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Abstract

Ikaros (also known as Lyf-1) was initially described as
a lymphoid-specific transcription factor. Although Ikaros  OVERVIEW OF IKAROS FUNCTION
has been shown to regulate hematopoietic stem cell re-
newal, as well as the development and function of cells
from multiple hematopoietic lineages, including the
myeloid lineage, Ikaros has primarily been studied in . . R
context of lymphoid development and malignancy. This ~ Lkatos is essential for normal hemampo[ies]s“ and has
review focuses on the role of Ikaros in myeloid cells. been implicated as a tumor Suppressor . Hf[?ffs has
We address the importance of post-transcriptional reg- ~ been shown to both activate!” e

The lkaros gene product is alternately spliced to produce
multiple zinc finger proteins (Figure 1) that bind to pro-
moter regions and regulate target gene expression!™”

" and repress gene

ulation of Ikaros function; the emerging role of Ikaros  expression and to participate in chromatin remodeling
in myeloid malignancy; Ikaros as a regulator of myeloid where it targets genes for epigenetic modifications and

differentiation and function; and the selective expres- recruitment to pericentromeric heterochromatin', Little
sion of Ikaros isoform-x in cells with myeloid potential. is known about the mechanisms that regulate the expres-
We highlight the challenges of dissecting Ikaros func- sion of the Ikaros gene at the transcriptional level™ al-
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though a variety of mechanisms for post-transcriptional
regulation of Tkaros activity and/or protein levels have
been identified.

Ikaros activity is dependent on its ability to bind
DNA. Ikaros binds DNA »iz four N-terminal zinc fin-
gersm. The loss of zinc fingers through alternate splicing
or chromosomal deletion can result in Tkaros isoforms
with reduced DNA binding afﬁnity“’z]. DNA-nonbinding
Ikaros isoforms exert a dominant negative (DN) effect,
inhibiting the ability of other Ikaros isoforms and Ikaros
family members (e.g. Aiolos and Helios) to bind DNAY,
Phosphorylation of Ikaros by casein kinase 2 (CKZ)W]
has been shown to inhibit the ability of Ikaros to interact
with DNA, including pericentromeric hetorochromatin,
and to regulate Ikaros susceptibility to ubiquitin-mediated
degradation“g]. Thus, in addition to transcriptional regula-
tion of the Ikaros gene product, the level of Tkaros DNA
binding activity can be regulated by at least four other
mechanisms: (1) alternative splicing that results in altered
Ikaros DNA binding; (2) DN Ikaros isoforms that in-
hibit the DNA-binding activity of other Ikaros isoforms;
(3) phosphorylation of Ikaros that results in decreased
DNA binding affinity; and (4) phosphorylation-mediated
changes in the stability of Ikaros proteins.

ITkaros activity can be regulated by post-transcriptional
events that are independent of its DNA binding affinity.
In addition to changes in DNA binding affinity, alterna-
tive splicing gives rise to lkaros isoforms with altered
DNA binding speciﬁcity“’z’w]. This provides a potential
mechanism for fine tuning Ikaros targets in different cell
types. Repression of target genes by Ikaros can be me-
diated by tecruitment of histone deacetylase (HDAC)-
containing complexesm, as well as through the HDAC-
independent mediator, CtBPP", Sumoylation of Ikaros
has been shown to inhibit the ability of Ikaros to interact
with both HDAC-dependent and HDAC-independent re-
pressors of transcription[zz]. The multiple mechanisms by
which Ikaros activity can be regulated post-transcription-
ally suggest that the complete picture of Ikaros function
is likely to be complex and underscores the importance
of Ikaros studies at the protein level.

IKAROS AS A REGULATOR OF MYELOID
CELL DIFFERENTIATION AND FUNCTION

Ikaros was identified using strategies designed to detect

transcription factors that regulate lymphoid genes and
was initially described as a lymphoid-specific transcrip-
tion factor*!, Tkaros mutant mice are characterized by
profound lymphoid defects and as a consequence Ikaros
has primarily been studied in context of lymphoid de-
velopment and function and lymphoid malignancy. The
central role of Ikaros in the lymphoid lineages has largely
overshadowed the more subtle, yet crucial roles that
Ikaros plays in the myeloid lineage.

