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Kinase Il-lkaros axis
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ABSTRACT

Protein signaling and regulation of gene expression
are the two major mechanisms that regulate cellular
proliferation in leukemia. Discerning the function of
these processes is essential for understanding the
pathogenesis of leukemia and for developing the
targeted therapies. Here, we provide an overview of
one of the mechanisms that regulates gene
transcription in leukemia. This mechanism involves
the direct interaction between Casein Kinase Il (CK2)
and the /karos transcription factor. lkaros (IKZFT)
functions as a master regulator of hematopoiesis
and a tumor suppressor in acute lymphoblastic
leukemia (ALL). Impaired Ikaros function results in
the development of high-risk leukemia. Ikaros binds
to the upstream regulatory elements of its target
genes and regulates their transcription via chromatin
remodeling. In vivo, Ikaros is a target for CK2, a
pro-oncogenic kinase. CK2 directly phosphorylates
Ikaros at multiple amino acids. Functional
experiments showed that CK2-mediated
phosphorylation of Ikaros, regulates lkaros” DNA
binding affinity, subcellular localization and protein
stability. Recent studies revealed that
phosphorylation of Ikaros by CK2 regulates lkaros
binding and repression of the terminal
deoxytransferase (TdT) gene in normal thymocytes
and in T-cell ALL. Available data suggest that the
oncogenic activity of CK2 in leukemia involves
functional inactivation of Ikaros and provide a
rationale for CK2 inhibitors as a potential treatment
for ALL.

INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most
common cancer of childhood. Recent studies
used a large number of leukemia samples from
children and next generation sequencing to
identify alterations in multiple genes.! Among
altered genes, IKZF1 deletion or deactivation
has proven to be the most important independ-
ent negative prognostic marker.? * Since IKZF1
(Ikaros) was first identified in 1992,* extensive
studies have been focused on understanding the
role of Tkaros in normal hematopoiesis and leu-
kemogenesis. Studies to elucidation the signal
transduction pathways that affect Ikaros’s regu-
latory function have been performed.’ Several
Ikaros target genes involved in important bio-
logical pathways have been identified. Recent
studies have focused on identifying pathways

that can be targeted to restore and enhance
Ikaros function as a tumor suppressor. There is
promising data to support the use of this strat-
egy in developing potential treatments for
leukemia.

STRUCTURE AND BIOLOGIC FUNCTION OF
IKAROS
The IKZF1 gene encodes several Ikaros iso-
forms via alternate splicing.® Ikaros protein
contains two separate zinc finger domains.
There are four zinc fingers in the amino half of
the protein that take part in sequence-specific
DNA binding. The two zinc fingers at the
C-terminus of the protein are responsible for
protein—protein interaction. This enables Ikaros
proteins to form dimers or multimers with dif-
ferent Ikaros isoforms, as well as with other
members of Ikaros family genes that share the
same protein-interaction domain.” Small Ikaros
isoforms lack DNA-binding zinc fingers result-
ing in a functionally inactive complex when
associated with full-length Ikaros.®

Ikaros binds to the upstream regulatory
element (URE) of its target genes and aids in
their recruitment to pericentromeric hetero-
chromatin (PC-HC), resulting in repression or
activation of transcription of those genes via
chromatin remodeling.” The ability of Ikaros to
localize to PC-HC is essential for Ikaros’ func-
tion as an activator or repressor of transcrip-
tion.'® ! Several gene disruption experiments
have shown that Ikaros is a master regulator of
lymphoid development and suggest its involve-
ment in lymphocyte activation and tumor
suppression.

ROLE OF IKAROS AS A TUMOR
SUPPRESSOR IN LEUKEMIA
The role of Tkaros in tumor suppression was first
described in Ikaros knockout mice. The absence
of Tkaros has a severe impact on normal hemato-
poiesis with the absence of B, natural killer cell
(NK) and dendritic cells, along with reduced
T cells. However, Ikaros haplo knockout mice
that lack one copy of IKZF1 develop an early
T cell leukemia with 100% penetrance.'” *
Reintroduction of Ikaros into T-cell leukemia
with Ikaros deficiency resulted in cellular arrest
with partial T-cell differentiation. "

