al., 1998). Three permutations of the catalytic and regulatory
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subunits, a2f2, aa’p2, and a’2 B2, can be utilized to form the heterotrimeric complexes
(Cozza et al., 2013).

Although CK2 activity does not depend on small molecules involved in second-messenger
kinase activation, specific negatively charged compounds, such as heparin, can inhibit CK2,
while positively charged compounds, such as polyamines, activate CK2 (Shore et al., 1997,
Tuazon and Traugh, 1991).

2.2. CK2in oncogenesis

The ubiquitous and pleiotropic nature of CK2 suggest its physiological significance (Meggio
and Pinna, 2003; Ruzzene et al., 2017), and have encouraged a number of studies focused on
the identification of potential substrates that play important roles in the progression and
processes of various diseases, particularly cancer.

Previous in vitro studies have confirmed the role of CK2 protein substrates as key regulators
of gene expression, and protein synthesis, as well as DNA repair (Meggio and Pinna, 2003).
CK2 has been shown to control cell growth and proliferation by regulating cell cycle
progression (Pinna and Meggio, 1997). CK2 also phosphorylates key proteins that possess
anti-apoptotic functions, thus suppressing cellular apoptosis (Gray et al., 2014). The ability
of CK2 to override cellular apoptotic signaling suggests a role in tumorigenesis and CK2 has
been shown to aggressively increase tumor growth in most, if not all, cancer cells tested thus
far (Guerra and Issinger, 1999; Meggio and Pinna, 2003; Nelson et al., 2017).

Consistent with a role for CK2 in oncogenesis, increased levels of CK2 have been widely
observed in various tumors, including lung, breast, prostate, head and neck, and colon
cancers (Bliesath et al., 2012; Gray et al., 2014; Ruzzene et al., 2017; Wang et al., 2006; Yu
et al., 2006; Zhang et al., 2009).

2.3. CK2 in leukemia

Overexpression of CK2a and CK2p in hematological malignancies, has been confirmed in
several malignancies including B-precursor lymphoblastic leukemia (B-ALL), chronic
lymphocytic leukemia (CLL), acute myeloid leukemia (AML), and mature B-cell neoplasms
(Ge et al., 2016b; Martins et al., 2010; Pizzi et al., 2015; Quotti Tubi et al., 2013; Scaglioni
et al., 2008). In all of the preceding tumors mentioned, further analysis showed a strong
correlation between increased level of CK2a and poor clinical outcome. Moreover, in
patients with karyotypically normal AML, levels of CK2a. provide a prognostic indicator
(Kim et al., 2007).

2.4. CK2 as a therapeutic target in leukemia and other cancers

CK2 inhibition, via CK2-specific inhibitors, such 4,5,6,7-tetrabromobenzotriazole (TBB),
CX-4945, apigenin, and molecular degeneration utilizing antisense CK2 and siRNA, has
been shown to significantly decrease death receptor ligands in tumor cells of various
cancers, such as breast, prostate, and lung cancer, as well as leukemia (Okoumassoun et al.,
2007; Wang et al., 2005).
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CX-4945 (Silmitasertib) is a potent and selective CK2-specific inhibitor that can be orally
administered to patients. CX-49495 serves as an ATP-competitive inhibitor for catalytic
CK2a and CK2a.” subunits (Battistutta et al., 2011; Pierre et al., 2011; Siddiqui-Jain et al.,
2010). Leukemia cells treated with CX-49495 are observed to display a significant decrease
in cellular growth and in vivo preclinical models of leukemia show prolonged survival with
CX-4945 treatment (Chon et al., 2015; Pierre et al., 2011; Song et al., 2015). Furthermore,
the inhibition of CK2 by CX-4945 enhances the regulatory functions of the Ikaros tumor
(Pierre et al., 2011; Siddiqui-Jain et al., 2012) suppressor which will be further discussed
below.

The treatment of CML cells with CX-4945 inhibits the interaction between CK2 and BCR-
ABL1, an oncoprotein expressed in hematopoietic stems cells and differentiates myeloid and
lymphoid progeny, which suggests its strong efficacy as a monotherapy (Mishra et al.,
2007). Interestingly, CX-4945 has been identified to express synergism in combination with
several drugs including imatinib, a protein-tyrosine kinase inhibitor, to significantly decrease
cell viability (Mishra et al., 2007). The overexpression of CK2 is becoming a hallmark of
ALL and therefore serves as an important therapeutic target, via CK2-specific inhibitors, in
T-cell and B-cell ALL (Buontempo et al., 2014; Ge et al., 2017; Gowda, C. et al., 2017a; Li
etal., 2012; Song et al., 2015).