Defects in myelopoiesis are present in all of the
Tkaros mutant mouse models that have been described to
date. Homozygous Tkaros”" mutants show a reduction in
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the number of myeloid lineage cells in the bone marrow.
Terminal granulocyte differentiation is absent in homo-
zygous Tkaros” ¥ and Tkaros™™ mutants, in TK""" mice
that express very low levels of Tkaros™ and in the plastic
mutant mouse strain”” that harbors a point mutation that
prevents Ikaros from binding DNA.

A comprehensive analysis of neutrophil differen-
tiation in the IK"" mice showed defects in neutrophil
survival and migration as well as a failure of immature
granulocytes to upregulate Gr-1 (also a characteristic of
other Ikaros mutants); a differentiation event that is pre-
ceded by high levels of Ikaros protein expression in wild-
type mice”. Tkaros has also been shown to regulate the
expression of inducible nitric oxide synthase downstream
of lipopolysacchatide/intetferon-y stimulation in a mac-
rophage cell line™. These data provide evidence that
Ikaros regulates differentiation and immune function in
the myeloid lineages as it does in the lymphoid lineages.

IKAROS AS A TUMOR SUPPRESSOR

Studies of Ikaros mutant mice together with clinical data
provide compelling evidence that lkaros acts as a tumor
suppressor. The rapid development of T-cell lymphoma
in mice that are heterozygous for a defect that produces
DN Ikaros isoforms (IK™™) provided the first data to
support a role for Tkaros in tumor suppression', TIK""
mice that express low levels of Ikaros also develop T-cell
lymphoma!""!. Similarly, multiple clinical studies have
linked Ikaros mutations and deletions to human B-cell
acute lymphoblastic leukemia and to a lesser extent T--cell
acute lymphoblastic leukemia™ ", Tkaros has been shown
to regulate expression of molecules that control cell cycle
progression and cell survival*™"! as well as hematopoietic
differentiation; all of which are likely to contribute to the
tumor suppressor activity of Ikaros. More recently, Ikaros
defects have been linked to myeloproliferative neo-
plasmsl42,43 [40]

) and childhood acute myelogenous leukemia™,
providing evidence that Ikaros tumor suppressor activ-
ity extends to the myeloid lineage. In these cases, lkaros
activity is lost due to deletion of the Ikaros genem‘m or
expression of DN Ikaros isoforms™”. The mechanisms
that regulate Ikaros tumor suppressor activity have not
been defined"”. However, the roles of CK2 in post-tran-
scriptional regulation of Ikaros protein levels™ and in
functionally inactivating Tkaros' suggest that CK2 may
be involved in regulating Ikaros tumor suppressor func-
tion. Overexpression of CK2 has been associated with
myeloid malignancies™*’. Thus, overexpression of CK2
is a potential mechanism for the functional inactivation
of Ikaros that leads to the loss of Ikaros tumor suppres-
sor activity in myeloid leukemia.

EXPRESSION OF IKAROS ISOFORM-X
IS ASSOCIATED WITH MYELOID
POTENTIAL

It is important to note that Ikaros proteins are often
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Figure 1 lkaros isoforms. The Ikaros gene in mice (/kzf1) and humans (IKZF1) includes eight coding exons (exons 2-8 and 3B) and one upstream exon that is not
translated (Figure 1). The untranslated exon (shown in red) has not been identified in initial reports, and the alternate exon designations that have appeared in early
reports are shown at the bottom of the figure. Exon 3B is currently not identified as an exon in Genbank. Splice forms that include exon 3B have been designated as
“plus” forms and many such splice forms, in addition to the ones shown, have been identified at the protein and/or mRNA level (i.e. lk-x", 1k-2", lk-4", Ik-7", 1k-8") in
humans and mice. An alternate splice site gives rise to splice forms that lack the last 30 bases of exon 7 (indicated with an X). Such splice variants have been desig-
nated minus forms (e.g. Ik-1"and lk-x). The four N-terminal zinc fingers (shown in blue) contribute to DNA binding and the two C-terminal zinc fingers (shown in black)
are responsible for dimerization!"*'*4"%,

