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Abstract

Ikaros is a gene whose activity is essential for normal
hematopoiesis. Ikaros acts as a master regulator of
lymphoid and myeloid development as well as a tumor
suppressor. In cells, Ikaros regulates gene expression
via chromatin remodeling. During the past 15 years tre-
mendous advances have been made in understanding
the role of Ikaros in hematopoiesis and leukemogen-
esis. In this Topic Highlights series of reviews, several
groups of international experts in this field summarize
the experimental data that is shaping the emerging pic-
ture of Ikaros function at the biochemical and cellular
levels. The articles provide detailed analyses of recent
scientific advancements and present models that will
serve as a basis for future studies aimed at developing
a better understanding of normal hematopoiesis and
hematological malignancies and at accelerating the ap-
plication of this knowledge in clinical practice.

© 2011 Baishideng. All rights reserved.

Key words: Ikaros; Hematopoiesis leukemia; Chromatin
remodeling
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Since the discovery of the Ikaros gene, less than 20 years
ago, there has been tremendous advance in understand-
ing the function of this gene and its protein products
at the molecular, cellular, and biological levels, and in
elucidating the clinical significance of these findings. The
first published papers identified Ikaros as a master regula-
tor of hematopoiesis, and in particular a gene essential
for lymphocyte development. Advanced biochemical
studies revealed that Ikaros binds DNA and regulates its
target genes vz chromatin remodelingm. These discover-
ies helped in understanding Ikaros function at both the
biochemical and cellular levels and advanced our general
knowledge of the mechanisms by which transcription
factors control gene expression. Extensive association
studies that examined the consequences of the loss of
Tkaros function due to deletions, to mutations, ot to
overexpression of dominant negative isoforms, estab-
lished that Ikaros acts as a tumor suppressor in acute
lymphoblastic leukemia and possibly in other types of
hematological malignancies'”. The discovery of multiple
signal transduction pathways that regulate Ikaros function
identified signaling networks that are involved in normal
and malignant hematopoiesis. These findings provided a
mechanistic rationale for inhibition of these pathways as
a component of treatment for hematological malignan-
cies™”. In this Topic Highlight series, we have assembled
a group of international experts to provide an update
on the progress in understanding the role of Ikaros in
normal hematopoiesis, immune regulation, and leukemia,
and to provide insights into the cellular and biochemical
function of Ikaros.

The first two papers in this series provide in-depth
reports on the role of Ikaros in different types of leuke-
mia. The first review concentrates on the role of Ikaros

June 26, 2011 | Volume 2 | Issue 6 |
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in T-cell leukemia'. The association of the loss of Ikaros
activity and the development of T cell leukemia in mice
and in humans is discussed. Authors present evidence
that deletion of Ikaros is less frequent in T-cell acute
lymphocytic leukemia (ALL) than B-cell ALL in humans.
They discuss the possible downstream pathways that are
controlled by lkaros and whose deregulation contributes
to leukemogenesis. The review by Greif ez al” focuses on
the role of Ikaros as a regulator of cell proliferation in
myeloid leukemia. The authors discuss the alteration of
Tkaros function in CALM/AF10 positive acute myeloid
leukemia (AML), as well as in chronic myeloid leukemia
(CML). The models presented describe how the altera-
tion of Ikaros function by CALM/AF10 accounts for
impaired thymocyte differentiation and AML with lym-
phoid characteristics, in addition to providing insights
into the role of Ikaros in regulating pre-B-cell receptor
signaling.

The next three reports provide an overview of the
role of Ikaros in B cell development, myeloid differentia-
tion, and immune function. It has been hypothesized that
Ikaros regulates B cell development at multiple levels.
Sellars ¢ al"” systematically summarize the current knowl-
edge of Ikaros function in this process. They outline three
roles for Ikaros in B cell development: (1) control of B
lineage commitment; (2) regulation of the pro-B to pre-B
cell transition through regulation of immunoglobulin (Ig)
gene recombination za activation of the Rag? and Rag2
genes; and (3) regulation of pre-BCR signaling by repress-
ing transcription of the A5 gene. The second part of this
detailed review describes Ikaros’ role in the regulation of
B cell activation and isotype selection during immuno-
globulin class switch recombination. In the next review,
Francis ez al'! focus on the role of Tkaros as a regulator of
normal myeloid differentiation and function. Authors em-
phasize Ikaros function in myeloid lineage commitment
in the classic and lymphoid-myeloid progenitor hemato-
poietic pathways. The potential of Ikaros involvement in
regulating expression of the Gr-1 gene, as well as induc-
ible nitric oxide synthase in macrophages is reviewed.
The role of the myeloid-specific Ikaros isoform, Ik-x in
myeloid differentiation is discussed. The interesting role
of Ikaros in regulating the activity of vasoactive intestinal
peptide in human CD4+ lymphocytes is nicely presented
by Dorsam ez a/'”. The authors review the current evi-
dence that lkaros directly regulates the expression of
vasoactive intestinal peptide receptor-1 (VPACT) in T lym-
phocytes. The significance of Ikaros-controlled regulation
of VPACT expression as a potential pathway by which the
nervous system regulates immune response is discussed.

The last three reviews provide insights into the mo-
lecular mechanisms that regulate Ikaros activity and struc-
tural determinants of Tkaros function. Li e @/ provide
an in-depth review of the functional significance of the
two largest human Ikaros isoforms - IK-1 and IK-H. The
authors describe data demonstrating that coordinated ex-
pression of IK-1 and IK-H regulates Ikaros DNA bind-

ing, pericentromeric localization, and chromatin remod-
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eling. The evidence that forms the basis of the current
hypothesis - that the presence of the IK-H isoform deter-
mines whether Ikaros complexes function as activators or
repressors of gene transcription - is discussed. The role
of two signal transduction pathways in the regulation of
Ikaros function is described by Song ez al'. The authors
summarize the evidence that phosphorylation by casein
kinase 2 and dephosphorylation by protein phosphatase
1 directly regulates the activity of Ikaros protein. The
control of ITkaros’ DNA-binding affinity and subcellular
localization, as well as its degradation wiz the ubiquitin
pathway by two opposing signal transduction pathways is
described. The role of Ikaros phosphorylation in T cell
differentiation and regulation of target gene expression
has been emphasized. A model by which the phosphory-
lation of Ikaros regulates its tumor suppressor activity
and controls malignant transformation is outlined. Finally,
Payne!” presents an excellent review of the structural
aspects of zinc finger motifs present in the Ikaros protein
and uses knowledge of zinc finger structure to explain
their significance in Ikaros function. In this review, the
structure of DNA-binding N-terminal zinc fingers, as
well as protein-interacting C-terminal zinc fingers is out-
lined. Based on detailed analysis, the author proposes an
interesting hypothesis that the fourth N-terminal zinc fin-
ger serves the dual function of promoting DNA binding
and participating in the formation of ternary complexes
of Tkaros dimers with DNA.

The present Topic Highlight series “The role of Ikaros
in hematopoiesis and leukemia” does not contain a com-
plete reference of all experimental data regarding the
activity of Ikaros in these processes. It represents a sum-
mary of current knowledge of the function of Ikaros in
normal hematopoiesis and in hematopoietic malignancy.
These reviews provide a foundation for future studies
that will be aimed at validating some of the proposed
models and advancing our understanding of hematopoi-
esis and leukemogenesis.
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Abstract

Ikaros is a zinc finger transcriptional regulator encoded
by the Zkzf1 gene. Ikaros displays crucial functions in
the hematopoietic system and its loss of function has
been linked to the development of lymphoid leukemia.
In particular, Ikaros has been found in recent years to
be a major tumor suppressor involved in human B-cell
acute lymphoblastic leukemia. Its role in T-cell leu-
kemia, however, has been more controversial. While
Ikaros deficiency appears to be very frequent in murine
T-cell leukemias, loss of Ikaros appears to be rare in
human T-cell acute lymphoblastic leukemia (T-ALL).
We review here the evidence linking Ikaros to T-ALL in
mouse and human systems.
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INTRODUCTION

Ikaros is a zinc finger transcriptional regulator that binds to
specific DNA target sequences harboring the TGGGAA
consensus motif'”. How Tkaros regulates its target genes
once bound to DNA is not entitely understood, and
Ikaros has been found to activate or repress transcrip-
tion, depending on the target gene. Part of its function
may depend on the interaction of Ikaros with chromatin
remodeling complexes, which may be recruited by Ikaros
to target sites™, A large number of studies have shown
that Ikaros is a key regulator within the hematopoietic
system. Ikaros is crucial for controlling the development
or the function of almost all hematopoietic cell types (see
other reviews in this issue). Mutations or polymorphisms
that lead to reduced Ikaros function or expression have
also been found to be a major genetic feature in human
B-cell acute lymphoblastic leukemia (B-ALL)" ™, Loss of
Ikaros also promotes the development of T-cell lympho-
ma/leukemia in mice, which suggests that Ikaros acts as a
tumor suppressor in T-cell acute lymphoblastic leukemia
(T-ALL) and B-ALL. However, evidence linking Ikaros
to human T-ALL has been elusive and sometimes contra-
dictory, and only recently has the involvement of Ikaros
in a small proportion of human cases of T-ALL become
clear. We review below the role of ITkaros in mutine and

human T-ALL.
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ROLE OF IKAROS IN MIOUSE T-ALL