Glycogen synthase kinase-3 (GSK-3) is a ubiquitous serine/threonine kinase that is involved
in multiple signaling pathways that are crucial for cellular metabolism and proliferation
(Doble and Woodgett, 2003; Frame and Cohen, 2001; Grimes and Jope, 2001; Woodgett,
1990). GSK-3 is known to directly phosphorylate at least 40 substrates, although the actual
number of substrates is probably much larger (Linding et al., 2007; Sutherland, 2011).
Advances in understanding the role of GSK-3 in cellular regulation revealed that this kinase
has an important role in the regulation of Wnt, Notch, hedghog, nuclear factor of activated T
cells (NF-AT), cyclic adenosine monophosphate (cAMP) and phosphatidylinositol 3-kinase
(PI3K) (Frame and Cohen, 2001; Grimes and Jope, 2001). GSK-3 protein can exist in two
forms (GSK-3a and GSK-3p) that are encoded by two separate genes (Woodgett, 1990).
These GSK-3 proteins can be regulated by distinct post-translational mechanisms involving
amino acids that are unique for each protein. Phosphorylation of GSK-3 at serine 389
(S389) by p38 mitogen-activated protein kinase (MAPK) in response to DNA double-strand
breaks, inhibits activity of this protein in thymus (Thornton et al., 2008, 2016). Since S389 is
absent in GSK-3a, these data reveal distinct functions and regulatory networks for the two
GSKa3 proteins. Further, GSK-3a, but not GSK-3p has been shown to function as a
suppressor of aging and plays a role in atherosclerosis (Banko et al., 2014; Zhou et al.,
2013).

3.1. GSK3in cancer

The role of GSK-3 in cancer is much less clear than that of CK2. While CK2 is a known
oncogene, it appears that GSK-3 can act both as a tumor suppressor or an oncogene,
depending on context (Beurel et al., 2004; Fitzgerald et al., 2015; McCubrey et al., 2014;
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Takahashi-Yanaga, 2013). Early results showed that GSK3 negatively regulates the Wnt
signaling pathway (Patel et al., 2004). Due to a proven role for Wnt in carcinogenesis,
GSK-3 was considered to function as a tumor suppressor (Ruvolo, 2017). However, the
discovery that GSK-3p knockout mice die in utero due to impaired NF-kB activation leading
to apoptosis of liver cells (Hoeflich et al., 2000), revealed a role for GSK-3f in NF-kB
activation and in apoptosis. Further studies in hematopoietic malignancies, like B-cell
chronic lymphocytic leukemia (B-CLL) and acute myeloid leukemia (AML), established
that GSK-3p has a pro-survival function and positively regulates cellular proliferation and
drug resistance in leukemia (Beurel et al., 2004, 2010; De Toni et al., 2006; Ougolkov et al.,
2007).

The above results led to the development of several inhibitors of GSK-3 and their testing
against diseases with known dysregulation of GSK-3 (Licht-Murava et al., 2016; Plotkin et
al., 2003; Ricciardi et al., 2017). While most of the positive results have been achieved in the
preclinical setting, one compound (tideglusib) has reached Phase Il trial for Alzheimer’s
disease (Lovestone et al., 2015). Clearly, due to the complex function of GSK-3 in malignant
diseases, testing of this type of drug will proceed slowly and with additional precautions.
However, strong pre-clinical data support further studies of uses for GSK-3 inhibitors in the
treatment of malignant diseases.

