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Abstract
Through alternate splicing, the Ikaros  gene produces 
multiple proteins. Ikaros is essential for normal hemato-
poiesis and possesses tumor suppressor activity. Ikaros 
isoforms interact to form dimers and potentially multi-
meric complexes. Diverse Ikaros complexes produced 
by the presence of different Ikaros isoforms are hy-
pothesized to confer distinct functions. Small dominant-
negative Ikaros isoforms have been shown to inhibit the 
tumor suppressor activity of full-length Ikaros. Here, we 
describe how Ikaros activity is regulated by the coordi-
nated expression of the largest Ikaros isoforms IK-1 and 
IK-H. Although IK-1 is described as full-length Ikaros, 
IK-H is the longest Ikaros isoform. IK-H, which includes 
residues coded by exon 3B (60 bp that lie between ex-

ons 3 and 4), is abundant in human but not murine he-
matopoietic cells. Specific residues that lie within the 20 
amino acids encoded by exon 3B give IK-H DNA-binding 
characteristics that are distinct from those of IK-1. 
Moreover, IK-H can potentiate or inhibit the ability of 
IK-1 to bind DNA. IK-H binds to the regulatory regions 
of genes that are upregulated by Ikaros, but not genes 
that are repressed by Ikaros. Although IK-1 localizes to 
pericentromeric heterochromatin, IK-H can be found in 
both pericentromeric and non-pericentromeric locations. 
Anti-silencing activity of gamma satellite DNA has been 
shown to depend on the binding of IK-H, but not other 
Ikaros isoforms. The unique features of IK-H, its influ-
ence on Ikaros activity, and the lack of IK-H expression 
in mice suggest that Ikaros function in humans may be 
more complex and possibly distinct from that in mice. 
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vidual genes is their ability to encode different proteins. 
Many genes produce multiple proteins that can have dis-
similar functions through alternate splicing. This process 
is responsible for the generation of  complex structural 
and regulatory networks that control normal cellular 
function. Determination of  the functional similarities and 
differences of  individual isoforms is essential for under-
standing the role of  a gene in a particular process.

The Ikaros gene encodes a zinc finger protein that is 
essential for normal hematopoiesis and that acts as a tu-
mor suppressor[1-3]. The Ikaros protein binds DNA at the 
upstream regulatory elements of  its target genes and regu-
lates their transcription via chromatin remodeling. Soon 
after discovery of  the Ikaros gene, it was determined that 
it encodes multiple isoforms via alternate splicing[4-6]. In 
mice, the full-length Ikaros isoform comprises three do-
mains: (1) a DNA-binding domain (at the N-terminal end 
of  the protein) that consists of  four C2H2 Kruppel-like 
zinc finger motifs; (2) a protein-interaction domain (at the 
C-terminal end of  the protein) that consists of  two zinc 
finger motifs with an unusual structure that is most simi-
lar to those described in the hunchback gene in Drosophila; 
and (3) an activation domain that is a loosely defined 
domain that is located between the DNA-binding and 
protein-interaction domains[4]. Every Ikaros isoform de-
scribed thus far contains the protein-interaction domain, 
but they differ in the presence of  the DNA-binding do-
main, or other regions of  the gene. Ikaros associates in vivo  
with its various isoforms, as well as with other Ikaros fam-
ily members that contain a protein-interaction domain 
similar to that of  Ikaros[7]. Ikaros binds DNA as a dimer 
and possibly as a multimer, therefore, it has been hypoth-
esized that diverse complexes that comprise full-length 
Ikaros together with different types of  isoforms could 
have distinct functions[8,9]. The ability of  the different 
Ikaros isoforms to interact with each other and with other 
Ikaros family members[7,10,11] creates many possible com-
binations of  proteins with the potential for diverse func-
tions: four major possibilities are summarized in Figure 1. 