Altered Tkaros expression has been associated
with the development of malignancies
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including childhood ALL, infant T-cell ALL, adult B cell
ALL, myelodysplastic syndrome, AML and adult and juven-
ile CML.> '* IKZF1 defects leading to a loss of Ikaros activ-
ity have been detected in 30% of pediatric B-cell ALL, in
>80% of BCR-ABL1 ALL and BCR-ABL-like ALL, and
approximately 5% of T-cell ALL."* Overall, 90% of the
Ikaros gene defects involve IKZF1 gene deletion and the
rest are nonsense or functionally inactivating mutations of
a single allele.'” Thus, Ikaros haploinsufficiency is sufficient
to result in malignant transformation and the development
of ALL. Deletion of IKZF1 confers poor prognosis and is
known to be an independent negative prognostic marker in
childhood ALL.? '¢

PHOSPHORYLATION OF IKAROS BY CK2 CONTROLS

IKAROS ACTIVITY

Ikaros protein is abundant during the most stages of hem-

atopoiesis. Although it has been shown that Ikaros tran-

scription is controlled by a complex regulatory network.!”
post-translational modifications are hypothesized to play an
important role in the regulation of Ikaros function in hem-
atopoietic cells. In vivo phosphopeptide mapping of Ikaros
has shown that Ikaros is phosphorylated at multiple sites.®

The first evidence that phosphorylation is one of the major

mechanisms regulating Ikaros function came with the dis-

covery that Tkaros DNA binding to target genes is con-
trolled in a cell cycle-dependent manner, during mitosis.

This control occurs via direct phosphorylation at a linker

sequence that connects the DNA binding zinc finger

units.'” Studies from the Georgopoulos group identified
several additional phosphorylated amino acids in Ikaros
protein that are directly phosphorylated by CK2. These
studies suggested that CK2-mediated phosphorylation of

Ikaros can regulate its ability to control G1-to-S cell cycle

progression in mice.*® Subsequent studies in human leuke-

mia cells revealed that phosphorylation by CK2 regulates

Ikaros DNA-binding in human leukemia cells in S phase of

the cell cycle.?? %!

Gurel et al,** identified four novel sites in the N ter-
minus of Ikaros that are phosphorylated by CK2 in vivo.
Functional analysis of Ikaros phosphomimetic mutants
(where phosphosites are mutated to aspartate to mimic
phosphorylation) and phosphoresistant mutants (where
phosphosites are mutated to alanine to mimic the depho-
sphorylated state) were used to study effects of
CK2-mediated phosphorylation on Ikaros function. These
analyses demonstrated that phosphorylation of Ikaros at
specific amino acids by CK2 regulates two important Ikaros
functions:

A. Pericentromeric localization: In the nucleus, Ikaros
exhibits a punctate staining pattern in normal hemato-
poietic cells and leukemia cells. Confocal microcopy
showed that this punctate staining pattern is due to the
localization of Tkaros to PC-HC. Ikaros ability to local-
ize to PC-HC is thought to be important for its func-
tion in chromatin remodeling and transcriptional
regulation of its target genes. Ikaros phosphomimetic
mutants at amino acids in the N-terminal region show
severely reduced DNA binding affinity for probes that
are derived from PC-HC. In contrast, phopshoresistant
mutants were able to bind probes derived from PC-HC
at a rate similar to wild-type Ikaros. These data

suggested that Ikaros phosphorylation by CK2 at spe-
cific sites regulates DNA binding of Ikaros to PC-HC.**
Confocal microscopy analysis showed that Ikaros
protein with phosphomimetic mutations at CK2
phospho acceptor sites loses its ability to localize to
PC-HC, resulting in a diffuse nuclear distribution of
Ikaros mutant protein. These results demonstrated that
CK2-mediated phosphorylation regulates the ability of
Ikaros to bind DNA at PC-HC, but also its subcellular
localization and function in chromatin remodeling.**

B. DNA binding ability to Ikaros target genes: Ikaros binds
to the upstream regulatory sequence of the terminal
deoxytransferase (TdT) (dntt) gene and negatively regu-
lates expression of TdT.**> However, molecular mechan-
isms that results in increased binding of Ikaros to the
TdT D’ regulatory sequence during thymocyte differen-
tiation were unknown. The aforementioned study by
Gurel et al, showed that reversible phosphorylation of
Ikaros at specific amino acids regulates the expression
of TdT during thymocyte differentiation. Experiments
using phosphoresistant mutants at CK2 phospho
acceptor sites (amino acids #13 or #294) showed
increased Tkaros” DNA-binding affinity toward the TdT
D’ regulatory sequence, while phosphomimetic mutants
(at amino acid #294) had decreased Tkaros® DNA
binding by threefold as compared to wild type, suggest-
ing that, phosphorylation of Ikaros controls its ability
to bind to the regulatory sequence of the TdT gene.
Furthermore, phosphopeptide mapping of endogenous
Ikaros, in unstimulated thymocytes and in thymocytes
induced to differentiate, showed that Ikaros undergoes
dephosphorylation at amino acids #13 and #294 fol-
lowing the induction of thymocyte differentiation.
These data suggest that the DNA-binding affinity of
Ikaros for the TdT D’ regulatory element during
thymocyte differentiation is controlled by phosphoryl-
ation at specific amino acids.