3.2. Cross-talk between CK2 and GSK-3 signaling pathways in malignancy

Whnt/B-catenin. Since both CK2 and GSK-3 are abundant, highly promiscuous kinases, it is
of little surprise that many pathways regulated by these kinases interact with each other,
forming a complex regulatory network. Due to the complex function of GSK-3, in some of
these pathways CK2 and GSK-3 act synergistically, while in the others they have an
opposing effect. One of the first pathways shown to be highly relevant for malignant
transformation and cellular proliferation was the Wnt signaling pathway. The work of
Seldin’s group showed that the Wnt pathway is positively regulated by CK2 (Song et al.,
2003). Specifically, the Wnt pathway intermediate Phosphoprotein ‘Dishevelled’ (Dsh) is a
direct substrate for CK2 (Song et al., 2003). A major component of the Wnt/B-catenin
pathway, p-catenin, is directly phosphorylated by CK2 in vivo (Song et al., 2000).
Functional studies using a p-catenin mutant that is resistant to CK2 phosphorylation showed
that phosphorylation by CK2 promotes B-catenin protein stability (Song et al., 2000). These
data provided mechanistic support for a positive regulatory role for CK2 in Wnt/p-catenin
signaling. Since it has been previously demonstrated that GSK-3 suppresses Wnt/B-catenin
pathway, this is an example of an opposing effect of CK2 and GSK-3 on malignant
transformation. The role of both the Wnt/B-catenin pathway and CK2 in mammary
carcinoma has been strongly suggested by experimental data (Landesman-Bollag et al.,
2001a, 2001b; Rosner et al., 2002). Thus, in mammary gland carcinogenesis, GSK-3 will
have a tumor suppressor role and oppose the oncogenic effect of CK2 via the Wnt/B-catenin
pathway.

3.3. Phosphatase and tensin homolog deleted on chromosome 10 (PTEN)

PTEN is a dual-specificity protein phosphatase (Maehama and Dixon, 1998). The main
function of PTEN is to catalyze dephosphorylation of phosphatidylinositol 3,4,5-
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triphosphate (PIP3) into phosphatidylinositol 4,5-biphosphate (PIP2) (Maehama and Dixon,
1998; Stambolic et al., 1998). This process directly opposes the PI3K/AKT signal
transduction pathway. The PI3K pathway is a major driver of cellular proliferation and
survival, and has an important role in regulating differentiation, and cellular metabolism
(Follo et al., 2015; Luo et al., 2003; Song et al., 2012; Vivanco and Sawyers, 2002).
Mutations resulting in the loss of PTEN functions have been detected in various types of
human malignancies (Fragoso and Barata, 2014; Li et al., 1997; Sansal and Sellers, 2004;
Steck et al., 1997). Mice that are heterozygous for the loss of PTEN develop various
malignancies, along with T-cell leukemia and lymphoma (Di Cristofano et al., 1998; Jotta et
al., 2010; Podsypanina et al., 1999; Suzuki et al., 1998). The function of PTEN protein is
regulated by posttranslational modifications that include phosphorylation by multiple
kinases (Al-Khouri et al., 2005; Leslie et al., 2012; Torres and Pulido, 2001; Vazquez et al.,
2000). CK2 phosphorylates PTEN at 5 different amino acids (Torres and Pulido, 2001).
CK2-mediated phosphorylation of PTEN results in increased stability of the PTEN protein,
but also in reduced PTEN activity toward PIP3 (Miller et al., 2002). CK2-mediated
phosphorylation of PTEN also occurs during T-cell receptor (TCR) response resulting in
reduced PTEN activity and increased protein stability (Patsoukis et al., 2013). A series of
elegant experiments done by Barata’s group showed that the increased expression and
activity of CK2 that is observed in leukemia results in inhibition of PTEN activity and in
increased activation of the PI3BK/AKT signaling pathway (Leslie et al., 2012; Martins et al.,
20144; Silva et al., 2010; Silva et al., 2008). The use of a specific CK2 inhibitor negatively
regulates PI3K/AKT signaling (Barata, 2011; Gomes et al., 2014; Martins et al., 2014a,
2010a, 2014b).

A separate experimental approach identified PTEN as a direct substrate for GSK-3 kinase
(Al-Khouri et al., 2005). GSK3p phosphorylates PTEN at two residues that do not overlap
with the 5 residues that are phosphorylated by CK2 (Al-Khouri et al., 2005; Maccario et al.,
2007). Functional studies determined that GSK-3-mediated phosphorylation of PTEN
reduces its activity, although its effect on PTEN protein stability is less clear and might be
cell-specific (Al-Khouri et al., 2005; Maccario et al., 2007). Experiments that utilized NMR
spectroscopy, determined that CK2 and GSK3p likely phosphorylate PTEN synergistically
and that the phosphorylation cascade is dependent on the activity of both kinases (Cordier et
al., 2012). Considering the recently-discovered oncogenic role of GSK3p in leukemiga, it is
quite possible that both CK2 and GSK3p have synergistic, oncogenic roles in leukemia
(contrary to the opposing role in mammary carcinogenesis described above). These
examples illustrate the complexity of signaling networks regulated by CK2 and GSK-3 and
indicate that more studies are necessary to understand the role of these kinases in human
malignancies.

