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Abstract

The /KZF1 gene encodes the Ikaros protein, a zinc finger transcriptional factor that acts as a
master regulator of hematopoiesis and a tumor suppressor in leukemia. Impaired activity of lkaros
is associated with the development of high-risk acute lymphoblastic leukemia (ALL) with a poor
prognosis. The molecular mechanisms that regulate Ikaros’ function as a tumor suppressor and
regulator of cellular proliferation are not well understood. We demonstrated that Ikaros is a
substrate for Casein Kinase 11 (CK2), an oncogenic kinase that is overexpressed in ALL.
Phosphorylation of Ikaros by CK2 impairs Ikaros” DNA-binding ability, as well as Ikaros’ ability
to regulate gene expression and function as a tumor suppressor in leukemia. Targeting CK2 with
specific inhibitors restores lkaros’ function as a transcriptional regulator and tumor suppressor
resulting in a therapeutic, anti-leukemia effect in a preclinical model of ALL. Here, we review the
genes and pathways that are regulated by Ikaros and the molecular mechanisms through which
Ikaros and CK2 regulate cellular proliferation in leukemia.
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1. Structure and biological function of Ikaros

The Ikaros protein was independently discovered by two groups (Georgopoulos et al., 1992;
Lo etal., 1991) as an early lymphoid-specific transcription factor that regulates gene
expression in lymphocytes and mediates T cell differentiation. The gene that encodes Ikaros,
IKZF1, undergoes alternative splicing to produce multiple, functionally diverse DNA
binding zinc finger proteins (Molnéar and Georgopoulos, 1994a). The largest of these
proteins (k1 and Ik-H) (Molnar and Georgopoulos, 1994b; Ronni et al., 2007) contain six
C2H2 zinc fingers organized into two major domains (Fig. 1). Four of the zinc finger
domains (ZF1-4) are found in the N-terminal region while the remaining two zinc finger
domains (ZF5-6) are located near the C-terminus of the protein. While the various Ikaros
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isoforms all have different combinations of ZF1-ZF4, all isoforms of Ikaros share the same
C-terminal zinc finger domains (Georgopoulos et al., 1997a).

Ikaros’ ZF1-4 form a complex with the DNA double-stranded cognate sequence and are
responsible for lkaros’ DNA-binding ability (Molnar and Georgopoulos, 1994a). It is highly
likely that Ikaros” ZF2 and ZF3 bind according to the classical model described by Pabo et
al., (Cobb et al., 2000). The biological role of ZF1 and ZF4 were determined using two
lkzfI-mutant mice that had deletions of the exons encoding either ZF1 or ZF4. This study
demonstrated that ZF1 and ZF4 regulate different stages of lymphoid differentiation, and
that ZF4 was selectively required for tumor suppression (Schjerven et al., 2013).

The C-terminal ZF5 and ZF6 are essential for dimerization with other Ikaros isoforms and/or
other members of Ikaros family such as Helios (Kelley et al., 1998), Aiolos (Morgan et al.,
1997), Eos, and Pegasus (Perdomo et al., 2000). Homo- and heterodimerization between
Ikaros isoforms capable of binding DNA (i.e. those with at least three N-terminal zinc
fingers) dramatically increases their DNA affinity and transcriptional activity. However,
heterodimers comprised of Ikaros DNA binding isoforms and isoforms that lack an intact
DNA binding domain are unable to bind DNA. In this way, Ikaros isoforms that do not bind
DNA might inhibit Ikaros’ overall transcriptional activity (Georgopoulos et al., 1997b).

Ikaros primarily functions as a master regulator of hematopoiesis where it controls lymphoid
development on at least two levels(Mullighan et al., 2007). The first level is in lymphoid-
primed multipotent progenitors (LMPPs) where expression of the FIt3 receptor, a defining
characteristic of LMPPs, is dependent on Ikaros activity. Not only do Ikaros-null LMPPs
lack flt3, but they are also unable to upregulate the IL-7 receptor alpha chain (IL7R-a.),
which provides pro-lymphoid differentiation signals. Under conditions that normally support
B cell production, Ikaros-null LMPPs readily differentiate into myeloid cells, but not B cells,
and generate T cells with a ~10-fold reduced frequency (Yoshida et al., 2006).

