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Abstract

The 1kzf1 gene encodes Ikaros — a DNA-binding zinc finger protein. Ikaros functions as a regulator
of gene expression and chromatin remodeling. The biological roles of Ikaros include regulating the
development and function of the immune system and acting as a master regulator of hematopoietic
differentiation. Genomic profiling studies identified Ikzf1 as an important tumor suppressor in
acute lymphoblastic leukemia (ALL), particularly in ALL that is associated with poor prognosis.
This review summarizes currently available data regarding the structure and function of Ikaros, the
clinical relevance of genetic inactivation of 1kzf1, and signal transduction pathways that regulate
Ikaros function.
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l. INTRODUCTION

The Ikzf1 gene encodes Ikaros protein. Since its discovery, independently, by K.
Georgopoulos et al. and S. Smale's group, Ikzf1 has attracted tremendous attention from the
scientific community. This interest is due to the biological roles of Ikaros in hematopoiesis,
immune function, and tumor suppression, as well as its complex role in the regulation of
transcription and chromatin remodeling.1-3 During the past several years, Ikzf1 has been
established as one of the most clinically relevant tumor suppressors in high-risk acute
lymphoblastic leukemia (ALL). This review will summarize our current understanding of
the structure and function of Ikaros protein and the clinical relevance of its inactivation, as
well as insights into the signal transduction pathways that regulate Ikaros activity.

Il. IKAROS MOLECULAR STRUCTURE

The Ikaros proteins contain several functional domains:

A. DNA-Binding Domain

The N-terminal end of Ikaros contains a DNA-binding domain that consists of three zinc
finger motifs with a typical C2H2 structure, and one CCHC-type zinc finger. A point
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mutation in the fourth zinc finger has been associated with primary immunodeficiency and
pancytopenia in man.4

B. Dimerization Domain

The C-terminal end of Ikaros contains two zinc finger motifs that are essential for protein-
protein interaction with other Ikaros isoforms or Ikaros family members.® This allows for
the formation of very diverse protein complexes among different Ikaros family members
and/or isoforms.

C. Bipartite Activation Domain

This bipartite activation domain lies adjacent to C-terminal zinc finger region. The presence
of this domain stimulates basal levels of transcriptional activation of Ikaros target genes.>6

D. Human lkaros Activation Domain

This 20-amino acid domain adjacent to the N-terminal zinc fingers regulates DNA-binding
specificity and function in transcriptional activation and chromatin remodeling of Ikaros
target genes in humans.”8

lll. IKAROS IN GENE REGULATION AND CHROMATIN REMODELING

Ikaros has been shown to bind DNA and directly regulate expression of its target
genes.2:3:9.10 Subsequent experiments established that Ikaros regulates transcription of its
target genes primarily via chromatin remodeling. Ikaros is abundantly localized in
pericentromeric heterochromatin in the nucleus.!! Experiments by several groups have
shown that Ikaros regulates expression of its target genes by recruiting them to
pericentromeric heterochromatin, resulting in their activation or repression.8:11.12

Ikaros associates with histone deacetylase (HDAC)-containing complexes by direct
interaction with the NURD complex ATPase, Mi-28, and with Sin3A and Sin3B.1314 It has
been suggested that Ikaros recruits histone deacetylase complex to the upstream regulatory
elements of its target genes, which results in chromatin remodeling and repression of the
Ikaros target gene 1115

It has been demonstrated that Ikaros can function as transcriptional repressor in a HDAC-
independent way. Ikaros interacts with the corepressor, CtBP 16 and the Ikaros-CtBP
complex acts to repress transcription without HDAC involvement, thus Ikaros can function
as a transcriptional repressor of its target genes through both HDAC-dependent and HDAC-
independent mechanisms.16

Ikaros interacts with Brg-1, a catalytic subunit of the SWI/SNF chromatin remodeling
complex that functions as an activator of gene expression.1417 It has been suggested that
Ikaros functions as transcriptional activator by recruiting the SWI/SNF nucleosome
remodeling complex to the upstream regions of its target genes resulting in chromatin
remodeling and activation of the gene Thus, Ikaros can both activate or repress transcription
of its target genes via chromatin remodeling, depending on whether it associates with the
NuRD, the CtBP or the SWI/SNF complex.

IV. IKAROS IN B-CELL ALL

Since the discovery that Ikaros functions as a master regulator of lymphocyte differentiation
and a tumor suppressor in the mouse, human studies have been focused on determining
whether Ikaros acts as a tumor suppressor in human leukemia. Initial studies focused on the
expression of small dominant negative Ikzf1 isoforms. These studies found that expression
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of DN isoforms was associated with adult B cell ALL,8 as well as with myelodysplastic
syndrome,1® AML,20 and adult and juvenile CML.2 However, due to an absence of
functional data and the small numbers of patients as well as the lack of genetic evidence for
alteration of 1kzf1, these studies did not have a profound effect on clinical practice.