Studies of  mice with mutations in the Ikaros gene, to-
gether with biochemical experiments, have revealed that 
small Ikaros isoforms that contain a protein-interaction 
domain and that lack a DNA-binding domain exert a 
dominant-negative (DN) effect by inhibiting the activity 
of  the full-length Ikaros protein[6]. This is demonstrated 
in Ikaros knockout mice that express small DN isoforms. 
These mice have a more severe phenotype when com-
pared to “true null” Ikaros knockout mice[1,12,13]. Overex-
pression of  DN isoforms disrupts normal hematopoiesis 
and has been shown to inhibit normal Ikaros function in 
numerous in vitro and in vivo systems[14,15]. In biochemical 
experiments, overexpression of  DN isoforms inhibits 
DNA-binding of  full-length Ikaros. High expression of  
DN Ikaros isoforms has been associated with hemato-
poietic malignancies in humans and mice, as well as with 
pituitary gland tumors[3,15-20]. It has been hypothesized 
that this is most likely due to inhibition of  the tumor 
suppressor function of  Ikaros and possibly other family 
members. Thus, the first established functional relation-

ship between Ikaros isoforms was relatively clear cut -  
full-length Ikaros is functional and a tumor suppressor, 
whereas small DN isoforms are inhibitory and pro-onco-
genic. A mechanistic explanation for this involved inhibi-
tion of  the DNA-binding ability of  the full-length Ikaros 
isoform by small DN ones. This involved the possibility 
depicted in Figure 1C. 

Deciphering the functional significance of  other large 
Ikaros isoforms has proved to be more complicated. 
One particular problem is the abundance of  endogenous 
full-length Ikaros isoforms in most hematopoietic cells, 
which makes it difficult to study the function of  indi-
vidual large Ikaros isoforms in vivo. However, over time, 
data have emerged to reveal the potential functional sig-
nificance of  other Ikaros isoforms. Ikaros-2 (Ikaros-V 
in the nomenclature of  the Smale group), which lacks 
the first N-terminal DNA-binding zinc finger, has been 
shown to produce a footprint distinct from that of  IK-1 
in DNase protection assays[6], although the functional 
significance of  this has not been studied. A report by 
Payne et al[21] has revealed that the Ikaros-X isoform has a 
unique expression pattern compared to other large Ikaros 
isoforms, and has suggested that this isoform plays a role 
in myeloid differentiation. This study was limited to ex-
pression analysis and did not provide detailed functional 
analysis of  the Ikaros-X isoform.

Most functional studies of  Ikaros isoforms have 
been performed using murine transcripts and proteins. 
An early murine study has detected the presence of  
Ikaros protein and cDNA that includes coding sequence 
that lies between currently designated Ikaros exons 3 
and 4[6]. Human Ikaros gene transcripts that incorporate 
the human homolog of  this additional exon (which we 
designate exon 3B) have been subsequently detected in 
leukemia samples[19]. Studies of  Ikaros protein expression 
in normal human hematopoietic cells have identified sev-
eral Ikaros splice forms that include exon 3B, including 
one larger in size than any of  the previously described 
murine Ikaros isoforms[21,22]. Comparisons of  Ikaros 
expression in mice and humans have shown that strong 
protein level expression of  this isoform occurs only in 
human cells[21,23]. For this reason, the largest Ikaros splice 
variant is termed Ikaros-H (H for human). Due to the 
high sequence homology between the murine and hu-
man Ikaros genes, the activity of  individual isoforms has 
been assumed to be very similar. The high level protein 
expression of  Ikaros-H in human, but not murine cells is 
an intriguing observation that suggests that the regulation 
of  Ikaros activity in human cells might be more complex 
than in mouse cells. Other than Ikaros-1 (IK-1, and in the 
nomenclature of  the Smale group, Ikaros-VI), Ikaros-H 
has been the subject of  the most extensive functional 
studies to date. The following summarizes the functional 
characteristics of  the Ikaros-H isoform.