The second level of Ikaros-mediated regulation occurs during T- and B-cell differentiation.
Ikaros regulates two key steps in early B cell differentiation. First, Ikaros binds to the
promoter region of the /g//Z gene that encodes Lambda 5. Lambda 5 is a component of the
pre-B cell receptor (pre-BCR) (Thompson et al., 2007). For progression beyond the pre-B
cell stage, expression of the pre-BCR is essential and Ikaros plays an important role in its
regulation. Ikaros also plays a critical role in immunoglobulin heavy chain rearrangement.
Ikaros binds to the promoter region of recombinase activating genes (rag) and upregulates
expression of the RAG1 and RAG2 proteins thereby regulating another essential step in B
cell differentiation (Reynaud et al., 2008). Ikaros plays a key role in normal T-cell
development by regulating the expression of several important genes involved in T-cell
differentiation, including terminal deoxyneucleotide transferase (TdT), CD4, CD8 and IL2
(Wang et al., 2014b).

Mice heterozygous for an inactivating /karos mutation are capable of producing mature T
and B lymphocytes but have thymocytes with augmented proliferative responses and
autoproliferative peripheral T cells. The same study linked the role of Ikaros in regulating
normal hematopoiesis with lymphoproliferation and neoplastic transformation based on the
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distinct thresholds of Ikaros activity: mice heterozygous for inactivated /karos invariably
developed T cell malignancies that arose from a hyperproliferative T cell clone that had
undergone a secondary mutation targeting the remaining /karos wild type allele (Winandy et
al., 1995).

Ikaros mediates its biological function by altering the transcription of its target genes
through chromatin remodeling. Ikaros associates with both Mi-2 and histone deacetylases in
T cells to form Ikaros-NuRD and Ikaros-HDAC1 complexes that actively remodel chromatin
and deacetylate histones, respectively (Kim et al., 1999). Chromatin remodeling of promoter
regions leads to transcriptional modulation in gene expression and is hypothesized to be the
major mechanism through which lIkaros represses and activates its target genes (Koipally et
al., 1999). A deacetylase-independent mechanism of gene repression involving a CtBP-
independent interaction between Ikaros and CtIP has also been described (Koipally and
Georgopoulos, 2002).

significance of Ikaros dysfunction in leukemia

Acute lymphoblastic leukemia (ALL) is the most common childhood malignancy(Pui and
Evans, 2006). Despite an eighty percent cure rate, relapsed disease remains the leading cause
of pediatric mortality (Mullighan, 2011, 2012; Mullighan et al., 2009). Relapse is
multifactorial, however certain notable genes and transcriptional dysregulations are
associated with chemotherapy resistance, higher risk ALL, and poorer prognosis (Dovat,
2011; Gowda and Dovat, 2013; Mullighan, 2012; Payne and Dovat, 2011). Alterations in
IKZF1, a lymphoid transcription gene leading to various isoforms of Ikaros, is one of the
hallmarks of developing B-cell ALL (B-ALL) with poor prognosis. Inactivating mutations in
Ikaros have been associated with an increased relapse rate of up to 12-fold in B-ALL
(Kuiper et al., 2010).

Ikaros deletion or alteration is found in fifteen percent of all childhood B-ALL (Payne and
Dovat, 2011). However, it is more commonly found in BCR-ABL1 positive ALL. /KZF1
Alterations are as high as eighty percent in pediatric Ph-positive ALL and greater than
ninety percent in adult Ph-Positive ALL (lacobucci et al., 2009; Martinelli et al., 2009;
Payne and Dovat, 2011; Virely et al., 2010; Wang et al., 2014a). The BCR-ABL1 (Ph
chromosome) translocation arises from t(9; 22)(g34; q11.2) and produces an activated BCR-
ABL1 tyrosine kinase. BCR-ABL1-like ALL lacks the t(9; 22) translocation, however, it has
a similar gene expression pattern (Den Boer et al., 2009) and tends to have a poor prognosis
similar to Ph-positive ALL (Mullighan et al., 2009; Payne and Dovat, 2011). Ph-Positive
ALL makes up five percent of all pediatric B-ALL and forty percent of all adult B-ALL.
Event-free survival for BCR-ABL1-like ALL is 62.6% + 6.9% compared to 85.8% + 2% in
non-BCR-ABL1-like cases as seen in the COG AALL0232 study (Mullighan, 2011, 2012;
Mullighan et al., 2008, 2009).