Targeted Ikaros mutations lead to T-ALL

Ikaros function in mice has been addressed through sev-
eral mutant lines. The first mutant allele (Ikdn’) generated
was a deletion of exons 3 and 4, which encode the DNA
binding domain (DBD)". This mutation is dominant-
negative, because it allows the synthesis of mutant pro-
teins that retain the C-terminal dimerization domain that
can dimerize with, and inhibit, other lkaros proteins or
related proteins (such as Aiolos or Helios). Strikingly,
heterozygous Ikdn"" mice rapidly develop T-cell leuke-
mia, which provided the first genetic demonstration that
Tkaros is a tumor suppressor in T cells'”. A second dom-

Plastic

inant-negative Ikaros allele, named Ik, was isolated in
an ENU mutagenesis screen. This allele harbors a point
mutation in the third zinc finger of the DBD. These
mutant Ikaros proteins could therefore dimerize with
their wild-type (WT) counterparts, but dimers fail to bind
DNA". Like Tkdn" mice, Ik"™"/" mice develop T-ALL
with a rapid onset. The third mutant allele (Ik) was later
generated by deleting the sequences that encode the
C-terminal zinc fingers that are required for dimerization;
this is considered a null mutation"”. Clonal expansion of
thymocyte populations occurs in these mice as early as 5 d
after birth, which also suggests rapid onset of leukemia.
Finally, a hypomorphic allele, Ik", has been generated by
Kirstetter e a/"”, in which, the LacZ gene was targeted
into the second exon. In these mice, in-frame transcripts
between exons 1 and 3 are generated, which produce low
amounts of truncated Ikaros proteins (lacking the protein
segment encoded by exon 2). All homozygote Ik""" mice
develop T-cell lymphoma/leukemia in the thymus, with
a median survival of 20 wk''". Thus, all mice that carry
loss-of-function mutations in Ikaros develop T-cell leuke-
mia with high incidence, which highlights a strong tumor
suppressor function for Ikaros in the T-cell lineage.

Spontaneous lkaros mutations are frequent in mouse
T-ALL

The prevalent role for Ikaros as a tumor suppressor in
mouse T-cell leukemia has been underscored by stud-
ies that have identified frequent loss-of-function Ikaros
mutations in murine thymic lymphoma induced by irra-
diation, mutagens or deficiency in DNA repair pathways
(Table 1). Ikaros mutations have been detected in 20-85%
of the tumors, depending on the particular model and
study. Two types of defects have been observed: focal
genomic deletions (mostly heterozygous) in the proximal
part of chromosome 11 where Ikaros is located; and
point mutations in the coding regions that are missense
mutations leading to amino acid changes in the DBD
(and therefore are functionally similar to the Tk”*™ m
tation), or mutations leading to premature stop codons
that probably behave as null alleles. Ikaros has also been
identified in several studies as a recurrent locus mutated
by retroviral insertion, which cooperates with other pri-
mary oncogenic events such as activated Notch1 or K-ras
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proteins, or p19ARF deficiency (Table 1). These insertions
appear to promote abnormal splicing and the synthesis
of aberrant, dominant-negative isoforms'"”. Together,
these studies indicate that Ikaros is an important tumor
suppressor gene whose inactivation can be triggered by
several mechanisms in a variety of murine T-cell leuke-
mias.

Function of Ikaros in murine T-cell leukemogenesis

The studies of murine T-ALL models have implicated
certain molecular pathways associated with the tumor
suppressive activity of Ikaros. Several reports have found
a strong link between Ikaros deficiency and the activation
of the Notch pathway; the latter of which plays a crucial
role in human and murine T-ALL development. (1) High
levels of Notch target gene expression, as well as frequent
selection of activating mutations in the Notchl gene, have
been documented in T-cell lymphoma from the mouse
models with germline Ikaros deficiencies"*'*"", (2) The
selection of secondary Ikaros mutations appears to be
strongly associated with Notchl mutations in mice!™"*?;
and (3) Loss of Ikaros function directly cooperates with
Notch activation to promote leukemia”. At the molecu-
lar level, Ikaros appears to bind similar DNA sequences
as RBP-], the transcriptional mediator of Notch signal-
ingm’]s], and Ikaros expression inhibits the proliferation
of leukemic cells and represses the expression of Notch
target genes such as Hes1"*'"". Furthermore, Ikaros has
been shown to silence some Notch target gene tran-
scription during T-cell differentiation, which suggests
that increased sensitivity to Notch signals is crucial for
promoting the outgrowth of Notch-dependent leukemic
cells"**"*, Tkaros-mediated silencing of Notch target
gene expression appears to be particularly important at
the DN4 stage of T-cell differentiation; a stage at which
Notch target genes are downregulated and Ikaros expres-
sion is strongly upregulatedm. In this respect, Kleinmann
and coworkers have shown at the single cell level that WT'
DN#4 cells can no longer transcribe Hes1 in response to
Notch signaling, and that this desensitization to Notch
is crucially dependent on Ikaros function™. Indeed, the
DN4 compartment is expanded in the thymus of Ikaros-
deficient mice, which suggests that Ikaros-regulated cell
proliferation in this compartment might be particularly
relevant to tumor suppression121’23].

Recently, three groups have addressed the 7 vivo role
of Notch signaling in Ikaros-deficient T-ALL, by deleting
floxed RBP-J alleles in the T cells of mice carrying vari-
ous Ikaros mutations. Chari ¢ a/*" have studied the im-
pact of RBP-J deletion on the expansion of clonal popu-
lations in ITkaros null mice. Germline disruption of RBP-]
is lethal 7n utero, therefore, RBP-] was deleted specifically
in DN4/DP (CD4'CD8") thymocytes via CD4-Cre-
mediated deletion of floxed RBP-J alleles. Surprisingly,
clonal populations still emerge in RBP-J-deleted thymuses
within the same time-frame as in RBP-J-proficient thy-
muses. However, these cells do not expand as efficiently
as those from mice with undeleted RBP-] alleles, which
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Table 1 Mutations of lkaros in murine T-cell lymphomas

Study Model Alteration studied Type and frequency of Ikaros anomalies
Matsumoto et al*”, 1998 y-irradiation (Balb/c-MSM F1 Genome-wide LOH mapping Allelic loss in proximal chromosome 11 region:
hybrids) (microsatellites) 40% (8/20)
Okano et al*"!, 1999 y-irradiation (Balb/c-MSM F1 LOH (polymorphic restriction site) Allelic loss: 54% (99/182)
hybrids) Mutation analysis (SSCP and cDNA Homozygous deletions: 8/108'

sequencing)

Shimada et al*¥, 2000 X-ray-induced thymic

LOH (microsatellite mapping)

Missense point mutations in DBD: 5/108"
Frame-shift or stop codon point mutations: 6/108"
Distal region of chromosome 11 containing the Ikzf1

lymphomas gene identified as a common deleted region in 50%
of cases
Kakinuma et al™¥, 2002 X-ray-induced thymic LOH LOH for Ikzf1 in 20/37 tumors
lymphomas RNA expression (RT-PCR) No or dn transcripts in 9/37 tumors (correlated

Protein expression (Western blotting)

Point mutations

Karlsson et al, 2002 Mutagen-induced thymic

lymphoma sequencing)

Deletions (Southern)

Allelic loss (microsatellite)

cooperating retroviral insertions

LOH (polymorphic restriction site)
Point mutations (SSCP and sequencing)

Beverly et al™, 2003
Lopez-Nieva et al™, 2004

Notchl1-IC transgenic mice
y-irradiation (C57Bl6-Balb/c
hybrids)

Kakinuma et al*, 2005 Mutagen-induced thymic LOH
lymphoma
y-irradiation (C57BL/6)
Milh1-deficient mice (20

spontaneous or radiation-

Kang et al™®, 2006
Kakinuma et al'*”, 2007

induced lymphomas)

Ohi et al™®, 2007 y-irradiation (Balb/c-MSM

F1 hybrids)

Yoshida et al*, 2007 X-irradiation (C57B16-C3H  Karyotype
F1 hybrids)

Uren et al™, 2008 P19ARF- and p53- deficient
mice

Dail et al™, 2010 Kras®®-induced thymic

lymphomas

Point mutation analysis (SSCA and

Point mutations

CGH-array (BAC)
Point mutation analysis
Western blotting

LOH (polymorphic restriction site)

Common retroviral insertions (CIS)

Retroviral insertional mutagenesis

with absence of Ikaros proteins or presence of dn
Ikaros proteins)

Point mutations in 9/37 tumors (mostly zinc
finger point mutations)”

8 DBD point mutations (8/104)

3 frame-shift mutations (3/104)

27% allelic loss (12/40)

3 homozygous deletions (3/68)

40% (synthesis of dn proteins)