divided into two broad categories, DNA-binding and The differential expression of Ikaros proteins ob-
DNA-nonbinding, and indeed this is a key distinction in served in different hematopoietic lineages provides fur-
studies of malignant hematopoiesis. However, the DNA- ther evidence that alternative splicing is a mechanism for
binding Ikaros is often treated as if it were one protein, regulating Ikaros activity (Figure 2). B, natural killer (NK),
although this is not the case. The Ikaros gene in mice activated T cells, and nucleated erythroid lineage cells
(¢kzfT) and humans (IKZFT) includes eight coding exons express all of the major isoforms”". Surprisingly, Tkaros
and one upstream exon that is not translated (Figure 1). is largely absent in resting human T cells but is upregu-
Ikaros coding exons are alternately spliced to produce lated upon activation”*, In contrast, Tk-x proteins in the
more than 10 DNA binding and nonbinding Ikaros iso- hematopoietic system are detected exclusively in myeloid
forms" detectable by reverse transcription polymerase lineage cells or progenitors with myeloid differentia-

chain reaction (RT-PCR)"*"”*"*, The detection of Tkaros  tion potential. Human Lin" CD34" hematopoietic stem
transcripts by RT-PCR correlates pootly with protein ex- cells (HSCs) express both Ik-x and Ik-1. When placed
pression as measured by immunoblotting”*. in cultures that selectively support lymphoid or myeloid
At the protein level, Ikaros expression in normal hu- differentiation, there is a loss of Ik-x under lymphoid
man bone marrow is dominated by the expression of conditions and an upregulation of Ik-x under myeloid
Ikaros-x (Ik-x), followed by Tk-1, Ik-H, and 1k-2/3 (Ik-2  conditions”™. CD14" monocytes express both Tk-1 and
and Ik-3 are indistinguishable by molecular weight) with Ik-x while terminally differentiated granulocytes express
very little expression of DNA-nonbinding isoforms"™. only Tk-x"""". These data identify the Tk-x isoform as a
The expression pattern of Ikaros proteins is similar in potential candidate for mediating myeloid lineage com-
murine hematopoietic cells, with the exception that ex- mitment decisions.
pression of the Ik-H protein is largely absent in mice!”*". Studies that examine Ikaros DNA-binding activity
Although all of these isoforms bind DNA, they dif- have largely focused on one isoform-Ik-1. Several factors

ferentially incorporate exon 3B and/or the exons that have likely contributed to this. Ikaros studies have target-
encode the four N-terminal zinc fingers that contribute ed the lymphoid lineages where Ik-x is not expressed and
to DNA binding. The alternate use of these exons has have been performed in mice, in which Ik-H is largely
been reported to fine tune the DNA binding specificity absent. If we are to obtain a clearer picture of Ikaros
and/or affinity of Tkaros proteins >, Thus, differential function in myelopoiesis, it will be important to widen
expression of lkaros isoforms is a potential mechanism our scope to include Ik-x; the most abundantly expressed
for regulating the expression of Ikaros target genes. Ikaros isoform. It will also be important to consider how
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Figure 2 Overview of Ikaros expression in hematopoiesis. The relative ex-
pression levels of lkaros mRNA in hematopoietic progenitors (light gray box in
foreground) are indicated by levels of green shading. Progenitors from both the
classic and the LMPP pathways are included. Relative Ikaros expression levels
are from studies by Yoshida et af*” that have used mice with an Ikaros reporter
cassette [green fluorescent protein (GFP) down stream of an Ikaros promoter]
as an indicator of lkaros mRNA expression in early stages of murine hema-
topoiesis. Shown in the dark gray box in the background is the protein level
expression of human Ikaros isoforms in differentiated hematopoietic cells and in
Lin'CD34" hematopoietic progenitors as described by Ronniet af® and Payne
et af®. Human cells that express Ik-x and/or Ik-1 also express the plus form
of these isoforms!"®* (i.e. Ik-17Ik-H and Ik-x", see Figure 1). ‘Mature T cells
express little Ikaros protein unless they are activated™®*?. HSC: Hematopoietic
stem cell; LT-HSC: Long-term-HSC; ST-HSC: Short-term-HSC; CMP: Com-
mon myeloid progenitor; GMP: Granulocyte/macrophage progenitor; LMPP:
Progenitor with lymphoid and myeloid potential; MEP: Megakaryocyte/erythroid
progenitor; LP: Lymphoid progenitor; NK: Natural killer.