Ikaros mutations are usually nonsense or frameshift mutations that result in loss of function
(Payne and Dovat, 2011). The most common mutation is in the exon 3-6 region, which gives
rise to dominant negative isoform /K6 (lacobucci et al., 2009; Mullighan and Downing,
2008; Mullighan, 2011; Mullighan et al., 2008). This isoform is deficient in the DNA
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binding domain but has a functional C-terminal zinc finger (lacobucci et al., 2009). The
expression of /K6 reduces cellular apoptosis and enhances cellular survival. It also impairs
lymphoid differentiation and B cell maturation contributing to leukemogenesis. Some
studies have demonstrated that relapse risk is tripled due to deletion of Ikaros in BCR-
ABL1-like ALL (Kuiper et al., 2010; Martinelli et al., 2009; Mullighan and Downing, 2008;
Mullighan et al., 2008, 2009; Payne and Dovat, 2011; Tonnelle et al., 2001; Virely et al.,
2010; Wang et al., 2014a). In general, ALL with Ikaros deletion has a poorer prognosis
independent of other risk stratifications such as age at diagnosis, white cell count (WBC),
sex, and minimal residual disease (MRD) (Mullighan, 2011, 2012; Mullighan et al., 2009).
Ikaros alterations are also strongly associated with chemoresistant disease or detectible
MRD at the end of induction (McCubrey et al., 2015; Mullighan, 2011, 2012; Mullighan et
al., 2009).

Though Ikaros deletion and mutation is more often identified with B-ALL and accelerated
chronic myeloid leukemia (CML) in blast crisis, it is also seen in five percent of T-cell ALL
(T-ALL) (Kuiper et al., 2007; Maser et al., 2007; Mullighan et al., 2008; Nakayama et al.,
1999; Payne and Dovat, 2011). The most common lkaros isoform expressed in both T-ALL
and CML in blast crisis the dominant negative (/k6) isoform that is similar to what is seen in
B-ALL (Nakase et al., 2000; Payne and Dovat, 2011; Ruiz et al., 2004). Though Ikaros
mutation is less commonly seen in T-ALL (Marcais et al., 2010; Zhang et al., 2012), its
absence leads to T cell proliferation and, as a result, current studies are investigating the role
of Ikaros in other types of leukemia (Nakayama et al., 1999; Payne and Dovat, 2011; Ruiz et
al., 2004). Ikaros deletion and mutation is seen in acute myeloid leukemia (AML) and
myeloid dysplastic syndrome (MDS) (lacobucci et al., 2009; Martinelli et al., 2009;
Mullighan et al., 2008, 2009; Nakayama et al., 1999; Payne and Dovat, 2011; Wang et al.,
2014a). Interestingly, mutations and/or deletions of Ikaros have not been observed in CML
in chronic phase, which again suggests that Ikaros deletion and/or mutation supports
leukemogenisis (lacobucci et al., 2009; Maser et al., 2007; Mullighan et al., 2008; Nakase et
al., 2000; Nakayama et al., 1999; Payne and Dovat, 2011; Ruiz et al., 2004).

Further studies are required to determine the exact mechanism by which Ikaros alters
cellular maturation, differentiation, and leukemogenesis not only in B-ALL, but also T-ALL,
AML, MDS and CML in blast crisis. Current data has established that Ikaros dysfunction is
strongly associated with poor prognosis, chemoresistance, and increased risk of relapse.
Development of a therapy that targets hematopoietic malignancies that have an Ikaros
mutation is a high priority and will have a high impact on the overall survival rate in these
diseases.