42% (32/75) of LOH (1 homozygous deletion)
1 missense mutation in DBD

LOH: 2/27

Point mutations: 5/27 (all in zn finger regions)
Focal loss of chromosome 11: 20% (2/10)
Frame-shift point mutations: 85% (17/20)
Lack of Tkaros protein: 75% (15/20)

43% (15/35)

Interstitial deletion of the proximal chromosome
11: 27% (7/15)

33/510° (mostly in p19ARF-deficient mice; strong
association with Notch1 activation

30% (9/30) insertions into Ikaros gene leading to
synthesis of dn proteins

'The 108 tested samples include the 99 with loss of heterozygosity (LOH); *The tumors with point mutations are distinct from those exhibiting abnormal

transcripts; *11 out of the 33 tumors had more than one hit in the Ikaros gene. CGH: Comparative genomic hybridization; SSCP: Single strand conformation

polymorphism; SSCA: Single strand conformation analysis; dn: Dominant-negative; RT-PCR: Reverse transcription polymerase chain reaction.

suggests that RBP-J (and thus Notch signaling) is re-
quired for the expansion but not the initiation of Ikaros-
deficient T-ALL. These results, however, must be inter-
preted with caution, as RBP-] levels were not measured in
the clonal populations, and transformation may occur in
cells with partially deleted RBP-] alleles. Similatly, we de-
leted RBP-] in Ik""" mice with the CD4-Cre transgenc[25].
In this case, RBP-] deletion significantly delays leukemia
onset, and the leukemias that develop in these mice still
carry the undeleted RBP-J alleles, which suggests a selec-
tion of cells that express RBP-]. Finally, Gémez-del Arco
et al*” have deleted RBP-] in Ikdn™" and Ik’ mice using
the CD2-Cre transgene, which deletes at the early thymic
progenitor stage, and have also observed a significant
decrease in leukemia incidence. Altogether, these results
suggest an essential role for RBP-] and Notch signaling
in the development of Ikaros-deficient T-ALL.

We and Gémez-del Arco er a/*® have further ad-
dressed the role of Notchl in Ikaros-deficient thymo-
cytes by deleting floxed Notch1 alleles that correspond to

K
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3.5 kb of the Notchl promoter and exon 1%, Surprising-
ly, this deletion greatly accelerates, rather than delays, leu-
kemia development in both studies. Although the Notch1
alleles are efficiently deleted in T cells, truncated Notchl
proteins are generated from de novo transcripts that arise
from cryptic intragenic promoters located between exons
25 and 27, or upstream of the deleted canonical pro-
moter. Activation of the cryptic 3’ promoters is a direct
consequence of the deletion of the canonical promoter,
and an unexpected pro-oncogenic event””. Importantly,
spontanecous Rag-mediated deletions of the Notchl pro-
moter region are common in murine T-ALL, including
75% of Ik'" leukemias™”. Tkaros binds to both the
5’ and the intragenic cryptic promoters in WT thymo-
cytes”™™ which suggests that it plays a role in repressing
their activity. If so, Ikaros deficiency may cooperate with
Notch1 promoter deletions in promoting the activation
of these alternative promoters. This hypothesis however
awaits experimental demonstration.

Mouse studies have also implicated other pathways as-

June 26, 2011 | Volume 2 | Issue 6 |



Kastner P et a/. Ikaros in T-cell lymphoblastic leukemia

Table 2 Studies of Ikaros status in human T-cell acute lymphoblastic leukemia

Study No. of patients Methods used Cases with lkaros abnormalities
Sun et al™ 18 (pediatric) WB, EMSA, IF, RT-PCR 18/18

Nakase et al™ 5 (adult) RT-PCR 0/5

Ruiz et al®™ 9 (pediatric) RT-PCR, WB 0/9

Maser et al™ 24 (16 cell lines and 8 primary leukemias) ~CGH-array 2/24

Kuiper et al"™! 7 (unknown origin) CGH-array 0/7

Meleshko et al™ 14 (pediatric) RT-PCR 1/14 (expression of dn Ik6 isoform)
Mullighan et al 50 (unknown origin) CGH-array 2/50

Marcais et al™"! 25 (adult, pediatric) CGH-array, RT-PCR, WB, IF, cDNA sequencing ~ 1/25

WB: Western blotting; EMSA: Electrophoretic mobility shift assay; IF: Immunofluorescence; RT-PCR: Reverse transcription polymerase chain reaction.

sociated with Tkaros deficiency. Uren ez a/"” have compared
cooperating retroviral insertion sites between p19**'- and
p53-deficient tumor models, and have found lkaros in-
activation almost exclusively in p19**"-deficient tumors,
which suggests that loss of Ikaros cooperates selectively
with p19™*" inactivation but not with that of p53. Interest-
ingly, Dumortier e al" also have detected a big decrease
in p19™" RNA expression in leukemic T cells from Ik"/"
mice. Furthermore, concomitant loss of Ikaros and of
p19™" (encoded by the Cdkn2a gene) are hallmarks of hu-
man Ber-Abl-positive B-ALL, which suggests a conserved
cooperating pathway in lymphoid rna]jgnancies[zg]

Finally, Winandy ¢ a/*” have addressed the role of
T cell receptor (TCR) signaling in the development of
T-cell leukemia in Tkdn"" mice. Leukemia fails to develop
when the Tkdn"" mutation is introduced onto a Ragl'/ ’
background, which indicates an important role for the
pte-TCR/TCR in leukemia development. Intriguingly,
deletion of the o chain of the TCR dramatically accelet-
ates leukemia progression, while ablation of the TCR 3
chain promotes the clonal expansion of cells expressing
a yYOTCR. These data indicate that signals from the pre-
TCR or the ydTCR may synergize with Ikaros deficiency
to promote the outgrowth of leukemic cells.

IKAROS IN HUMAN T-ALL

Evidence for Ikaros loss-of-function mutations in human
T-ALL

The data demonstrating a clear role for Ikaros deficiency
in the development of murine T-cell leukemia have
prompted investigation into the possibility of a similar
role in human T-ALL. A first study by Sun ez @/ has
documented a strikingly high prevalence of aberrant,

dominant-negative Ikaros isoforms and their cognate
transcripts in all 18 cases of pediatric T-ALL studied.
Furthermore, aberrant Ikaros proteins were localized in
the cytoplasm of the leukemic cells. This study therefore
seemed to indicate that Ikaros plays an important role in
human T-ALL.

Additional studies by other groups, however, have not
confirmed these results. Tkaros status in human T-ALL
has now been analyzed by seven other groups over the
years, in a total of 134 samples. All together, these studies
have revealed six cases with Tkaros anomalies, most often
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with genomic deletions (Table 2). Several of these studies,
however, have employed a limited set of assays, and could
thus have missed some defects. Recently, Marcais ¢ a/"
have petformed a multi-parameter analysis of 25 T-ALL
cases from diverse genetic subtypes, investigating DNA
(by CGH-array), RNA (by teverse transcription poly-
merase chain reaction and cDNA sequencing) and pro-
tein (by Western blotting and intracellular localization by
immunofluorescence), and found only one case with de-
fective Ikaros. It appears thetefore that Ikaros mutations
that directly modify the gene and/or proteins are rela-
tively rare in human T-ALL, and occur in approximately
5% of cases. It is unclear why Sun ¢ /> have found so
many T-ALL cases with aberrant Ikaros. Given the results
of the other studies, it appears that the original study may
have contained a systematic bias that led to the artefactual
detection of aberrant proteins and RINAs. It should be
noted that, in another study by the same authors, similarly
high frequencies of Ikaros defects were found in B-ALL,
which is also at odds with the current estimated frequency
of approximatively 30% for these leukemias.

In addition to direct genetic inactivation, Ikaros can
also be inactivated at the functional level. This possibility
was suggested by Marcais e# al’" in an intriguing case of
Ikaros protein delocalization in leukemic cells (T1.92) that
had lost one of its Ikaros alleles from a genomic dele-
tion. When analyzed by immunofluorescence, the Ikaros
proteins synthesized from the remaining allele appeared
to localize to a discrete cytoplasmic location; possibly
the centrosome. Unfortunately, the limited material from
this patient prevented further characterization of the
structure and mechanism involved in this delocalization.
This observation suggests that delocalization of Ikaros
proteins might contribute to Ikaros inactivation in some
T-ALL patients. It will thus be interesting to conduct a
systematic investigation of Ikaros localization in primary
T-ALL cases.

It has also been suggested that Ikaros can be func-
tionally inactivated following sequestration by the CALM-
AF10 fusion protein in the cytoplasm, although this sce-
nario is mostly based on overexpression experiments in
cell lines™. CALM-AF10 translocation occurs in a subset
of T-ALL, therefore, Ikaros localization in three primary
T-ALL samples with the CALM-AF10 translocation was
studied; no abnormality in Ikaros localization was ob-
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served”. However, the expression and localization of
CALM-AF10 was not analyzed, and further studies are
thus required to assess the link between CALM-AF10
and Tkaros in T-ALL.