EXPRESSION PATTERN AND DNA 
BINDING AFFINITY OF IK-H 
The Ikaros-H isoform (IK-H, also designated IK-1+ in 
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alternate nomenclature[22]) contains the sequence of  the 
“full-length” Ikaros isoform (IK-1) plus an additional 20 
amino acids N-terminal to the DNA-binding zinc fingers 
(Exon 3B in Figure 2A). In mice, the most abundant 
Ikaros isoforms in primary T and B lineage cells and in 
lymphoid leukemia cells are IK-1 and IK-2, while IK-H is 
essentially absent[21,23]. In contrast, in humans, IK-1, IK-2 
and IK-H are expressed at comparable levels in primary 
leukemia cells and in lymphoid cell lines. IK-H is also 
abundant in primary human T and B cells[21]. Thus, IK-H 
exhibits a species-specific expression pattern. 

Ikaros contains four C2H2 Kruppel-like zinc finger 
motifs at its N-terminal end (exons 4-6) that directly in-
teract with DNA. Zinc fingers 2 and 3 are essential for 
DNA binding of  Ikaros protein, although other zinc fin-
gers probably contribute to DNA-binding specificity of  
Ikaros[24]. Ikaros isoforms bind to the Ikaros consensus 
sequence TGGGAA/T with the core sequence compris-
ing GGGA[24]. DNA binding analysis has revealed that 
the two largest human isoforms, IK-1 and IK-H, have 
different DNA-binding affinities[23]. Both isoforms can 
bind to the DNA sequences that contain the TGGGAA/
T consensus site, as well as to high-affinity sites where 
two core consensus GGGA sequences are present within 
40 bp of  each other. However, only IK-1 is able to bind 
efficiently to DNA sequences that contain a single core 
sequence, GGGA; the absence of  the second GGGA 
consensus sequence abolishes DNA binding by IK-H. 
This result was surprising and suggests that the presence 
of  the 20 amino acids that are located upstream from 
the DNA-binding zinc fingers in IK-H have an inhibi-
tory effect on DNA binding of  Ikaros protein. Substitu-
tion mutational analysis[23]. Has identified three specific 
amino acids within the N region that are responsible for 
the differences in DNA binding of  IK-H and IK-1. This 
suggests that it is not the presence of  the additional 20 
amino acids N-terminal of  the DNA-binding zinc fin-
gers that affects the ability of  the Ikaros protein to bind 
DNA, but rather interaction of  specific residues within 
the 20-amino-acid region with unknown proteins. 

IK-H REGULATES DNA BINDING OF 
OTHER IKAROS ISOFORMS
Evidence that the two largest human Ikaros isoforms 
have different DNA-binding affinities has led to us to 
speculate that the DNA-binding affinity of  Ikaros pro-
teins for a specific DNA sequence could depend on the 
relative expression levels of  IK-1 and IK-H isoforms. 
We hypothesize that IK-H could either synergize with 
IK-1 or act to inhibit its DNA-binding, depending on 
its unique affinity for a particular DNA sequence. This 
hypothesis has been tested in vitro by mixing recombi-
nant IK-1 and IK-H isoforms and comparing the DNA-
binding affinity of  the IK-1/IK-H mixture with the same 
quantity of  IK-1 protein. IK-1 and IK-H act synergisti-
cally to bind DNA that contains two Ikaros binding sites. 
However, the IK-H isoform inhibits the binding of  IK-1 

to DNA that contains a single Ikaros binding site[23]. 
Thus, IK-H can either potentiate or inhibit the DNA 
binding of  the IK-1 isoform in vitro. 

It has been demonstrated that Ikaros binds DNA  
in vivo as a dimer and possibly as a multimeric complex[25]. 
To test whether the interaction of  IK-1 and IK-H regu-
lates the DNA-binding affinity of  Ikaros in vivo, the abil-
ity of  Ikaros to bind DNA has been compared using 
electrophoretic mobility shift assay and chromatin immu-
noprecipitation (ChIP) to assess cells that expressed only 
IK-1, only IK-H, or both isoforms. Expression of  IK-H 
selectively affects the DNA-binding of  Ikaros proteins -  
DNA-binding to the DNA sequences that contain a 
single Ikaros binding site is reduced, but binding to DNA 
with two Ikaros consensus binding sites is strong. These 
experiments were performed in activated T cells, thus 
confirming the physiological relevance of  IK-H interac-
tions with IK-1. These results demonstrate that IK-H 
does not function as a typical DN isoform (as described 
for the small Ikaros isoforms that lack DNA binding zinc 
fingers), but rather as a unique control mechanism that 
determines DNA-binding specificity of  Ikaros proteins in 
vivo. This provides confirmation that Ikaros binds DNA 
in vivo as a dimer or multimer, and for the first time has 
demonstrated the functional significance of  the coexpres-
sion of  different large Ikaros isoforms: to provide precise 
control of  the DNA-binding specificity of  Ikaros in cells.