4. IKZF1 (Ikaros)

The /KZF1 gene encodes Ikaros, a kruppel-like zinc finger DNA-binding protein that
functions as a master regulator of hematopoiesis (Georgopoulos et al., 1992, 1994; Lo et al.,
1991). The absence of Ikaros has a detrimental effect on normal hematopoiesis as evidenced
by the loss of B, NK, and dendritic cells as well as reduced T cells (Cortes et al., 1999;
Georgopoulos et al., 1994). The critical role of Ikaros in the immune system (Avitahl et al.,
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1999; Ernst et al., 1993), as well as in myeloid differentiation (Dumortier et al., 2003) has
been proven. The role of Ikaros, as a tumor suppressor was first identified in 1994 in Ikaros
haplo-knockout mice (Georgopoulos et al., 1994; Winandy et al., 1995). Mice that are
missing one copy of Ikaros develop T-cell leukemia with 100% penetrance (Winandy et al.,
1995). Reintroduction of Ikaros into these leukemia cells results in cessation of cell growth
and partial induction of T-cell differentiation (Kathrein et al., 2005).

The deletion of Ikaros in humans has been directly associated with the development of high-
risk leukemia (Mullighan et al., 2007) and primary immunodeficiency diseases. /KZF1
deletion has been linked with an increase in relapse rate of up to 12-fold in acute
lymphoblastic leukemia (Kuiper et al., 2010). Among B-ALL, a deletion of one /KZF1
alelle is found in approximately 80% of BCR-ABL1+ ALL (Mullighan et al., 2008) and Ph-
like ALL (Den Boer et al., 2009) as well as ~20% of patients that are BCR-ABL negative
(Mullighan et al., 2007). Approximately 9% of T-cell ALL (Zhang et al., 2012) and 11% of
early precursor T cell ALL (ETP-ALL) show mutation or inactivation of one IKZF1 allele
(Zhang et al., 2012). Germline mutation of /KZF1 has also been associated with congenital
pancytopenia (Goldman et al., 2012).

Through the process of alternative splicing, the /KZF1 gene is capable of encoding a large
number of Ikaros isoforms (Molnar et al., 1996). Some of these isoforms were shown to
have distinct functions (Li et al., 2011; Ronni et al., 2007). Ikaros protein contains four zinc
fingers at the N-terminus that directly interacts with DNA and determine DNA-binding
affinity and specificity of Ikaros, and two zinc fingers at the C-terminus that participate in
protein-protein interactions (Molnar and Georgopoulos, 1994). The protein-protein
interactions include the formation of dimers with other Ikaros isoforms or the other members
of Ikaros family proteins (Li et al., 2011; Molnar and Georgopoulos, 1994). Isoforms of
Ikaros that lack DNA-binding zinc fingers can form a functionally inactive complex that can
impair function of the full-length Ikaros (Sun et al., 1996).

Ikaros utilizes chromatin remodeling to activate or repress the transcription of its target
genes (Su et al., 2004). Ikaros directly associates with histone deacetylases HDAC1 and
HDAC2 and can recruit them to the upstream regulatory elements of its target genes (Kim et
al., 1999; Koipally et al., 1999a, 1999b). The ability of Ikaros to regulate transcription of its
target genes is often dependent on its ability to localize to pericetromeric heterochromatin
(Brown et al., 1997; Cobb et al., 2000; Liberg et al., 2003). Ikaros binds to the upstream
regulatory element (URE) of its target genes and assists in their recruitment to
pericentromeric heterochromatin (Brown et al., 1997).