Finally, Ikaros has been shown to be the target of
secondary modifications that could alter its activity, such
as phosphorylation and sumoylation™ ] and the pos-
sible relevance of altered post-translational modifications
in suppressing Ikaros function in leukemic cells has been
proposed”. The role of indirect mechanisms that inacti-
vate Ikaros will be important to investigate in the future.

Is loss of Ikaros important in human T-ALL?

Despite the low prevalence, Ikaros loss of function is
clearly a recurrent anomaly in human T-ALL. Thus,
Ikaros inactivation is unlikely to be a bystander defect and
could play a causal role in disease progression in a subset
of T-ALL cases. T-ALL is a particularly heterogeneous
disease with multiple subtypes, therefore, it will be im-
portant to determine if loss of Ikaros is associated with
a specific class of T-ALL, or if Ikaros defects spread
across molecular subtypes.

Given the strong link between Ikaros inactivation
and Notch activation in murine T-ALL, a possible role
for Ikaros loss in promoting Notch activation in human
T-ALL is obviously of interest. However, Notch target
gene activation is not particularly elevated in the TL.92
case when compared with others”". Conversely, cases
with high Notch target gene expression appear to ex-
press normal Tkaros”". Thus, Tkaros deficiency in human
T-ALL may not be as strongly associated with Notch
activation as it is in mice, and other pathways might be
critical in human T-ALL. It will therefore be essential to
achieve a better understanding of how Ikaros suppresses
leukemogenesis independent of Notch. In this respect,
insights gained from the role of Ikaros mutations in
B-ALL will be relevant, as Notch has so far not been im-
plicated in these leukemias.

CONCLUSION

The importance of Ikaros as a tumor suppressor in mu-
rine T-cell leukemia has been known for about 15 years,
but it is only becoming clear that Ikaros inactivation is
a recurrent event in human T-ALL. Given that Ikaros is
also a major tumor suppressor in human B-ALL""
and that reduced ITkaros function dramatically accelerates
B-cell leukemia development in mice™, we hypothesize
that Ikaros functions #ia common mechanisms to sup-
press B-ALL and T-ALL. Defining these mechanisms
will be the central aim of future research on the role of
Ikaros in lymphoid malignancies.
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Abstract IKAROS IN CALM/AF10 RELATED

The Zkaros gene is required for normal development of LEUKEMIAS
lymphocytes and frequent intragenic deletions of /karos
have been identified in acute |ymphob|ast|c leukemia. Impaired differentiation is a hallmark in cancer. He-
However, little is known about the role of /karos in my- matopoietic tumors often involve deregulation of line-
eloid malignancies. Here we discuss the role of Zkaros ~ age specific transcription factors such as [karos in the
as a lineage master regulator during the onset and  lymphoid or CEBPA in the myeloid compartment'”.
progression of myeloid leukemias, namely CALM-AF10 Mutations in these key regulators of differentiation ate
positive acute myeloid leukemia and chronic myeloid frequently found in leukemias which morphologically
leukemia. Alterations of /karos at the gene or protein resemble immature cells of the affected lineage. For ex-
level may act as a bi-directional lineage switch subvert- ample, genomic alterations of lkaros are found in acute
ing developmental plasticity for malignant transforma- lymphoblastic leukemia (ALL) and CEBPA mutations
_tion' Fina”y' we propose that pro_mi_scuous Signa_"ng are associated with acute myeloid leukemia (AML)WJ.
IﬂVOlVII’!g Ika_ros and FOXO tran_scrlpt|on factors might Unsurprisingly, an impaired differentiation machinery
be a Cntlca.l Imk. between early lineage fate and uncon- may cause accumulation of non-functional eatly cells.
trolled proliferation.

However, disturbed [aros function may not only lead
to blocked lymphoid differentiation, but also to myeloid
transdifferentiation as a result of the blocked lymphoid
differentiation pathway.

In particular, this mechanism could be relevant in
CALM/AF10 positive AML, since expression of the

© 2011 Baishideng. All rights reserved.

Key words: Acute lymphoblastic leukemia; Acute my-
eloid leukemia; CALM/AF10; Chronic myeloid leukemia;
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CALM/AF10 fusion protein alters the subcellular locali-
zation of Ikaros"”. The fusion of the CALM and AF10
genes results from the t(10;11)(p13;q14) translocation
and can be found as the sole cytogenetic abnormality in
ALL, AML and in malignant lymphomas and correlates
with poor prognosis'®”. In a murine bone marrow trans-
plantation model, CALM/AF10 expression tesults in the
development of an aggressive bi-phenotypic leukemia.
While the leukemic bulk is myeloid, the leukemia propa-
gating cells show lymphoid traits including B220 surface
markers and immunoglobulin heavy chain rearrange-
ments"” (Figure 1). This bi-phenotypic leukemia might
be explained in part by the interaction between CALM/
AF10 and Ikaros that results in increased cytoplasmic
localization of Ikaros™. While the putative transcrip—
tion factor AF10 shows a nuclear localization”, CALM
(Clathrin Assembly Lymphoid Myeloid Leukemla Gene)
plays a role in endocytosis and localizes mainly to the
cytoplasm"”. Similar to CALM, the CALM/AF10 fusion
protein shows a predominately cytoplasmic localization,
however, both CALM and CALM/AF10 were shown to
shuttle between the nucleus and the cytoplasm“”. Thus,
CALM/AF10 is able to interact with nuclear proteins
such as Ikaros. The interaction of CALM/AF10 and
Ikaros may tether Ikaros to the cytoplasm and thereby
disturb Ikaros function as a transcription factor, and fur-
ther, as a tumor suppressor. Similar to dominant negative
Ikaros isoforms, CALM/AF10 may intetfere with the
formation of Ikaros homodimers that are essential for
the recruitment of Ikaros target genes to pericentromeric
heterochromatin>", If this occurs in eatly progenitor
cells, lymphoid differentiation could be partially or com-
pletely blocked. Depending on the extent of the block,
progenitors may either seek a detour towards the myeloid
route or escape into the T-cell compartment. Interest-
ingly, in Ikaros &nock-ont mice, B lymphocytes are absent,
whereas T-lymphocytes are present, but severely defec-
tive>'"¥. In a similar manner, clinically healthy transgenic
CALM/AF10 mice show impaired thymocyte differen-
tiation"” (Figure 1). CALM/AF10 is a common fusion
transcript in T-ALL With a particulatly high frequency
in the TCRyd hneage . Recently, aberrant cytoplasmic
Ikaros localization was reported to be common in T-ALL,
while genomic deletions of Ikaros are rare in T-ALL". Tt
is tempting to speculate that CALM/AF10 may modulate
lineage fate through interaction with Ikaros in a dose-
dependent manner, depending on the expression levels
of the two proteins, the exact developmental stage of the
target cell and possible additional genetic alterations. A
complete block of lymphoid differentiation would then
result in AML, and a partial block would facilitate the on-
set of T-ALL. Considering the numerous known Ikaros
isoforms including the myeloid specific isoform Ikaros
X" it will be challenging to elucidate the role of the
interaction between CALM/AF10 and Tkaros in malig-
nancy.

Altered Ikaros function is likely necessary but not
sufficient to cause CALM/AF10 related leukemia. Leuke-
mic fusion proteins ate successful in causing leukemia,
because they often affect several different regulatory
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Figure 1 Model of the CALM/AF10 lkaros interaction during leukemo-
genesis (adapted from Greif et al, 2008). Hematopoietic stem cells (HSC)
give rise to multipotent progenitors (MPP) that divide into common lymphoid
(CLP) and myeloid progenitors (CMP). Ikaros is required for the maturation of
lymphoid progenitors. We propose that CALM/AF10 alters its subcellular local-
ization®™ and thereby disturbs Ikaros function at this stage leading to impaired
thymocyte differentiation”™ and phenotypically acute myeloid leukemia (AML)
with lymphoid characteristics'®.

circuits in their target cells. For example, CALM/AF10
was recently shown to cause chromosomal instability

through its interaction with the histone methyltransferase
DOTIL™,

LINEAGE PROMISCUITY AND ABERRANT
SIGNALING IN HEMATOPOIETIC
MALIGNANCY

Another Ikaros-mediated lineage switch can be observed
in chronic myeloid leukemia (CML). Lymphoid blast
crisis during the progression of CML is often associated
with acquisition of I&ares deletions™™”. Apparently, in
CML Ikares mutations facilitate the development of a
lymphoid blast crisis. This is in contrast to the myeloid
phenotype observed in CALM/AF10-dtiven AML which
might be a consequence of altered Ikaros function. How
can these multiple consequences of disturbed Ikaros
function be explained? We propose that impaired func-
tion of Ikaros might have two main consequences: (1)
mutations or altered protein interactions of Ikaros pre-
vent the cell from entering the lymphoid compartment;
and (2) impaired lymphoid differentiation interrupts feed-
back loops involving upstream regulators of Ikaros such
as the pre-B-cell-receptor (pre-BCR). Loss of the physi-
ological inhibition of pre-B-BCR-signaling by Ikaros
and its protein family member Aiolos”™*? (Figure 2) may
result in continued or even increased signaling. Continu-
ous pre-BCR-signaling may not only persistently push
the cells towards lymphoid development, but might also
cause the cell to differentiate along alternative pathways
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Pre-BCR

Figure 2 Pre-B-cell-receptor signaling is regulated by a feed-back loop via
lkaros and Aiolos. The pre-B-cell-receptor (pre-BCR)-signaling cascade also
involves FOXO transcription factors which may act as an interface between
early B-cell development and FLT3-signaling that is frequently altered in acute
myeloid leukemia (AML)?¥. FOXO-proteins are also regulated by downstream
signaling of BCR-ABL1"". Disruption of Ikaros function by either deletions or
protein interactions may interrupt the inhibitory feed-back loop to the pre-BCR
pathway and thereby enhance pre-BCR-signaling.