During the last several years multiple microarray-based analyses of genetic changes and
alterations in gene expression have been conducted by several groups. These genomic
profiling studies have produced strong evidence that that Ikaros plays a key role in tumor
suppression in pediatric B-cell ALL and in particular in high-risk B-cell ALL. These
findings can be summarized as follows:

1.

4.

o

Deletion of a single Ikzf1 allele or mutation of a single copy of Ikzfl were detected
in 15% of all cases of pediatric B-cell ALL.22 It should be noted that all of the
described mutations were either nonsense, or frameshift mutations, or mutations
that functionally inactivated a particular Ikzf1 allele. Thus, each of these defects
resulted in haploinsufficiency of the Ikzf1 gene, along with expression of a
functionally inactive form of Ikaros which could potentially act as a dominant-
negative form.

Deletion or mutation of a single copy of the Ikzf1 allele was detected in over 80%
of BCR-ABL1 ALL, a subtype of ALL that are associated with a poor outcome.
Deletion or mutation of an Ikzfl allele was also identified in 66% of chronic
myeloid leukemia (CML) patients during lymphoid blast crisis.23-25

Deletion or mutation of Ikzf1 was identified in one-third of cases of BCR-ABL1
negative ALL. Haploinsufficiency of Ikzf1 was associated with a three-fold
increase in relapse of ALL following treatment.26-28

Expression profiles of BCR-ABLL1 negative cases with haploinsufficiency of Ikzfl
and poor prognosis were noted to have similar expression profiles to BCR-ABL1
positive ALL.28 This led to the definition of the BCR-ABL1-like subtype of B-cell
ALL with haploinsufficiency of Ikzf1 or other transcriptional regulators.28

Inherited genetic variations of Ikzf1 are associated with the risk of childhood ALL
and poor outcome of the disease.2%:30 Genetic variations have been shown to affect
the expression level of Ikaros, suggesting a potential mechanism for
leukemogenesis.30

In 14% of pediatric high-risk leukemia with a poor outcome,3! the CRLF2 gene is
overexpessed due to rearrangement. This CRLF2 defect is significantly associated
with JAK mutations and with deletions or mutations of Ikzf1.31:32

The functional, leukemogenic significance of Ikzfl haploinsufficiency and/or
expression of dominant-negative Ikaros isoforms has been confirmed by several
animal models. These models demonstrated that the expression of the dominant
negative Ikzf1 allele in CD34+ cells results in impaired lymphoid differentiation.33
These models also demonstrate that the haploinsufficiency of Ikzfl accelerates the
development of leukemia in both retrovirally transduced bone marrow transplants
and in a transgenic model of BCR-ABL1 ALL.34:35

Overall, the above data established that:

a.

b.

Ikaros acts as a highly clinically-relevant tumor suppressor in B-cell ALL and
particularly in high-risk B-cell ALL

The modest decrease in Ikaros activity (e.g. haploinsufficiency) is sufficient to
contribute to leukemogenesis
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c. Genetic alterations of Ikzf1 might serve as a prognostic marker for B-cell ALL
outcome.

Based on these results, testing for genetic alteration of Ikzf1 is currently performed in
prospective clinical trials.

V. IKAROS IN T-CELL ALL

Initial studies of Ikaros in T-cell ALL produced somewhat conflicting data: All 18 T-ALL
patients in the first study were reported to express dominant negative Ikaros isoforms
(assessed by Western blot and RT-PCR),36 suggesting a strong correlation of loss of Ikaros
function with the development of T-cell ALL. However, in subsequent studies on a total of
14 T-ALL patients (both adult and pediatric) dominant-negative isoforms were not detected
by Western blot and RT-PCR.18:37 However, the expression of a dominant-negative isoform
of the Ikaros-family member — Helios — was associated with T-cell ALL in one study.38

Deletion of one copy of Ikaros was detected in 5% of T-cell ALL patients in more
comprehensive studies that utilized high-resolution CGH-arrays on a total of 81
patients.23:39.40 The most recent study combined Western blot, CGH-array analysis, and
sequencing of Ikaros cDNA following RT-PCR to provide a more complete view of the
relation of Ikaros and T-cell ALL evaluate. That study of 25 cases of human T-cell ALL
detected one patient (4%) in which one Ikaros allele had been deleted. The Ikaros protein
that was produced by the other intact allele exhibited association with an abnormal
cytoplasmic structure and a loss of nuclear localization.4! This study provided the first
definitive functional evidence to link the complete loss of Ikaros function with human T-cell
ALL.#2