4.1. Regulation of lkaros by phosphorylation

Ikaros protein is phosphorylated at multiple sites (Dovat et al., 2002). The functional
significance of lkaros phosphorylation was first demonstrated by analysis of Ikaros
phosphorylation during the cell cycle. These data showed that Ikaros undergoes
hyperphosphorylation during mitosis at an evolutionarily-conserved linker that connects
DNA-binding zinc finger motifs (Dovat et al., 2002). Phosphorylation during mitosis inhibits
Ikaros’ ability to bind DNA and is likely a global control mechanism for DNA binding of
C2H2 zinc finger proteins during mitosis. Subsequent analyses revealed that Ikaros is
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extensively phosphorylated at multiple, evolutionarily-conserved serine and threonine
residues by Casein Kinase Il (CK2) (Gurel et al., 2008). Functional analysis using Ikaros
mutants with phosphomimetic and phosphoresistant mutations at CK2 target sites
demonstrated that phosphorylation by CK2 impairs Ikaros DNA-binding affinity and
localization to pericentromeric heterochromatin (Gurel et al., 2008). Since both of these
Ikaros abilities are part of its function as a transcriptional regulator, these data suggest that
CK2 has an important role in controlling Ikaros function in regulating transcripltion and as a
tumor suppressor. CK2-mediated phosphorylation of Ikaros is cell cycle specific, suggesting
a role for CK2 in regulating Ikaros function during G1/S transition (Gomez-del Arco et al.,
2004), as well as during S phase in human leukemia (Li et al., 2012). Phosphorylation of
Ikaros by CK2 was demonstrated to play a critical role in transcriptional regulation of the
terminal deoxytransferase (TdT) gene during thymocyte differentiation (Wang et al., 2014).

The role of phosphorylation in regulating Ikaros function was further supported by the
discovery that Ikaros is a substrate for protein phosphatase 1 (PP1), a tumor suppressor, that
has strong activity in the nucleus and that can regulate chromatin remodeling (Popescu et al.,
2009). An lkaros mutant that cannot associate with PP1, undergoes hyperphosphorylation,
resulting in a complete loss of its DNA binding ability, loss of pericentromeric localization
and increased protein degradation via the ubiquitin pathway. The introduction of
phosphoresistant mutations at CK2 sites, enhances lkaros protein stability, partially restores
its DNA-binding affinity and restores its localization to pericentromeric heterochromatin
(Popescu et al., 2009). These experiments demonstrate the significance of CK2-mediated
phosphorylation in Ikaros function and established CK2 ad PP1 as proteins that have
important roles in regulating Ikaros activity in cells (Song et al., 2011). Given that 1) CK2 is
strongly overexpressed in human malignancies, including leukemia, and 2) CK2
overexpression in the T-cell lineage results in a T-ALL, that is phenotypically similar to T-
ALL in Ikaros haplo-knockout mice, it was hypothesized that CK2 might be one of the
primary regulators of Ikaros function in leukemia (Dovat et al., 2011; Payne and Dovat,
2011; Song et al., 2011).

4.2. CK2-lkaros axis in leukemia

To understand the role of Ikaros in regulating gene expression, extensive studies were done
to identify Ikaros target genes in leukemia. Global Ikaros DNA-binding was determined
using chromatin immunoprecipitation followed by next-generation sequencing (ChlP-seq) in
primary B-ALL cells and a B-ALL cell line (Song et al., 2015). Results showed that Ikaros
binds to promoter regions of a large number of genes that regulate cellular proliferation,
including multiple genes that promote cell cycle progression (Song et al., 2015). Detailed
functional analyses demonstrated that Ikaros can directly activate or represses its target
genes that function as tumor suppressors or oncogenes, and that Ikaros-mediated
transcriptional regulation of gene expression controls cellular proliferation. Additional
analyses showed that Ikaros regulates expression of its target genes via chromatin
remodeling, which in some cases involves recruitment of histone deacetylase 1 (HDAC1) to
promoter regions of its target genes (Song et al., 2016).
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Somewhat unexpectedly, ChlP-seq analysis revealed that Ikaros binds to the promoters of
many genes that have a critical role in the PI3K pathway (Song et al., 2015). Gain-of-
function and loss-of-function experiments showed that Ikaros directly represses a large
number of genes that promote the PI3K pathway (e.g. PIK3CD, PI4KB etc.) at multiple
distinct steps, while it activates expression of the gene that opposes the PI3K pathway
(INPPD5). The overexpression of Ikaros in leukemia cells results in inhibition of the AKT-
PI3K pathway, which was evidenced by reduced phosphorylation of AKT (Song et al.,
2015). In fact, overexpression of Ikaros reduced AKT phosphorylation in leukemia cells
equally well as treatment with Imatinib. These data provide strong support for Ikaros
function as a repressor of the AKT/PI3K pathway.