3. Structure, function and oncogenic activity of Casein Kinase Il (CK2)

Casein kinase Il (CK2) is a pro-oncogenic protein that has become a prominent target for
research due to its role in tumorigenesis (Ahmad et al., 2005; Chon et al., 2015). High levels
of CK2 have been associated with numerous malignancies and selective CK2 inhibitors have
shown efficacy in the treatment of both solid tumors and hematologic malignancies
(Buontempo et al., 2014; Song et al., 2015).
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CK2 is a heterotetrameric protein kinase composed of 2 catalytic (a and/or a.”) and 2
regulatory () subunits. Of the 4 genomic loci for CK2 in humans, one is not transcribed,
and the remaining 3 are on chromosomes 6, 16, and 20, which correspond with the B, a.’,
and a subunits, respectively (Ackermann et al., 2005). Even though CK2 has low homology
with other protein kinases, all domains of CK2a are highly conserved throughout evolution
and its expression is ubiquitous (Ceglia et al., 2011; Pinna, 1990). CK2a can use either ATP
or GTP as a phosphate donor and is the only protein kinase that contains more than 3 basic
amino acids in a row, with a stretch of 6 basic amino acids just downstream of Val66
(Cochet and Chambaz, 1983; Jakobi and Traugh, 1995; Meisner et al., 1989; Pinna, 1990).
This region is responsible for the binding of its regulatory subunit, CK2p (Jeffrey et al.,
1995).

CK2a molecules cannot interact with each other and, as such, rely on CK2p molecules,
which dimerize at their zinc-finger domains to hold the holoenzyme together (Boldyreff et
al., 1996; Gietz et al., 1995). Binding of CK2p enhances the catalytic activity of CK2a in
vitro by 5-20 fold. However, it should be noted that in the case of some substrates, such as
calmodulin and MDM-2, CK2p inhibits phosphorylation by CK2a (Allende and Allende,
1998; Cochet and Chambaz, 1983; Meggio et al., 1992).

CK2 is a pleiotropic protein kinase with numerous physiological targets. It is constitutively
active and has been detected in cell and tissue extracts in the absence of any stimuli
(Litchfield et al., 1994). However, the levels of CK2 catalytic subunit do correspond to
proliferation rate, as cells with higher rates of proliferation tend to exhibit higher levels of
CK2 (Minstermann et al., 1990). Unlike most protein kinases, phosphorylation is not
required for activation of CK2 even though a number of phosphorylation sites have been
identified on both CK2a and CK2p (Bosc et al., 1995; Litchfield et al., 1991, 1992).

Because the activity of CK2 does not depend on small molecules typically involved in
second messenger-dependent kinase activation, it has been classified as a messenger-
independent kinase (Tuazon and Traugh, 1991). This classification, however, can be
misleading as certain small molecules do participate in the regulation of CK2. Particularly,
negatively charged compounds such as heparin inhibit CK2 while positively charged
compounds such as polyamines activate CK2 (Shore et al., 1997). Although much progress
has been made in the study of CK2 regulation, it continues to be an area of interest,
especially with regards to cancer research.

In vitro studies have implicated CK2 in cell-cycle regulation, gene expression, DNA repair,
and protein translation (Meggio and Pinna, 2003). Early experiments in transgenic mice
revealed that overexpression of CK2a leads to accelerated early thymic lymphomas and T
cell leukemia (Channavajhala and Seldin, 2002; Kelliher et al., 1996; Seldin and Leder,
1995). Since then, CK2 overexpression has been documented in prostate, breast, lung, head
and neck, and colon carcinomas (Gray et al., 2014; lzeradjene et al., 2005; Wang et al.,
2006b; Yu et al., 2006) as well as multiple hematologic malignancies, including TALL, B-
ALL, CLL, Burkitt lymphoma, and AML (Bliesath et al., 2012; Kim et al., 2007; Martins et
al., 2010; Pizzi et al., 2015; Quotti Tubi et al., 2013; Scaglioni et al., 2008). In most of these
malignancies, elevated levels of CK2a correlate with meta-static potential, undifferentiated
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histologic grade, and poor clinical outcome (Martins et al., 2010). Additional studies have
even shown that the degree of nuclear localization of CK2 can be used as a prognostic factor
(Laramas et al., 2007; Piazza et al., 2006).

While overexpression of CK2 has been linked to cancer, a relatively small reduction in CK2
expression significantly induces apoptosis (Wang et al., 2001). Studies using antisense CK2,
siRNA, and CK2-specific inhibitors such as 4,5,6,7-tetrabromobenzotriazole (TBB),
Apigenin, and CX4945 have shown that downregulation of CK2 makes tumor cells
vulnerable to death receptor ligands (Wang et al., 2005, 2006a). Of these, only one specific
CK2 inhibitor, CX-4945, an ATP-competitive inhibitor of both CK2a than CK2a.”, has been
shown to significantly reduce cell-growth and survival in cancer cells (Chon et al., 2015;
Pierre et al., 2011a, 2011b; Siddiqui-Jain et al., 2010). CX4945 is an orally bioavailable
small molecule which is in Phase | clinical trial for solid tumors. The role of CK2 inhibitor
as an anti-leukemic drug in high-risk leukemia are being explored. We will review the
progress made on this front in the following sections.