(e.g. the myeloid lineage). The pre-BCR-signaling cascade
includes promiscuous players like the forkhead box O
(FOXO) transcription factors™>* (Figure 2). In AML for
example, the frequently mutated FLT3 receptor tyrosine
kinase was reported to promote proliferation by signal-
ing through FOXO proteins™. Increased phosphoryla-
tion of FOXO3A correlates with adverse prognosis in
AMLP. Hence, FOXO proteins might act at the inter-
face between early lymphoid and malignant myeloid cell
fate. In CML, persistent BCR/ABL1-mediated signaling
towards lymphoid development might eventually break
through the differentiation block after Ikaros becomes
mutated resulting in lymphoid blast crisis. In particular,
phosphorylation and thereby inactivation of FOXO3A
through the PI3-K/Akt pathway is a potential link be-
tween BCR-ABLI1 signaling and pre—BCR—signalingm.
Gilliland and co-workers™ postulated that at least two
classes of mutations are required for leukemia develop-
ment: class | mutations which increase proliferation
(e.g. activating mutations in tyrosine kinases) and class
II mutations which lead to a differentiation block (e.g
fusion genes like AML1/ETO)™. We suggest that the
distinction between these two classes of mutations is
often not as clear and that a single mutation might have
effects on both proliferation and differentiation. One
example might be mutations or functional alterations of
the Ikaros protein. [&aros mutations might not only result
in a block in differentiation but might, at the same time,
redirect up-stream signaling to drive the cell to differenti-
ate along alternative pathways and thereby contribute to
increased proliferation.

K
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In summary, the above discussed examples illustrate
that the hematopoietic hierarchy is highly dynamic and
that its plasticity does not only allow the diversity of
specialized blood cells, but also lineage promiscuity in
leukemia. The example of Ikaros demonstrates how a
regulator of healthy differentiation can be converted into
a driver of malignancy. There is a growing list of key
hematopoietic regulators which are altered in leukemia
including PAX5, GATA-1, C/EBPa and PU.1%"",

Ikaros is a lineage switch controlling differentiation
towards the lymphoid or myeloid lineage. However,
lineage fate is not always binary, rather, an intermediate
position of the switch may cause the cell to be confused
about its fate and become malignant. For example, the
complete absence of the e#s transcription factor PU.1
does not lead to the development of leukemia in knock-
out mice, while lowering the levels of PU.1 to just 20%
of normal levels results in leukemia®".

If an early hematopoietic cell gets trapped in the lym-
phoid blind alley, it may escape through the myeloid back
door and emerge as a leukemia cell.
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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

K

3,,;2.‘,':,’.2.,,@ WJBC | www.wjgnet.com 121 June 26, 2011 | Volume 2 | Issue 6 |



Francis OL et a/. Regulation of myelopoiesis by Ikaros

Ikaros protein
expression

@

Ikaros message as indicated by GFP reporter cassette
Level of Ikaros expression

] o °
& =

L@@ 7
o8-8 g lgn
\‘r/)®1k-1

@
\ /\
V
Human Lin” CD34* . k-1

Ik-1, Tk-x

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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IKAROS AS A TUMOR SUPPRESSOR

AND REGULATOR OF HEMATOPOIESIS

The lkaros gene encodes a zinc finger, DNA-binding
protein that acts as regulator of gene transcription and
chromatin remodeling"’. Studies of Ikaros mutant mice
have established lkatos as a master regulator of hemato-
poiesis'"!. Partial arrest or defects in normal hematopoi-
esis often lead to aberrant cellular proliferation and leuke-
mia/lymphoma, therefore, it is not surprising that Ikaros
knockout mice that lack one copy of Ikaros develop T
cell leukemia. The remarkable observation is that these
mice developed T cell leukemia with 100% penetrance,
and in each case, the leukemic clones arose from cells that
had lost the single wild-type Tkaros allele®. This suggests
an essential role for Ikaros as a tumor suppressor in T cell
differentiation. In humans, defects in the I&aros gene (90%
of observed defects involved deletions of one allele,
while the remainder involved nonsense or functionally
inactivating mutations of a single allele) can result in the
production of dominant negative (DN) Ikaros isoforms
that act to suppress the function of full-length Ikaros.
Tkaros defects have been associated with the develop-
ment of a vatiety of hematopoietic malignancies. These
include childhood acute lymphoblastic leukemia (ALL)™"
infant T-cell ALLY, adult B cell ALL", myelodysplastic
syndrome’, acute myeloid leukemia'™, and adult and ju-
venile chronic myeloid leukemia. Tkaros defects leading
to a loss of lkaros activity have been detected in 30% of
pediatric B-cell ALL, in > 80% of BCR-ABL1 ALL, and
approximately 5% of T-cell ALL'"*""\. In addition, defec-
tive T&aros has been identified as a poor prognostic mark-
er for childhood ALL*™, A noteworthy observation is
that, in almost all primary human leukemia cells in which
an lkaros defect is observed, one wild-type Ikaros copy is
retained. These data not only show a strong association
between the loss of Ikaros function and the development
of human leukemia, but also suggest that even a modet-
ate alteration of Ikaros function (e.g haploinsufficiency)
is sufficient to promote malignant transformation. The
aberrant expression of small DN Ikaros isoforms has
also been associated with the development of human
pituitary adenoma'”. The current hypothesis is that small
Ikaros isoforms act as DN mutants in human cells and
their overexpression promotes malignant transformation,
while the full-length Ikaros acts as a tumor suppressor.

Several crucial questions remain unanswered. (1) Is
the loss of Ikaros activity an essential step in the malig-
nant transformation of hematopoietic cells? (2) How is
the function of Ikaros regulated in normal and leukemia
cells? (3) Can alterations in the regulation of Ikaros func-
tion conttibute to the development of leukemia?

A partial answer to the first question came when the
T leukemia cells derived from Ikaros-deficient mice were
transduced with retrovirus to express wild-type lkaros.
The introduction of wild-type Ikaros at physiological
levels led to cessation of growth, induction of T-cell dif-
ferentiation, and cell cycle arrest in Tkaros-deficient T-leu-
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kemia cells"”. These results suggest that the presence of
functional wild-type Ikaros, at physiological levels, is suf-
ficient to arrest the aberrant proliferation of malignant
cells. This experiment involved a single leukemia cell line
that completely lacked Ikaros expression, therefore, this
does not fully answer the question of whether the loss
of Ikaros function is an essential step in leukemogenesis,
although it does underscore the importance of functional
Tkaros in tumor suppression. To address these issues re-
garding the importance of the regulation of Ikaros activ-
ity in the development of leukemia, the first step will be
to identify the mechanisms that regulate Ikaros activity in
normal and malignant hematopoiesis, and to dissect their
role in regulating the function of Ikaros.

IKAROS IS PHOSPHORYLATED AT
MULTIPLE SITES

The function of many proteins is regulated by their phos-
phorylation status. Protein phosphorylation is a revers-
ible, dynamic process. The balance between phosphoryla-
tion states of a protein regulates its overall function. The
in vivo phosphopeptide mapping of Ikaros provided the
first evidence that Ikaros is phosphorylated at multiple
sites'"”. The observation that phosphorylated amino acids
within Ikaros are evolutionarily conserved suggests that
phosphorylation is an important mechanism regulat-
ing Ikaros function. Further phosphopeptide mapping
demonstrated that lkaros phosphorylation sites are very
similar in primary thymocytes, in leukemia cells, and in
the HEK 293T embryonic kidney carcinoma cell line fol-
lowing transduction or transfection to express Tkaros' ™"
This suggests that phosphorylation of Ikaros occurs by
kinases that are present in multiple tissues and that phos-
phorylation is an integral feature of Ikaros regulation

(Figure 1).