In summary, these studies of human T-cell ALL demonstrate that inactivation of the Ikzfl
gene by deletion occurs in human T-cell ALL in at least 5% of cases. Although Ikaros
deletion is less frequent in T-ALL, when compared to B-cell ALL (15%) or BCR-ABL1
ALL (80%), its occurrence in T-Cell All is a notable cause of T-cell ALL, and testing for
genetic alteration of 1kzfl in newly diagnosed patients with this disease is warranted. It
remains to be determined whether Ikaros deletion will have prognostic significance in T-cell
ALL.

VI. MECHANISMS OF IKAROS TUMOR SUPPRESSOR ACTIVITY

The mechanism by which Ikaros suppresses malignant transformation and the development
of ALL is largely unknown. The discovery of several Ikaros target genes provided potential
mechanisms of the tumor suppressor action of Ikaros in ALL. These are summarized below.

A. Positive Regulation of B cell Differentiation

Expression of several genes that are essential for normal B cell differentiation are directly
regulated by Ikaros

Ikaros has been shown to bind the 1gll1 promoter and to regulate expression of this gene in
early B lineage cells.#344 The Ikaros binding site at the Igll1 promoter overlaps the binding
site of the EBF transcriptional activator. Thus, Ikaros regulates Igll1 transcription by
competing with EBF for binding to the 1gll1 promoter and subsequently regulating Igll1
expression. The Igll1 gene encodes Lambda5, a component of the pre-B cell receptor (pre-
BCR). Pre-BCR expression is essential for progression beyond the pre-B cell stage of
differentiation. Thus, Ikaros controls this critical step in early stages of B cell differentiation.
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Ikaros binds to the promoter region of the recombinase activating genes (rag) and positively
regulates transcription of both ragl and rag2.4> Upregulation of expression of RAG1 and
RAG2, along with Ikaros-mediated control of the compaction of the immunoglobulin heavy-
chain locus, as well as accessibility of the variable gene segments, promotes
immunoglobulin heavy-chain gene rearrangement.#> Thus Ikaros controls another essential
step in normal B cell differentiation.

B. Positive Regulation of T cell Differentiation

Ikaros has been shown to regulate expression of multiple genes that are essential for T cell
differentiation.

The regulation of dntt (terminal deoxynucleotide transferase -TdT) gene expression during
thymocyte differentiation by Ikaros has been studied by several groups.®46-48 |karos binds
to the D’ upstream regulatory element of the dntt gene promoter. This region contains
contains a consensus binding site that is bound, in vivo, by the EIf-1 activator — a member of
the Ets family of transcription factors. Ikaros and EIf-1 have been shown to compete for the
occupancy of the D’ upstream regulatory element of the dntt gene during thymocyte
development. Ikaros binding to the dntt upstream regulatory element results in repression of
TdT transcription, which is associated with repositioning of the dntt gene to pericentromeric
heterochromatin.#6 During induction of thymocyte differentiation, Ikaros displaces EIf-1
from the D’ upstream regulatory element of dntt, which results in downregulation of TdT
expression. Phosphorylation of Ikaros has been shown to regulate Ikaros’ affinity toward the
dntt upstream regulatory region.4?

During thymocyte development, Ikaros binds to the regulatory element of the CD8a gene. It
has been suggested that Ikaros positively regulates transcription of the CD8a gene during T
cell development,®0 and thus, plays an important role in CD4 versus CD8 lineage
commitment. This hypothesis has been supported by decreased numbers of CD8+ T cells in
Ikaros-deficient mice.%0

Studies by Georgopoulos’ group demonstrated that Ikaros binds to the upstream regulatory
region of the CD4 gene. Ikaros binding at this site, in complex with the Mi-2 chromatin
remodeler, results in expression of CD4, suggesting that Ikaros positively regulates
transcription of CD4 via chromatin remodeling.>!