4. Regulation of lIkaros function by CK2-mediated phosphorylation

CK2 is overexpressed in most malignancies, including lymphaoblastic leukemia, and has
several substrates notably Ikaros (Dovat et al., 2011). As a result of CK2 mediated
phosphorylation at multiple sites during post translational modification, Ikaros losses its
regulatory effects on cellular proliferation and differentiation in lymphoid cells (Gurel et al.,
2008). Fig. 1 illustrates the structure of Ikaros along with several CK2 phosphorylation sites
(amino acid sites 13, 23, 63, 101, 294 and 389 to 398). Studies by Popescu et al. and Gurel
et al. showed that localization of Ikaros to the pericentromeric heterochromatin, a vital first
step of the regulatory functions of Ikaros is impaired by its phosphorylation at specific
amino acids (Gurel et al., 2008; Popescu et al., 2009; Wang et al., 2014b).

Studies have demonstrated that phosphorylation of Ikaros by CK2 results in the loss of
essential functions of Ikaros. Phosphorylated Ikaros poorly binds to its target genes and
cannot localize to subcellular regions in the nucleus (Song et al., 2011). This leads to
ineffective regulation of cell cycle progression and T cell differentiation, which results in
malignant transformation and the development of leukemia (Gowda et al., 2016; Li et al.,
2012). Hyperphosphorylated Ikaros protein undergoes rapid ubiquitination and degradation
in cells (Popescu et al., 2009). Below is a brief summary of the Ikaros functions that are
regulated by CK2-mediated phosphorylation.

4.1. Regulation of the lkaros function during cell cycle

During mitosis Ikaros binds to DNA of its target genes in a cell cycle dependent manner
(Dovat et al., 2002; Thompson et al., 2007). Functional analyses using phosphomimetic and
phosphoresistant Ikaros mutants showed that cell cycle specific phosphorylation of Ikaros
during mitosis at a specific linker sequence in the DNA-binding zinc finger regulates its
ability to bind to its target genes. Several amino acids in the Ikaros protein have been
identified as CK2 phosphorylation sites (Li et al., 2012). In mice, CK2-mediated
phosphorylation of Ikaros has been shown to impair its regulation of G1-to-S cell cycle
progression (Li et al., 2012). In human leukemia cells, similar effects are seen during the S
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phase of the cell cycle where CK2 mediated Ikaros phosphorylation leads to impaired DNA
binding of Ikaros (Gurel et al., 2008).

4.2. Regulation of lkaros pericentromeric localization

Localization at pericentromeric heterochromatin (PC-HC) in the nucleus of hematopoietic
cells is an important part of Ikaros’ function as a transcriptional regulator. This type of
localization confers a punctate staining pattern to the nucleus when observed with confocal
microscopy. In cells transduced with phosphomimetic lkaros mutants (mutants with
substituted amino acids that carry a charge that mimics phosphorylation at CK2
phosphosites) the localization was lost and a diffuse nuclear pattern was noted with confocal
microscopy. However, phosphoresistant mutants (mutants with substituted non-charged
amino acids that cannot be phosphorylated at CK2 phosphosites) showed no change in the
localization pattern as compared to wild type Ikaros. In summary, the ability of Ikaros to
bind DNA at PC-HC and its subcellular localization is impaired by phosphorylation at CK2
specific sites (Popescu et al., 2009).

4.3. Regulation of TdT expression during T cell differentiation

Binding to the upstream regulatory element (URE) of target genes and recruiting them to the
PC-HC where their expression is either activated or repressed is one component of Ikaros’s
transcriptional regulatory function. TdT, a DNA polymerase enzyme and a marker of
immature lymphoid cell plays an important role in lymphoid development. During T cell
differentiation, when lkaros binds to the URE of the TdT gene, it decreases expression of
TdT. Ikaros-mediated repression of TdT is an important part of normal T cell development.
Phosphopeptide mapping of endogenous Ikaros in developing thymocytes that Ikaros
undergoes dephosphorylation at CK2 phosphosites(Wang et al., 2014b). These data suggest
that the DNA-binding affinity of Ikaros to the URE of TdT during thymocyte differentiation
is controlled by phosphorylation at specific amino acids. Studies have demonstrated that
phosphorylation of Ikaros by CK2 controls its ability to bind to the regulatory sequence of
the TdT gene. Protein Phosphatase 1 (PP1) has the opposite effect on the phosphorylation
status of Ikaros (Wang et al., 2014b).