Treating cells in the above studies with a specific CK2
inhibitor, resulted in the loss of phosphorylation at several
amino acid sites including #13 and #294, suggesting that
high CK2 kinase activity is necessary for in vivo phosphor-
ylation of these amino acids. Overall, this study provided
an in-depth analysis of the molecular mechanism through
which phosphorylation by CK2 controls the function of
Ikaros in regulating gene transcription and chromatin
remodeling.

DEPHOSPHORYLATION OF IKAROS BY PROTEIN
PHOSPHATASE 1

The above studies demonstrated the strong connection
between the CK2 signal transduction pathway and tran-
scriptional regulation by the Ikaros tumor suppressor. The
discovery that Ikaros is a substrate for protein phosphatase
1 (PP1) provided new insights on the role of phosphoryl-
ation in regulating Ikaros function. Ikaros contains an
evolutionarily-conserved PP1  recognition motif R/
K-Xo1-[VI]-X-[F/W] at amino acids located at the
C-terminal end of the protein.”* *° Interaction between
Ikaros and PP1 was studied in detail by Popescu et al,?®
using an Ikaros mutant that is unable to interact with PP1
(IK-A465/7, mutation of valine and alanine at amino acids
465 and 467). These studies determined that Ikaros
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dephosphorylation by PP1 regulates both Ikaros binding to
pericentromeric DNA, as well as its subcellular localization.
Importantly, the introduction of phosphoresistant muta-
tions at  CK2-phosphorylated  residues  restored
DNA-binding affinity and PC-HC localization of this
mutant. These results show that PP1 is important in pre-
venting hyperphosphorylation of Ikaros by CK2 kinase,
and the loss of Ikaros DNA binding activity. Hence,
CK2-mediated phosphorylation is one of the major
mechanisms regulating Ikaros function in DNA binding
and chromatin remodeling and dephosphorylation of
Ikaros is essential for preserving its function in hematopoi-
etic cells.”®

PHOSPHORYLATION REGULATES STABILITY OF

IKAROS PROTEIN

An unexpected finding was that the loss of interaction with
PP1 results in a severely shortened Ikaros half-life. The
aforementioned study®® showed that, protein levels of the
PP1-nonbinding ITkaros mutant (Ikaros A465/7) was more
than fivefold decreased compared to wild type Ikaros,
despite the presence of similar levels of Tkaros mRNA. The
introduction of phosphoresistant mutations at CK2 phos-
phoacceptor sites stabilized the Ikaros A465/7 mutant
protein and extended its half-life by fivefold. This demon-
strated that phosphorylation of Ikaros by CK2 kinase at
specific amino acids promotes its degradation while depho-
sphorylation by PP1 stabilises the Ikaros protein and
extends its half-life.*

CK2 AND PP1 REGULATE IKAROS-MEDIATED
REPRESSION OF TDT AND CELLULAR PROLIFERATION

IN LEUKEMIA

The above data showed that Ikaros activity can be regulated
in an opposing manner by the CK2 and PP1 signaling path-
ways. Subsequent studies extended the analysis of CK2 and
PP1 pathways in regulation of Ikaros function as regulator
of TdT transcription.

CK2 and PP1 regulate Ikaros binding to URE of TdT

To study the role of CK2 and PP1 in regulating Ikaros
function, the CK2 phosphomimetic and phopshoresistant
Ikaros mutants were used, together with the
PP1-non-binding Tkaros mutant (IK-A465/7) and
PP1-non-binding, CK2-phosphoresistant Ikaros mutant
(IKA11+A465/7). In addition, thymocytes were treated
with PP1 or CK2 specific inhibitors. Results showed that
PP1 activity and/or PP1-mediated dephosphorylation are
essential for Ikaros binding to the TdT URE. However,
inhibition of CK2 by specific inhibitor or the introduction
of phosphoresistant mutations at CK2 phospho acceptor
sites restored Ikaros binding to the TdT URE despite the
absence of PP1 activity. These results provide evidence that
CK2 and PP1 signaling have critical and opposing roles in
the regulation of Ikaros binding to the TdT URE in
primary thymocytes and identified the physiological rele-
vance of CK2 and PP1 in normal thymocyte
differentiation.