C. Downregulation of the Notch Pathway

The Notch pathway is essential for T cell development. Activation of the Notch-1 gene has
been found in over 50% of T-cell ALL.52 In addition, T-cell ALL cells have high expression
of the Notch target genes Hes-1 and pT.53 In T-cell leukemia derived from Ikaros-deficient
mice, the Notch pathway is activated.>*

The synergism between Notch activation and the loss of Ikaros function in T cell
leukemogenesis has been demonstrated by Beverly and Capobianco.>® Since the consensus
binding sequences for the Notch-associated transcriptional activator, CSL, and Ikaros were
highly similar, Ikaros was hypothesized to interfere with CSL binding and Notch
signaling.>® Ikaros directly binds to the upstream regulatory element of a Notch target gene
Hes-1, and downregulates its expression. Ikaros competes with the transcriptional activator
CSL for binding to the upstream regulator element of Hes-1 in a manner similar to that
demonstrated for EBF1 and EIf1 (described above).6 It has been suggested that
transcriptional repression of Hes-1 by Ikaros involves chromatin remodeling, since Ikaros
binding to the upstream regulatory region of Hes-1 leads to decreased histone H3 acetylation
at the Hes-1 locus.>’
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Ikaros competes with CSL for the binding to the upstream regulatory region of Deltex1,
another target gene for the Notch signaling pathway.>’ Ikaros represses transcription of
Deltex1 by chromatin remodeling as evidenced by decreased histone H3 acetylation at the
Deltex1 locus following Ikaros binding to the upstream region of Deltex1.5”

D. Negative Regulation of Cellular Proliferation

The negative regulation of pre-B cell proliferation by Ikaros has been demonstrated by Ma
et al. The mechanism of inhibition of cellular proliferation involves direct binding of Ikaros
to the promoter of the c-Myc gene which results in direct suppression of c-Myc expression
in pre-B cells.® Repression of c-Myc by Ikaros in pre-B cells also leads to induction of
expression of p27, as well as downregulation of cyclin D3.58 These data provided a potential
mechanism by which lIkaros can suppress proliferation of pre-B cells in vivo.

It has also been shown that Ikaros can negatively regulate cell cycle progression at the G1/S
transition,%9 suggesting that Ikaros has a role in the regulation of the G1/S check point of the
cell cycle.

E. Regulation of apoptosis

The loss of Ikaros function is associated with increased Bcl-xL expression, which suggests
that Ikaros downregulates Bcl-xL expression.20:60.61 These data led to the hypothesis that
Ikaros regulates apoptosis, and that decreased Ikaros activity in leukemia cells would
increase resistance to chemotherapy. This hypothesis remains speculative due to a lack of
mechanistic data to back up this assertion.

F. Post-Translational Modifications Regulate Ikaros Tumor Suppressor Function

Post-translational modifications have been shown to regulate Ikaros’ activity. Sumoylation
regulates Ikaros repressor function.82 The cell cycle-specific phosphorylation of Ikaros
regulates its DNA-binding ability and nuclear localization during mitosis.®3 In cycling cells
Ikaros is a direct substrate for pro-oncogenic kinase CK2. Phosphorylation of Ikaros by CK2
regulates the subcellular localization of Ikaros to pericentromeric heterochromatin, and its
DNA-binding affinity toward the upstream regulatory element of the Ikaros’ target gene,
TdT,%9 as well as its ability to control G1/S cell cycle progression.>® More recent data
showed that Ikaros is a substrate for PP1 phosphatase, and that CK2 and PP1 exert opposite
effects on Ikaros function in DNA binding, pericentromeric localization, and chromatin
remodeling.54 Overexpression of CK2 has been shown to increase degradation of Ikaros
protein via the ubiquitin pathway, while PP1 counteracts this process (Fig.1).84 These data
led to the development of a model whereby the loss of Ikaros activity in leukemia can result
from genetic defects (deletion, mutation) or functional inactivation of Ikaros due to
hyperphosphorylation by CK2.85 More studies are needed to test this model.

VIl. CONCLUSION

Genomic profiling of ALL identified Ikaros as a major tumor suppressor in ALL. Functional
studies revealed possible mechanisms of tumor suppression by Ikaros, as well as the
regulatory pathways that control the tumor suppressor function of Ikaros. Future studies will
be directed toward evaluating genetic changes in Ikaros as a prognostic marker for ALL, as
well as a factor in the decision-making process to design appropriate therapy. Regulatory
pathways that control the tumor suppressor function of Ikaros are a potential target for a
novel chemotherapy for ALL.
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ALL acute lymphoblastic leukemia

HDAC histone deacetylase

CML chronic myeloid leukemia

pre-BCR pre-B cell receptor

rag recombinase activating genes

TdT terminal deoxynucleotide transferase
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FIGURE 1. Phosphorylation regulates the tumor suppressor function of Ikaros

CK2 kinase directly phosphorylates and functionally inactivates Ikaros, while PP1
phosphatase counteracts this process. Functional inactivation of lkaros by CK2 kinase
promotes leukemogenesis.
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