4.4. Regulation of cell cycle and PI3K pathway genes in leukemia

Recently published studies show that Ikaros controls cellular proliferation by repressing
genes that promote cell cycle progression and the phosphatidylinositol-3 kinase (PI13K)
pathway (Follo et al., 2015; Fransecky et al., 2015; Neri et al., 2014; Payrastre and Cocco,
2015; Song et al., 2015). CK2, which phosphorylates Ikaros and impairs its tumor
suppressor functions, was shown to be increased in B-ALL cells (Song et al., 2015). The
ability of Ikaros to repress cell cycle control and PI3K pathway genes in B-ALL cells, could
be increased by inhibiting CK2, either through molecular inhibition (CK2 shRNA) or
pharmacological inhibition (using the specific CK2 inhibitor, CX4945). Results showed that
the repression of Ikaros target genes observed under CK2 inhibition was similar to that
which is seen after overexpression of Ikaros. The repression of PI3K and cell cycle control
genes induced by the loss of CK2 activity did not occur when Ikaros was knocked down in
the same cells. This confirms that the repression of cell cycle and PI3K genes observed with
CK?2 inhibition occurs via restoration of Ikaros function as a transcriptional repressor. The
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therapeutic efficacy of CK2 inhibitors was demonstrated using several patient-derived
xenograft (PDX) mice generated using primary B-ALL patient samples. Treatment of PDX
mice with CX-4945 resulted in decreased leukemia progression and prolonged survival
(Song et al., 2015).

4.5. Regulation of chromatin remodeling in leukemia

Song et al. studied the genome wide occupancy of Ikaros and HDAC1 in a human B-ALL
cell line (Nalm6) as well as in primary B-ALL cells. Binding of Ikaros and HDAC1 to their
target genes was determined using chromatin immunoprecipitation followed by deep
sequencing(CHIP Seq)(McCubrey et al., 2015; Pellagatti et al., 2016; Song et al., 2016).
Changes in the epigenetic environment surrounding the Ikaros and/or HDAC1 peaks were
analyzed in detail. These studies revealed that the binding of Ikaros and HDAC1, alone or
together, to a target gene results in unique histone modifications that result in either
induction or suppression of the target gene expression. Ikaros is known to exert its tumor
suppressor function by repressing several genes involved in cell cycle progression like
CDC7 and CDC2. As described above, studies by Song et al (Song et al., 2015). demonstrate
that functions of Ikaros are severely impaired by CK2-mediated phosphorylation and that
CK2 inhibition restores Ikaros’ regulatory functions and results in an anti-leukemic effect in
high-risk B-ALL.

Their subsequent studies of Ikaros and HDAC1 described in detail the mechanism of
chromatin remodeling v/a histone modifications that result in transcriptional regulation of
target genes by lkaros and HDAC1 and the regulation of these IkarosfHDAC1-mediated
epigenetic changes by CK2. The histone modifications that followed Ikaros binding to the
promoter regions of its target genes were studied after molecular inhibition (shRNA) and
pharmacological inhibition (CX4945) of CK2 in Nalm6 and in primary high risk B-ALL
cells. The results confirmed that Ikaros-mediated chromatin remodeling and transcriptional
regulation of target gene expression is impaired by CK2 mediated phosphorylation of Ikaros
in high-risk B-ALL. Inhibition of CK2 using a specific inhibitor, CX4945, restored the
epigenetic regulation of cell cycle progression by Ikaros (Song et al., 2016).