CELL-CYCLE-SPECIFIC
PHOSPHORYLATION OF IKAROS

The first study to examine the role of phosphorylation
in regulating Ikaros function focused on the cell-cycle-
specific phosphorylation of Ikaros. I vive phosphopep-
tide mapping of Ikaros at different stages of the cell
cycle has revealed that during mitosis, Ikaros undergoes
hyperphosphorylationm. Point mutation analysis has
demonstrated that the cell-cycle-specific phosphorylation
of Ikaros occurs at an evolutionarily conserved linker
sequence that connects DNA-binding zinc finger motifs.
Mutational analysis of phosphomimetic and phospho-
resistant Ikaros mutants has shown that the cell-cycle-
specific phosphorylation of Ikaros regulates its DNA-
binding ability and nuclear localization during mitosis' .
The linker sequence that connects the zinc finger motifs
is preserved in all Kruppel-like zinc finger proteinslw],
therefore, this mitosis-specific phosphorylation is not
unique to Ikaros, but rather it appears to serve as a global

June 26, 2011 | Volume 2 | Issue 6 |



Song C et al. Regulation of Ikaros by phosphorylation

13 23 63 101 294 389-398

-

Ex2,3 Ex4 Ex5 Ex6 Ex7 Ex 8
<>
DNA binding Activation/ Dimerization
repression
domain

Figure 1 Location of casein kinase 2 phosphorylation sites on lkaros. The
phosphorylated amino acids are indicated by numbers at the top. The location
of zinc fingers is indicated by yellow (F1-F4) and red bands (F5-F6). Exons (Ex)
are indicated at the bottom. Exon 1 (untranslated) is not shown.

control mechanism of cell cycle progression during mito-
sis. The kinase that is responsible for the mitosis-specific
phosphorylation of Ikaros has not been identified and is
considered to be a different kinase from the one respon-
sible for Ikaros phosphorylation during G1 and S phases.

PHOSPHORYLATION OF IKAROS BY
CASEIN KINASE 2 AND CELL CYCLE

PROGRESSION

The studies desctibed above have established that phos-
phorylation can control the function of Ikaros in a cell-
cycle-specific manner, but have not identified the signal

transduction pathway that regulates the function of
Ikaros during G1 and S phases of the cell cycle. Studies
by Georgopoulos and colleagues have identified several
amino acids in Ikaros that are phosphorylated by ca-
sein kinase 2 (CK2) (Figure 1). Substitution analysis has
revealed that phosphorylation of Ikaros by CK2 at its
C-terminal region regulates its ability to control G1/S cell
cycle progression™. These results have identified CK2
as the enzyme that directly controls Ikaros function, and
have demonstrated that CK2-mediated phosphorylation
can regulate cell cycle progression.

CK2-MEDIATED PHOSPHORYLATION
REGULATES IKAROS FUNCTION IN
TRANSCRIPTIONAL REGULATION AND
DIFFERENTIATION

A subsequent study has identified four novel evolution-
arily conserved CK2 phosphorylation sites located at the
N-terminal end of Ikaros (Figure 1", Functional analy-
sis of Ikaros phosphomimetic mutants (where phospho-
sites are mutated to aspartate to mimic phosphorylation)
and phosphoresistant mutants (where phospho-sites are
mutated to alanine to mimic the dephosphorylated state)
has revealed that phosphorylation by CK2 affects Ikaros
function at many different levels. Phosphorylation of
amino acids 13 and 294 results in decreased Tkaros DNA
binding affinity for probes that are derived from pericen-
tromeric heterochromatin (PC-HC). In vivo, phosphory-
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lation of the same amino acids causes ITkaros to lose its
ability to localize into PC-HC, resulting in diffuse nuclear
distribution of Ikaros. These results have provided the
first evidence that CK2-mediated phosphorylation regu-
lates not only the ability of Ikaros to bind DNA, but
also its subcellular localization and function in chromatin
remodelingﬂs]. We want to emphasize that the cell-cycle-
specific phosphorylation of Ikaros that occurs during mi-
tosis is not due to the activity of CK2 because: (1) CK2
is active during G1 and S phases of the cell cycle while
this phosphorylation is mitosis-specific; and (2) the CK2
consensus site is well established, and the mitosis-specific
phosphorylation of Ikaros occurs at a consensus linker
sequence that shows no resemblance to the consensus
recognition motif of CK2.

This study also examined the role of CK2-mediated
phosphorylation in regulating the ability of Ikaros to
bind the upstream regulatory element of the Ikaros target
gene, TdT (dnt?). Results have shown that phosphore-
sistant Ikaros mutants have much higher DNA-binding
affinity toward the TdT regulatory elements when com-
pared to wild-type Ikaros in thymocytes or in HEK 293T
cells. Further analysis has revealed that phosphorylation
of Ikaros changes during T-cell differentiation. Following
the induction of thymocyte differentiation with phorbol
myristate acetate, Ikaros undergoes dephosphorylation at
amino acids 13 and 294. This results in increased ITkaros
binding to the TdT regulatory element and repression of
TdT transcriptionm]. These data demonstrate that CK2-
mediated phosphorylation of Ikaros regulates expression
of a key gene in T-cell development - TdT. Thus, CK2-
mediated phosphorylation of Ikaros is one of the regula-
tory mechanisms that govern Ikaros function in normal
hematopoiesis.

PROTEIN PHOSPHATASE 1
DEPHOSPHORYLATES IKAROS AND
REGULATES ITS ACTIVITY

The studies described above were limited in that they ex-
amined only the phosphorylation of Ikaros amino acids
that are detected 7z vivo. Phosphopeptide mapping sug-
gests the presence of more phosphorylated amino acids
on Ikaros and thus the potential for additional phosphor-
ylation-regulated functions of Ikaros. The discovery that
Ikaros is dephosphorylated 7z vivo by protein phosphatase
1 (PP1), and identification of the PP1-lkaros interac-
tion site, has provided an opportunity for further stud-
ies of the role of phosphorylation in regulating Ikaros
function”". Tkaros with a mutated PP1 interaction site
cannot be dephosphorylated by this enzyme. When this
mutant is transfected into HEK 293T cells, its protein
binds DNA very pootly compared to wild-type Ikaros.
This indicates that a very large percentage of Ikaros un-
dergoes phosphorylation 7 vive and that dephosphoryla-
tion of Ikaros is essential for its activity. In addition, this
mutant is unable to localize to PC-HC, which confirms
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that phosphorylation controls the subcellular localiza-
tion of Ikaros. When phosphoresistant mutations of the
CK2 phosphorylation sites are introduced into the PP1-
nonbinding Ikaros mutant, DNA-binding ability and PC-
HC localization is restored to a level similar to that ob-
served for wild-type Ikaros. These data have established
that CK2-mediated phosphorylation is the major regula-
tor of Ikaros function as a DNA-binding protein and in
chromatin remodeling/PC-HC localization®", They also
suggest that PP1 has the opposite effect on Ikaros func-
tion, and that these two signaling pathways are the major
regulators of Ikaros activity.

One striking feature of the PP1-nonbinding Ikaros
mutant is its low level of expression, as compared to
wild-type Ikaros, when transfected into HEK 293T cells.
That difference is prominent at the protein level, whereas
the mRNA level of both constructs is similar. A pos-
sible explanation is that Ikaros that is unable to interact
with PP1 undergoes increased degradation compared to
wild-type Ikaros. This hypothesis is supported by the ob-
servation that Ikaros contains two very strong PEST se-
quences. The presence of PEST sequences is associated
with increased degradation of protein following phos-
phorylation at amino acids [proline (P), glutamic acid (E),
serine (S), and threonine (T)] that ate located within the
PEST sequence. Analysis of the known CK2 phosphory-
lation sites that have been identified by us and by the
Georgopoulos group has revealed that PEST sequences
contain multiple phospho-sites that are phosphorylated
in vivo by CK2. This suggests that CK2-mediated phos-
phorylation might promote degradation of Ikaros. I vivo
degradation assays have demonstrated that the Ikaros
mutant that does not interact with PP1 has a severely
decreased half-life compared to wild-type Ikaros. The in-
troduction of phosphoresistant mutations at the known
CK2-mediated phosphorylation sites prolongs the half-
life of the PP1-nonbinding mutant”". These results have
identified another important role of CK2: to regulate the
protein stability and turnover of Ikaros. These results
have demonstrated that the hyperphosphorylation of
Ikaros leads not only to the loss of its function, but also
to a reduction in Ikaros levels due to increased degrada-
tion. Subsequent experiments have demonstrated that
Ikaros is polyubiquitinated, which has provided evidence
that Tkaros degradation occurs vz the ubiquitin pathway.
Overall, the studies of CK2-mediated phosphorylation
and PP1-mediated dephosphorylation of Ikaros illustrate
the importance of these signal transduction pathways and
the role of phosphorylation in regulating Ikaros activity
in cells.

ADDITIONAL IKAROS
PHOSPHORYLATION SITES

An additional study to identify and analyze the phos-
phorylation of Ikaros has been performed by the Smale
groupml. This has involved a comprehensive approach
using LC-MS/MS analysis of Tkaros phosphorylation in
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Figure 2 A model for the role of casein kinase 2 and protein phosphatase
1 in regulating lkaros activity in T-cell differentiation and tumor suppres-
sion. CK2: Casein kinase 2.

PP1 phosphatase

R

the murine VLL3-3M2 T leukemia cell line. This analysis
has identified several additional phosphorylation sites in
Ikaros, including several threonine and serine residues, as
well as two tyrosines. The functional significance of one
of these novel phosphorylation sites (amino acid 441)
has been studied using phosphomimetic and phospho-
resistant mutants, but no alteration of Ikaros function
has been observed in a transient transfection assay. The
functional significance of the additional phospho-sites
identified in this study has not been elucidated. These
data illustrate the potential for additional mechanisms of
phosphorylation-mediated regulation of Ikaros function.