Tk-1
Tk-x

the interplay between Ik-x and Ik-1 and/or other less
abundant Ikaros isoforms might contribute to myeloid
lineage commitment and granulocyte »s macrophage
specification in human myeloid differentiation.

IKAROS AND MYELOID COMMITMENT
IN THE CLASSIC AND LMPP
HEMATOPOIETIC PATHWAYS

Protein studies are essential for elucidating the complete
picture of Ikaros function as a mediator of hematopoi-
etic lineage commitment. Nevertheless, transcriptional
studies of normal and Ikaros null mice that express an
Ikaros reporter cassette, coupled with bioinformatics ap-
proaches, are contributing to the outline of an important
new pathway for myelopoiesis. Primitive multipotent
HSC:s give rise successively to long-term-HSCs and short-
term (ST)-HSCs, which repopulate HSCs with multi-
lineage potential, but increasingly limited self-renewal
capacity[ss] (Figure 2). According to the classic model
of hematopoietic differentiation, the segregation of
lymphoid and myelo-erythroid differentiation is an early
event that occurs as ST-HSCs become either common
myeloid progenitors (CMPs) or common lymphoid pro-
genitors (CLPs). The CMPs then give rise to megakaryo-
cyte/erythroid progenitors and granulocyte/macrophage
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progenitors (GMPs) and their lineage restricted progeny,
while the CLPs generate all of the lymphoid lineages (T,
B, NK and lymphoid dendritic cells). Evidence for the
classic differentiation pathway has been reported in both

56-59 . .
P However, accumulating evidence

mice and humans
suggests the existence of differentiation pathways that
are distinct from the classic model of hematopoietic
differentiation. Eatly branching of the megakaryocyte/
erythroid lineages from progenitors with lymphoid and
myeloid potential (LMPPs) have been demonstrated
downstream of ST-HSCs in mice™" and just recently
in humans” (Figure 2). The extent to which the classic
hematopoietic pathway or the more recently identified
LMPP pathway contributes to normal myelopoiesis re-
mains controversial. Whether a particular pathway pre-
dominates at a given point in ontogeny and/or whether
one pathway overlays another throughout life is not yet
clear.

Mice with an Ikaros reporter cassette produced by
expressing the green fluorescent protein (GFP) under the
control of an Ikaros promoter have been used to evalu-
ate the relationship between Ikaros expression and hema-
topoietic lineage potential[“], thus shedding light on the
role of Ikaros in lineage commitment decisions (Figure 2).
Based on GFP expression and corresponding levels of
Ikaros, early hematopoietic progenitors from these mice
have been isolated, into Ikaros, Ikaros ', and Ikaros”
populations. Ikaros progenitors show expression of early
erythroid-lineage genes (e.g. Gatal or Gata2) but not
myeloid promoting genes. Progenitors with intermediate
levels of ITkaros have been shown to co-express eatly ery-
throid and myeloid genes, and consistent with the classic
model of hematopoiesis, to contain functional CMPs
with the capacity to generate myeloid and erythroid lin-
eage cells™

Surprisingly, progenitors with high levels of Ikaros
express early genes that promote early myeloid dif-
ferentiation events (e.g. Gfilbh, Csf3r or Cebpa) as well as
lymphoid promoting genes (e.g. F/3, Ragl or 1/77), but
not erythroid-associated genes. Consistent with gene
expression, functional assays have demonstrated that the
progenitors that express the highest levels of Ikaros have
both lymphoid and myeloid but not erythroid potential®,
These data are consistent with the emerging picture of
hematopoiesis in which the classic hematopoietic model
co-exists with a hematopoietic program in which lym-
phoid and myeloid potential is segregated from erythroid
differentiation early in hematopoiesis (Figure 2).