4.6. Regulation of JARID1B/KDM5B histone demethylase

The histone H3K4 demethylase, JARID1B (KDM5B), is overexpressed in leukemia. Ikaros
suppresses KDM5B resulting in increased global levels of H3K4 trimethylation. In
leukemia, inhibition of KDM5B results in the arrest of cell growth. CK2-mediated
phosphorylation of Ikaros impairs the regulation of KDM5B expression by Ikaros. Restoring
Ikaros regulatory functions using a CK2 inhibitor results in an anti-leukemia effect and an
Ikaros-mediated decrease in KDM5B expression. KDM5B is a potential therapeutic target in
leukemia (Wang et al., 2016).

4.7. Regulation of IL-7R and SH2B3 expression in high-risk leukemia

A subset of adult B-ALL patients with high risk factors and poor prognosis have recently
been noted to have high IL-7Ra (IL-7R) expression, low SH2B3 expression and Ikaros
dysfunction (Ge et al., 2016a). Cell surface IL-7R is required for lymphoid development, but
overexpression of IL-7R is considered pro-oncogenic. The SH2B adaptor protein 3
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(SH2B3), also known as the lymphocyte adaptor protein (LNK), negatively regulates
cytokine signaling. It plays a vital role in homeostasis of hematopoietic stem cells and
lymphoid progenitors. Previous genome wide mapping of Ikaros binding using ChlP-Seq
had shown that IL7R and SH2B3 are Ikaros target genes. Expression of IL-7R and SH2B3
were shown by Ge et al. to be regulated by Ikaros via chromatin remodeling (Ge et al.,
2016a). Ikaros was shown to suppress the promoter activity of IL-7R, while it activated that
of SH2B3. Results of this study demonstrated that Ikaros overexpression and CK2 inhibition
(using TBB) leads to decreased IL-7R and increased SH2B3 expression, whereas CK2
inhibition after Ikaros silencing (using lkaros ShRNA) blocks changes in IL-7R and SH2B3
expression. These data demonstrate that CK2 regulates Ikaros ability to repress and to
activate its target genes (IL-7R and SH2B3 respectively). These results demonstrate the
interplay between the CK2-1karos axis and IL7R signaling pathways and provided a
mechanistic rationale for the therapeutic efficacy of CK2 inhibitors for treatment of the
IL7R-high/SH2B3-low subtype of high-risk B-ALL (Ge et al., 2016a).

4.8. Regulation of CRLF2 expression in B-ALL

Cytokine receptor-like factor 2 (CRLF2) over expression is found in a subgroup of ALL
patients without CRLF2 rearrangement and is associated with Ikaros deletion and
dysfunction. This study does not include patients with increased CRLF2 expression due to
CRLF2 rearrangement (Hispanic population)(Chen et al., 2012). Studies by Ge et al. showed
that Ikaros directly binds to the promoter region of CRLF2 and suppresses its transcription
via chromatin remodeling in human B-ALL cell lines and in primary B-ALL. Similar to
other subtypes of B-ALL, a high level of CK2 results in Ikaros hyperphosphorylation, which
impairs its functions as a transcriptional repressor. Targeted inhibition of CK2 was able to
restore Ikaros binding to the CRLF2 promoter, and repress transcription of the CRLF2 gene
in primary B-ALL cells. These data further support the paradigm established in previous
studies that: 1) The CK2-Ikaros axis regulates tumor suppression in high-risk B-ALL via
transcriptional control of the genes that have a key role in leukemogeneis; and 2) Restoration
of Ikaros’ tumor suppressor function occurs following treatment with CK2 inhibitors, which
contributes to the therapeutic efficacy of CK2 inhibitors in leukemia (Ge et al., 2016b).

5. Conclusion

In summary, Ikaros is a master regulator of hematopoiesis and deletion or dysfunction of
Ikaros leads to the development of leukemia. Ikaros regulates the expression of a large
number of genes, and thus, has a crucial role in controlling multiple biological pathways.
Increased activity of CK2 in leukemia results in hyperphosphorylation of Ikaros and impairs
its function as a transcriptional regulator (Fig. 2). The use of CK2-specific inhibitor restores
Ikaros activity and its tumor suppressor function, resulting in an anti-leukemic effect.
Advancing knowledge of the role of the CK2-Ikaros signaling axis in leukemia will provide
further insight into the regulation of cellular proliferation in hematopoietic malignancies.
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Fig. 1.
Structure of Ikaros and CK2 phosphorylation sites.
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Fig. 2.
Ikaros- CK2 axis in Leukemia and role of CK2 inhibitor (CX4945).
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