REGULATION OF CK2 AND PP1 ACTIVITY

CK2 and PP1 both have numerous substrates and their
activity involves a complex network of different metabo-
lites. The focus of this review is the regulation of Ikaros
function by phosphorylation, therefore, we briefly men-
tion the major regulators of CK2 and PP1 activity that
are known to affect cellular proliferation. Phosphoryla-
tion of PP1 by cdc2 kinase results in PP1 inactivation
in a cycle-dependent manner®, Three known tumor
suppressors directly bind and inhibit CK2 activity: (1) it
has been demonstrated that the tumor suppressor p53
inhibits CK2 by binding to its regulatory B subunit™; (2)
similarly, another tumor suppressor p21WAF1 binds to
the 3 regulatory subunit of CK2 and inhibits its activ-
ity™; (3) adenomatous polyposis coli protein also inhibits
CK2 by interacting with its CK2 g-subunit™. Activators
of CK2 include stimulators of cellular proliferation such
as: polyaminesm and fibroblast growth factor-2”". These
findings suggest that Ikaros acts as a part of multiple sig-
nal transduction networks that regulate cellular prolifera-
tion and malignant transformation.

CONCLUSION

Studies of Ikaros phosphorylation have provided a pat-
tial answer to the question concerning the regulation of
Tkaros function in normal and leukemia cells, as well as
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how alteration in the regulation of Ikaros might contrib-
ute to leukemia. The studies described above have estab-
lished phosphotylation/dephosphorylation as one of the
major mechanisms that controls Ikaros activity. These
data strongly suggest that CK2 is the principal regula-
tor of lkaros function. CK2 is an extensively studied
regulator of cellular proliferation and a tumor-promoter
@, Overexpression of CK2 has been associ-
ated with the development of various types of tumors,

protein

including mammary gland, prostate, lung, and kidney
cancers””. Forced expression of the catalytic subunit of
CK2 in transgenic mice leads to the development of T-cell
leukemia and lymphoma ™ similar to that observed
in mice with impaired Ikaros function™ ", Thus,
we hypothesize that Ikaros function is controlled by its
phosphorylation status and that overexpression of CK2
leads to hyperphosphorylation of Ikatros, which results in
its loss of tumor suppressor activity and the subsequent
development of leukemia (Figure 2). Additional studies
utilizing Ikaros phosphomimetic and phosphoresistant
mutants in mouse models and in primary human and
murine cells are necessary to confirm and/or refine this
hypothesis. The abundance of Ikaros phosphorylation
sites, as well as the lack of a complete understanding of
Ikaros function in chromatin remodeling and tumor sup-
pression, suggests that many additional signal transduc-
tion pathways that regulate Ikaros function remain to be
discovered.
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Abstract

The zinc finger transcription factor, Ikaros, is a cen-
tral regulator of hematopoiesis. It is required for the
development of the earliest B cell progenitors and at
later stages for VD] recombination and B cell receptor
expression. Mature B cells rely on Ikaros to set the ac-
tivation threshold for various stimuli, and to choose the
correct antibody isotype during class switch recombina-
tion. Thus, Ikaros contributes to nearly every level of B
cell differentiation and function.
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INTRODUCTION

The Ikaros (Ikzf7) zinc finger transcription factor is a
critical regulator of hematopoiesis. Originally identified
as a protein binding regulatory regions of the lymphocyte
specific genes dn/t (terminal deoxynucleotidyl transfer-
ase) and @3d”, Tkaros was soon shown to be required
for fetal T cell developmentm, as well as important steps
in adult thymic development, such as the pre-T cell
receptor (TCR) checkpoint and CD4 »s CD8 T cell dif-
ferentiation™ . Far from being T cell specific, Tkaros is
expressed in virtually all hematopoietic cells in mice!™”
and humans” ", and even in the murine neuro-endoctine
system' . In mice, Tkaros has been shown to be crucial
for hematopoietic stem cell function and renewal, and
promotes the differentiation of conventional and plas-
macytoid dendritic cells, natural killer cells, neutrophils
and erythrocytes“}m. Furthermore, Tkaros is a critical
tumor suppressor because mice bearing mutations in the
Ikzf1 gene develop T lymphomas with near complete
penetrancelzz’z‘”, and [kz/7 mutations are found in mul-
tiple tyges of human B and T cell lymphomas and leu-
kemias” ", In addition to these key roles in T cells and
non-lymphoid lineages, Ikaros is a critical regulator of B
cell lymphopoiesis and function, and this is discussed in
detail below. Importantly, unless otherwise stated, experi-
ments referred to in this review were performed in the
murine system.
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MECHANISMS OF IKAROS-MEDIATED
TRANSCRIPTIONAL REGULATION

Ikaros acts as both a transcriptional activator and repres-
sot, depending in large part on the co-factors with which
it interacts (Table 1). Mechanisms of Ikaros-mediated
repression fit into three broad categories: chromatin
modification, co-repressor recruitment, and competition.
First, Ikaros colocalizes with pericentromeric heterochro-
matin in lymphocytes[zs], and interacts with components
of histone deacetylase (HDAC) complexes, including
Sin3A and Sin3B (Sin3 complex), the chromatin remodel-
ing Mi-2b ATPase (NuRD complex), and HDAC-1 and
HDAC2 (both Sin3 and NuRD complexes)™ . Thus,

Ikaros could contribute to transcriptional repression by
33]

recruiting genes to heterochromatin™, and/or by recruit-
ing chromatin-modifying complexes to specific genes
to enforce repressive chromatin. Second, # vitro assays
have shown that Ikaros can recruit the C terminal bind-
ing protein (CtBP) and CtBP interacting protein (CtIP)
co-repressors, which may in turn repress transcription
by interacting directly with the basal transcriptional ma-
chinery (TATA binding protein and transcription factor
I1B)*****, Finally, Tkaros competes with positive factors
to repress transcription of genes such [g/7 [Lambda5;
competes with early B cell factor (EBF)] B0l dntt (terminal
deoxynucleotidyl transferase; competes with Ets)™, and
Hes1 (competes with the RBP-Jk/Notch complex) b,

Ikaros may also function as a transcriptional activator.
Tkaros can activate transcription of reporter plasmids®”,
¢d8a transcription in developing T cells™, and adult glo-
bin genes in developing erythrocytes™, Interestingly, the
histone acetyltransferase that contains the SWI/SNF
chromatin remodeling complex interacts with Ikaros in
both T cells® and erythrocyte precursors™ and is as-
sociated with transcriptional activation*”, Furthermore,
Ikaros also interacts with the positive transcriptional
elongation factor complex in yolk sac erythroid cells, re-
cruiting it during the induction of globin genesm]. Thus,
Ikaros may activate the transcription of certain target
genes, possibly by recruiting SWI/SNF, or promoting
transcriptional elongation.

Post-translational modifications of Ikaros itself pro-
vide an additional layer of complexity to Ikaros-mediated
transcriptional regulation. Ikaros can be phosphorylated
and dephosphorylated at multiple residues, by casein
kinase 2 and protein phosphatase 1, respectivelym’ﬂ%].
Phosphorylation of Ikaros in turn inhibits its DNA bind-
ing, ability to block the cell cycle and repress genes such
as #df, and recruitment to peti-centromeric heterochro-
matin**, In addition to phosphorylation, SUMOylation
at two separate residues (K58 and K240) antagonizes
interactions between Ikaros and Sin3A, Sin3B, Mi-2b and
CtBP, and relieves Ikaros mediated repression of reporter
plasmids™”. Thus, Tkaros can repress or activate transcrip-
tion through a variety of mechanisms depending on post-
translational modifications, cell type, protein partners and
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target gene.

IKAROS IN B CELL DEVELOPMENT

B cell development in the bone marrow takes place in
sequential steps that are characterized by gene expression
programs, and developmental checkpoints centered on
antigen receptor rearrangement (Figure 1A, Table 2)"***,
To start, hematopoietic stem cells become progressively
more restricted to the lymphoid lineage, differentiating
into lymphoid primed multi-potent progenitors (LMPPs)
and then common lymphoid progenitors (CLPs)*. The
transcription factor E2A and interleukin-7 receptor (IL-
7R) signaling in CLPs induce the expression of the B
lineage specifying transcription factor, EBF1%"*% and
together with Flt3 signaling, differentiation into the eatli-
est committed B cell developmental stage, the pre-pro B
cell®. EBF1 allows further progression to the pro-B stage
and induces the expression of B lineage genes. Crucially,
one of these genes is Pax5"" which is required for fur-
ther development™ and locks in the B lineage by repress-
ing other cell fates™. At the pro-B stage, cells undergo
immunoglobulin heavy chain (Igh) rearrangements, and
successfully rearranged heavy chains pair with the sur-
rogate light chain proteins Lambda5 and VpreB1/2 to
provide a maturation signalm’w]. This pre-B cell receptor
(BCR) signaling, combined with IL-7R signals, induces
differentiation into pre-B cells, several rounds of division,
and rearrangement of the Ig light chain'® . Those cells
that a express functional BCR, consisting of Ig heavy and
light chains, suppress further rearrangements (allelic exclu-
sion) and migrate to the spleen to undergo final matura-
tion steps.