SUBCELLULAR LOCALIZATION OF THE 
LARGEST IKAROS ISOFORMS
The condensed chromatin that flanks centromeres is 
known as pericentromeric heterochromatin (PC-HC). 
Genes localized to PC-HC are generally transcriptionally 
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Figure 1  The association of Ikaros proteins with Ikaros isoforms and 
Ikaros family members controls the activity of the Ikaros protein complex. 
The four main types of Ikaros family-containing protein complexes are shown. 
A: Homodimers of the most abundant Ikaros isoform (IK-1); B: Heterodimers 
of IK-1 with DNA-binding Ikaros isoforms; C: Heterodimers of IK-1 and DNA-
nonbinding (DN) Ikaros isoforms - this complex does not bind DNA; D: Het-
erodimers of Ikaros with its other family members (e.g. Helios or Aiolos).
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inactive. The subcellular localization of  Ikaros to PC-
HC has been shown to correlate directly with its DNA-
binding affinity towards the repetitive sequences that are 
part of  PC-HC[24]. Confocal microscopy has revealed 
that IK-1 and IK-H exhibit distinct subcellular localiza-
tion. The IK-1 isoform displays the typical punctate 
distribution pattern consistent with PC-HC localization. 
In contrast, IK-H exhibits dual - non-centromeric and 
centromeric - localization. The non-centromeric localiza-
tion of  IK-H is not in the form of  the diffuse nuclear 
staining that is typically observed in other transcriptional 
factors, but rather localization to other specific nuclear 
structures[23]. More intriguing is that the non-centromeric 
localization of  IK-H is observed in hematopoietic cells, 
but not when this isoform is transduced into fibroblasts. 
When transduced in murine hematopoietic cells, IK-H re-
tains the same localization pattern as in human cells. This 
suggests that the distinct localization pattern of  IK-H is 
tissue-specific and that it is a result of  the unique proper-
ties of  the IK-H protein, and not due to the differences 
in heterochromatin between different species. This also 
provides evidence that IK-H exists in complexes that do 
not contain the IK-1 isoform and thus, it may have its 
own unique cellular function. This provides the first evi-
dence to suggest that different Ikaros isoforms may func-
tion in distinct subcellular regions. 

ROLE OF IK-H IN GENE ACTIVATION 
AND CHROMATIN REMODELING 
It has been demonstrated that Ikaros can act both as 
a positive and a negative regulator of  gene expression. 
This is likely related to the ability of  Ikaros to associate 
with the SWI/SNF activator complex or with the histone 
deacetylase repressor complex, NuRD[26-28]. The evidence 

that Ikaros can both activate and repress expression of  
its target genes by recruiting them to PC-HC suggests 
a role for chromatin remodeling in this process[29]. The 
molecular mechanisms that determine whether Ikaros 
functions as an activator or repressor of  transcription are 
unknown. 