Since it was known that CK2 impairs Ikaros function by direct phosphorylation
(summarized above), and CK2 is over-expressed in B-ALL, the effect of CK2 inhibition on
expression of Ikaros target genes was analyzed. Results showed that both molecular and
pharmacological inhibition of CK2 has the same effect on expression of Ikaros target genes
(activating or repressing) as does the overexpression of Ikaros. The critical question was
whether the effect of CK2 inhibition on expression of Ikaros target genes is dependent on
Ikaros function. Data showed that Ikaros knock-down with shRNA abolished the ability of
CK2 inhibitors to regulate expression of Ikaros target genes both in vitro and in vivo (Song
et al., 2015). These data proved that transcriptional regulation of a large number of PI3K
genes by CK2 inhibitors in leukemia is Ikaros-dependent. This established the existence of a
novel CK2-lkaros signaling axis as a regulator of the PI3K pathway in leukemia. The ability
of CK2-lkaros axis to regulate expression of Ikaros target genes was demonstrated even in
high-risk B-ALL that are Ikaros haploinssufficient due to deletion of one lIkaros allele.
Ikaros activity in B-ALL with deletion of one Ikaros allele is severely impaired. However,
the treatment of Ikaros-haploinsuffucient B-All cells with CK2 specific inhibitor restores
Ikaros function as transcriptional regulator of its target genes and inhibits the PI3K pathway
(Song et al., 2015).

Subsequent work confirmed the presence of the CK2-1karos signaling axis, and its role in
regulating expression of a large number of tumor promoters and suppressors in pediatric and
adult leukemia (Ge et al., 2015, 2016a, 2016b, 2016¢, 2016d, 2017; Wang et al., 2016).
Epigenetic analysis of the promoters of Ikaros target genes showed that CK2 regulates not
only Ikaros DNA-binding affinity to promoters of its target genes, but also Ikaros-mediated
recruitment of HDAC1, as well as the epigenetic signature at regulatory elements of Ikaros
targets (Song et al., 2016).

The above-described studies demonstrate the existence of a novel signal transduction
pathway — a CK2-lkaros axis that regulates cell cycle, the PI3K pathway, expression of
individual oncogenes and tumor suppressors, and the epigenetic landscape (Gowda et al.,
2017b; Gowda, C.S. et al., 2016). These results revealed additional mechanisms through
which CK2 regulates the PI3K pathway — by regulating expression of genes that are critical
for the PI3K pathway, via the CK2-lkaros axis. Future experiments aimed at determining
additional gene targets for the CK-lIkaros axis, as well as the other cellular functions that
might be regulated by this pathway, will be important for the development of targeted
combination therapies for the treatment of leukemia.
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5. Conclusion

Interactions between different signaling pathways are often complex and dependent on
physiological condition and cell type. The cross-talk between CK2 and GSK-3 pathways are
similarly complicated. Recent data concerning the role of CK2 and GSK3 in the regulation
of PTEN and particularly in regulating the expression of PI3K-promoting genes by the CK2-
Ikaros axis, have provided new insights into the regulation of cellular proliferation by CK2
and GSK-3. Interestingly, it appears that two distinct signaling pathways, CK2 and GSK-3,
converge to regulate a third pathway, the AKT/PI3K pathway, using two distinct and
complementary mechanisms.

The first mechanism involves direct phosphorylation of target proteins (phosphorylation of
PTEN by CK2 and GSK-3). The second mechanism involves transcriptional regulation of
PI13K-promoting genes (via CK2-mediated phosphorylation of Ikaros) (Fig. 1). The role of
Ikaros in regulating the PI13K pathway illustrates a major distinction from the typical cross-
talk between two signaling pathways that involves only posttranslational modifications of
the same target proteins.

The translational significance of this complex interaction is multiple: 1) It provides a
mechanistic explanation for why Ikaros haploinsufficiency in high-risk leukemia results in
aggressive disease; 2) It provides a rationale for the use of CK2 inhibitors in hematopoietic
malignancies that have deletion and/or mutation of PTEN, since restoration of Ikaros
function following CK2 inhibition will result in suppression of the PI3K pathway; and 3)
Functional interaction between CK2, lkaros and GSK-3 represents a paradigm of a more
complex signaling network that is not limited to “classic” signaling proteins, but also
involves transcriptional regulation, along with epigenetic modifications. As technical
advances allow detailed studies of gene expression, we can expect to see additional
examples of signaling interactions that involve different levels of cross-talk that include
transcriptional factors. This will advance our understanding of the signaling mechanisms
that regulate cellular proliferation and cellular metabolism, which will help in designing
targeted therapies for human diseases.
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PI3K Pathway

Fig. 1.
Current model of CK2, Ikaros, and GSK-3 network in the regulation of the PI3K pathway in

leukemia.
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