CK2 and PP1 signaling regulate Ikaros-mediated
transcriptional repression in primary thymocytes and in

T cell leukemia

Impaired differentiation of lymphoid cells is often asso-
ciated with malignant transformation and the development
of leukemia. TdT is an enzyme that is involved in lymphoid
differentiation. During thymocyte differentiation, Ikaros
represses TdT, and Ikaros-mediated repression of TdT is an
important part of normal T cell development. The role of
CK2 and PP1 signaling in regulating Ikaros-mediated
repression of TdT transcription was studied in normal thy-
mocytes and in T cell leukemia using the above-described
Ikaros mutants and specific CK2 and PP1 inhibitors.
Results showed that dephosphorylation of Ikaros by PP1, is
essential for transcriptional repression of TdT. Inhibition of
PP1 activity abolishes the Ikaros-mediated repression of
TdT. Loss of CK2 activity or the presence of phosphoresis-
tant Ikaros mutations restores transcriptional repression of
TdT. The opposing roles of CK1 and PP1 on
Ikaros-mediated transcriptional repression of TdT were
demonstrated in primary thymocytes and in T cell leuke-
mia, which established the significance of these signaling
pathways in normal lymphopoiesis and in leukemia.

TARGETING CK2-IKAROS PATHWAY IN B CELL
LEUKEMIA

Our recently published data showed that Ikaros controls
cellular proliferation by repressing genes that regulate cell
cycle progression, PI3K pathway and histone methylation.
CK2-mediated phosphorylation of Ikaros impairs its ability
to regulate its target genes in B-cell ALL (B-ALL).>”~*° CK2
inhibition restores Ikaros tumor suppressor function in
B-ALL, as well as in high-risk B-ALL with IKZF1 deletion
and showed strong therapeutic effect in vivo .These data
provided validation and the rationale for targeting CK2 as
a novel therapeutic approach for high-risk B-cell ALL.

CONCLUSION

The described studies showed a strong correlation between
CK2 and PP1 activity and the regulation of Ikaros function
in normal thymocytes and in T cell leukemia.>! Evidence
suggests that phosphorylation of Ikaros by CK2 impairs its
function as a tumor suppressor by, (1) decreasing its DNA
binding ability to the URE of its target genes (2) decreasing
its localization to PC-HC and (3) impairing Ikaros function
as transcriptional regulator of its target genes. This was
demonstrated in primary thymocytes and in T cell leuke-
mia. PP1 has an opposing effect on all the above Ikaros
functions (figure 1).*> 2° 32 The use of CK2 inhibitors
reversed these processes and restored or enhanced of
Ikaros function in thymocytes and/or in T cell leukemia.

In summary, the available data provide evidence that the
phosphorylation of Ikaros protein lies at the intersection of
two signaling pathways—CK2 and PP1. While the CK2
pathway has been known to promote oncogenesis, PP1 has
previously been shown to act as a tumor suppressor. Data
from the studies described above revealed the opposing
effects of two signaling pathways on cellular transformation
that occur via their regulation of Ikaros tumor suppressor
function. The above data demonstrate the functional

Gowda CS, et al. J Investig Med 2016;64:735-739. doi:10.1136/jim-2016-000075

737

yBuAdoo Aq peroslold 1senb Aqg +Z20z ‘0T Idy uo /:8|1 Wwoly papeojumod "9T0Z Areniged 6 Uo §/0000-9T0Z-WIl/9ETT 0T se paysiignd 1s11) :pain Bisseau| ¢



Experimental biology symposia

CK2
|
< PP1
DECREASED DNA BINDING

DECREASED PC-HCLOCALIZATION

IMPAIRED
TUMOR

SUPRESSION

INCREASED DEGRADATION

'

\V

IMPAIRED DIFFERENTIATION

LEUKEMOGENESIS

Figure 1

integration of signal transduction and transcriptional regu-
lation in the control of gene expression.>® 3*
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