The role of Tkaros in the classic and LMPP hemato-
poietic pathways has been investigated using Ikaros null
mice that are engineered to express the GFP Ikaros re-
porter cassette””. These mice, while lacking Ikaros, have
expressed the GFP Ikaros reporter in a manner similar
to that observed in wild-type mice. Analysis of (GFP™)
progenitors from wild-type mice and their Ikaros null
counterparts show that the ability of the classic CMPs
to produce myeloid-committed GMPs is substantially
reduced in the absence of ITkaros. In contrast, LMPPs
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which express high levels of Ikaros in wild-type mice
(GFP+) show increased ability to generate myeloid-com-
mitted cells in the Tkaros null mice!®”

These studies provide a glimpse of the complex role
of Ikaros in myeloid differentiation, in which its impact
has previously been obscured due to reciprocal effects
on the CMPs and LMPPs. The above data suggest that
low level Ikaros expression can promote myeloid instead
of erythroid differentiation among CMPs with myelo-
erythroid potential in the classic hematopoietic pathway.
The role of Ikaros in lymphoid »s myeloid lineage com-
mitment in LMPPs is less clear. Although Ikaros is re-
quired for the production of lymphoid lineage cells from
LMPPs, this is not the case for myeloid cells. In fact,
their numbers ate increased with the loss of Ikaros. Thus
Ikaros is clearly not a requirement for myeloid commit-
ment among LMPPs.

The story of lkaros in lineage commitment entered
a new era when bioinformatics approaches made it pos-
sible to petform highly sensitive whole genome analysis
of gene expression in small numbers of hematopoietic
progenitors. Studies of the newly defined LMPP path-
way""! have shown that normal HSCs express not only
genes that are associated with HSC function, such as self-
renewal, but also low level expression of genes associated
with early erythroid, myeloid and lymphoid differentia-
tion. This expression is thought to prime progenitors
for subsequent differentiation events that proceed in a
stochastic manner. A comparison of normal progenitors
in the LMPP pathway and their Ikaros null counterparts
(identified using the GFP Tkaros cassette!® as described
above) gives important clues to Ikaros function in he-
matopoietic differentiation. Ikaros null mice fail to ap-
propriately shut down expression of HSC-associated
genes in downstream progenitors. These mice also fail
to downregulate early erythroid-associated genes and to
upregulate early lymphoid-associated genes. Dysregulated
myeloid gene expression is observed in these mice, that
is, genes such as Cfs7r, Cebpd and Id2 that are usually as-
sociated with late myeloid differentiation are upregulated
in HSCs as well as in the LMPPs*".,

The failure of Ikaros null mice to suppress myeloid
genes is consistent with the commonly accepted idea that
Ikaros promotes lymphoid differentiation by inhibiting
the expression of myeloid genes, and thereby, myeloid
differentiation. However, models for lymphoid s myeloid
cell fate specification that account for the maintenance
of myeloid potential in LMPPs and downstream GMPs
that express high levels of the Ikaros gene productl“] have
not been described. The lineage commitment studies dis-
cussed above were limited in that they examined Ikaros
transcripts. The extent to which Ikaros transcripts cor-
respond to Ikaros protein expression, and the particular
1soforms expressed in normal hematopoietic progenitors,
are hard to determine because of the technical limitations
of obtaining adequate cell numbers. The status of Ikaros
protein activity due to post-translational modifications is
an important question to address because of the potential
for phosphorylation and SUMOylation to affect Ikaros
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function. Given the high levels of ITkaros transcripts
reported in the largely myeloid-committed GMPs™ it
seems likely that differential isoform expression or post-
translational regulatory mechanisms will at least be a part
of the Ikaros story in lymphoid »s myeloid lineage com-

mitment.

CONCLUSION

Ikaros is a key regulator of normal and malignant he-

matopoiesis in multiple lineages, including the myeloid
lineage. Currently, very little is known of the mechanisms
that regulate Tkaros gene expression“(’]. Information on
the factors that control Ikaros expression is likely to
provide important new insights. However, the fact that
Tkaros transcripts are detected at similar levels in a wide
range of progenitors and lineages, where Ikaros can have
opposing effects, suggests that much of the Ikaros story
may be found at the protein level. This could pose chal-
lenges for studies that involve hematopoietic progenitors
or primary human samples in which cell numbers are
often limiting, To get a complete picture of the roles that
Ikaros plays in normal and malignant hematopoiesis, in-
cluding myelopoiesis, it will be important to distinguish
the parts played by the various Ikaros isoforms and to
identify other cast members such as CK2, chromatin re-
modeling complexes, and other Ikaros family members
that regulate and cooperate in Ikaros activities.
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