Experiments that have tested the DNA-binding 
specificities of  IK-1 and IK-H isoforms to regulatory 
sequences of  known Ikaros target genes have revealed 
differential binding of  these isoforms to regulatory ele-
ments of  repressed vs activated Ikaros targets. Binding of  
both IK-H and IK-1 to the upstream regulatory elements 
of  IKCa1, Granzyme B, STAT4, and FAAH has been 
demonstrated by ChIP and electromobility supershift 
assay. In contrast, IK-1 and other Ikaros isoforms, but 
not IK-H, bind the upstream regulatory element of  the 
VPAC-1 receptor gene. In vivo, Ikaros proteins downregu-
late transcription of  the VPAC1 receptor gene[30], while 
positively regulating expression of  IKCa1[31], Granzyme 
B[32], STAT4[33] and FAAH. The observation that the 
IK-H isoform binds to the regulatory region of  genes 
upregulated by Ikaros, but not to the regulatory region 
of  genes repressed by Ikaros has led to the intriguing hy-
pothesis that the IK-H isoform acts as an activator, while 
other Ikaros isoforms act as transcriptional repressors 
of  Ikaros target genes[23]. According to this hypothesis, 
IK-H would have the opposite function of  other Ikaros 
isoforms in regulating transcription. The mechanism by 
which Ikaros would activate its target genes upon their 
recruitment to PC-HC has not been resolved. 

A detailed analysis of  the function of  human gamma-
satellite DNA repeats reveals that gamma-satellite DNA 
has anti-silencing activity[34]. ChIP analysis has document-
ed binding of  both IK-H and IK-1 to the gamma-satellite 
DNA. Mutational analysis reveals that the anti-silencing 
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Figure 2  A model for IK-H regulation of human gene expression. A: Exon structure of IK-1 and IK-H. The 20 amino acids encoded by Exon 3B distinguish IK-H 
from IK-1. Zinc fingers responsible for DNA binding are shown in yellow. Zinc fingers responsible for dimerization are shown in blue; B: A protein complex that contains 
IK-1 homodimers binds DNA tightly, leading to a compact chromatin structure and gene repression. Binding of Ikaros protein complexes that contain IK-H changes 
chromatin into a permissive structure leading to activation of gene expression. 
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activity of  gamma-satellite DNA is directly dependent 
on the presence of  two consensus Ikaros binding sites 
that are in close proximity (bipartite motif), and on the 
binding of  IK-H. The mutation of  one Ikaros consensus 
binding site that abolishes the binding of  IK-H, but not 
binding of  other Ikaros isoforms, leads to the loss of  the 
anti-silencing activity of  gamma-satellite DNA[34]. These 
results clearly showed that: (1) human gamma-satellite 
DNA allows a transcriptionally permissive chromatin 
conformation, thus it can have an anti-silencing function; 
and (2) binding of  the IK-H Ikaros isoform (but not 
other Ikaros isoforms) is essential for the anti-silencing 
activity of  gamma-satellite DNA. This sheds light on 
the molecular mechanisms by which Ikaros can both 
activate or repress its target genes via recruitment to PC-
HC and establishes distinct (and possibly opposing) roles 
for IK-H and IK-1 isoforms in the regulation of  gene 
expression and chromatin remodeling. The current (sim-
plified) model of  transcriptional regulation by IK-H and 
IK-1 is outlined in Figure 2B.

CONCLUSION 
In summary, the Ikaros gene encodes a large number of  
different proteins via alternate splicing. Ikaros-encoded 
proteins form dimers and multimers that regulate gene 
expression and chromatin remodeling. The presented 
analysis emphasizes that the function of  Ikaros complex-
es depends on the presence of  particular Ikaros isoforms, 
and that individual isoforms likely have unique functions. 
High expression of  the IK-H isoform in human lym-
phoid cells, but not their murine counterparts, suggests 
that the regulatory function of  Ikaros in humans is more 
complex and possibly distinct from that in mice. 

The discovery of  functional differences between IK-1 
and IK-H isoforms raises many questions that need to be 
resolved. Future research will be directed to achieve the 
following goals: (1) dissection of  the DNA-binding spec-
ificity of  IK-1 and IK-H using global functional genomic 
approaches; and (2) identification of  additional genes that 
are regulated by Ikaros and a correlation of  the binding 
of  IK-1 and IK-H to upstream regulatory regions with 
changes in target gene expression. Further analysis of  the 
function of  Ikaros proteins is essential for understand-
ing their role in normal human hematopoiesis and their 
tumor suppressor function in human leukemia.
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