Control of B lineage specification and commitment by
Ikaros

Ikaros plays crucial roles in B lineage specification and
commitment. Tk’ mice lack pre-pro-B cells and exhibit
a complete block in B lymphopoiesism. Similarly, there
is a striking reduction in pre-pro-B cells in mice bearing
a hypomorphic mutation in T&zf/ (Ik""), which results
in Ikaros expression at about 10% of normal levels'®.
Together, these data indicate that Ikaros is crucial for B
lineage specification. This was originally thought to be
due to a role for Ikaros in promoting Flt3 and/or IL-7R
expression on early hematopoietic progenitors because:
(1) Flt3 and IL-7R signaling are required for pre-pro-B
cell development[53j; (2) Tk’ 1.SK (Lin'Scal’c-kit") cells
lack Fir3 mRNA expression"®; and (3) Ik’ LMPPs ex-
press reduced levels of 1/7r mRNA™, Retroviral expres-
sion of IL-7R or FIt3 independently in Ik’ LSK cells
however, does not rescue B cell development, indicating
that (1) it is the reduced expression of both receptors
together (not either one individually) which blocks Ik B
lymphopoiesis, and/or (2) that Ikaros has other impot-
tant functions in B lineage speciﬁcationm. In support of
the latter view, retroviral expression of EBF in Ik’ L.SK
cells does rescue pro-B cell development, indicating that
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Table 1 Ikaros co-factors

Protein/complex Citation System

NuRD complex (Mi2b, HDACs) ]
30]
[41]
[32)
Sin3 complex (Sin3a/b, HDACs) £
[32)
CtBP ]

[32]

[35]

CtIP
SWI/SNF complex (BRG1, BAFs)

[31]
[41]

[43]

PTEFb (cdk9)

Over-expression in murine T cells

Over-expression in a murine DP thymocyte cell line

Endogenous proteins in a murine erythro-leukemia cell line
Over-expression in non-lymphoid cell lines

Over-expression in non-lymphoid cell lines and in murine T cells
Over-expression in non-lymphoid cell lines

Over-expression in non-lymphoid cell lines and in murine T cells
Over-expression in non-lymphoid cell lines

Over-expression in non-lymphoid cell lines and in murine T cells
Over-expression in murine T cells

Endogenous proteins in a murine erythro-leukemia cell line
Endogenous proteins in murine yolk sac erythroid cells

CtBP: C terminal binding protein; CtIP: CtBP interacting protein; pTEFb: Positive transcriptional elongation factor complex;

HDAC: Histone deacetylase.

Table 2 Critical members of the transcription factor network

controlling B cell development

Ref.

l64]

Gene Roles

Ikaros (Ikzf1)

Required for earliest B cell progenitors
Required for efficient pro-B to pre-B transition
Required for repression of non-B cell fates
Promotes Igh rearrangment and Rag

[65,67)
[67)

[65,67)

expression
E2A (Tcfe2a) P Required for earliest B cell progenitors
2 Required for EBF1 expression
EBF1 (Ebf1) 7t Required for expression of B lineage genes
development past pro-B stage
Pax5 (Pax5) = Required for differentiation past pro-B stage

B7% " Required for commitment to B cell lineage (e.g.

repression of alternative fates)

EBF1: Early B cell factor 1.

Ikaros contributes to B lineage specification by promot-
ing the expression of EBF". Ikaros likely contributes to
EBF expression in part by activating IL-7R expression, as
I1-7 signals are required for EBF transcription™*. How-
ever, as retroviral expression of IL-7R could not rescue
Ik’ B cell development, there is likely an IL-7 signaling
independent function for Tkaros in EBF upregulation'®’;
these functions are not understood at this time. Finally, it
should be noted that EBF mediated rescue of Tk’ pro-B
cell development was inefficient, indicating that Ikaros is
likely to play further roles in B lineage specification that
are independent of EBF regulation.

Beyond the activation of B cell specific gene pro-
grams, Ikaros is also critical for B lineage commitment.
In comparison to Ikaros-sufficient pro-B cell lines, EBF-
induced Ik’ pro-B cell lines exhibit promiscuous myeloid
gene expression (e.g. asf7r). More strikingly, like Pax-5"
pro-B lines, Ik’ pro-B lines can be differentiated into
macrophages when cultured with macrophage colony-
stimulating factor™. Thus, in addition to contributing to
B lineage specification through the activation of IL-7R,
EBf1 and FIt3 expression, Ikaros also locks in the B lin-
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eage by shutting off alternative cell fates.

Ikaros in Ig gene recombination

Ikaros clearly plays critical roles in B cell development be-
yond specification and commitment. Ikaros hypomorphic
mice (Ik"") exhibit a partial block in differentiation be-
tween the pro-B and pre-B stages, indicating that Ikaros
promotes this transition'”. Similarly, EBF-induced Ik
pro-B cell lines do not mature into pre-B cells, further
demonstrating that Ikaros contributes to developmental
checkpoints in pro-B cells®”. Interestingly, early experi-
ments has found that compared with wild type (WT),
IK"" pro-B cells express lower levels of Rag? and Rag2,
which mediate VD] recombination'®, indicating that
Ikaros may contribute to pre-B development by promot-
ing heavy-chain rearrangements. This was confirmed by
the observations that EBF-induced Tk”" pro-B cells lack
Rag? and Rag2 expression and Ikaros binds directly to
their promoters®”. Thus, it appears that Tkaros controls
pre-B development by activating Rag gene expression and
Igh rearrangments. Indeed, Reynaud and colleagues have
found that Du-Jn and especially Vu-DJu recombination
is perturbed or absent in EBF-induced Tk”" pro-B lines.
Interestingly, retroviral expression of Ragl and 2 in these
cell lines does not rescue Vu-DJu recombination, and
Vu and DJu gene segments are found further from each
other in the nucleus than in Ikaros-sufficient pro-B cell
lines"”. Thus, in addition to promoting Rag gene expres-
sion, Ikaros contributes to Igh locus contraction, a critical
step required for V-DJ recombination® and for pro-B
to pre-B differentiation.

Beyond the pro-B stage and Igh rearrangement, Ikaros
is likely to play continued roles in B cell development.
Ikaros is thought to down-regulate preBCR signaling by
repressing [g/1 (Lambda5) transcription in preB cells".
Ikaros may also contribute to light-chain rearrangment
and allelic exclusion. Deletion of an Ikaros-binding, cs-
acting regulatory element in the Igk locus, abolishes
monoallelic silencing of V-] rearrangement, suggesting
that Tkaros participates in allelic exclusion'"™. Tkaros-
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Figure 1 Ikaros controls multiple levels of B cell lymphopoiesis and function. A: Ikaros plays a crucial role in the specification of the B cell lineage by promoting
the expression of the IL-7R and Fit3 receptors in common lymphoid progenitors (CLPs) and of the EBF transcription factor in pre-pro-B cells. Later, lkaros regulates
Igh recombination by activating Rag gene expression and contracting the Igh locus. After the preBCR check point, Ikaros also downregulates the expression of the
preBCR component, Lambda5. During light-chain rearrangment, it is thought that Ikaros regulates allelic exclusion; B: In the periphery, Ikaros sets the B cell activation
threshold to antigen and T cell co-stimulation, and inhibits hyper-proliferation of activated B cells. Finally, during class switch recombination, Ikaros controls isotype
choice by inhibiting switching to IgG2b and IgG2a and promoting switching to all other isotypes.

lipopolysaccharidem. Thus, Ikaros sets B cell activation
thresholds for antigen and mitogen stimuli. Interestingly,
Ikaros plays a similar role in setting activation thresholds

mediated control of this process has not been rigorously
tested, however, as the entire silencer (> 4 kb) rather
than specific Ikaros binding sites, is deleted, and allelic

exclusion has yet to be studied in Ikaros-deficient B cells. for TCR signals in T cells™".

Finally, considering that Ikaros activates Rag gene expres- While it is clear that Ikaros regulates B cell responses
sion in pro-B cells during Igh recombination, this role to stimulation, the mechanism remains a mystery. Data
may well be reprised at the pre-B stage to allow for light- from T cells have suggested that Ikaros maintains acti-
chain recombination. Taken togethet, these studies dem- vation thresholds by integrating the inputs of multiple
onstrate that Ikaros is crucial to multiple eatly steps of B signaling cascades into a transcriptional response to stimu-
cell development. lation®™. The rationale for this is two fold: (1) in com-

parison with WT cells, Ik" and Ik"/"N T cells are resistant
to inhibitors of signaling pathways that lie downstream

IKAROS IN MATURE B CELLS of the TCR (MAPK, Ras, PI3K/Akt, LCK/FYN, PKC,
Mature B cells respond to antigen with co-stimulation calcineurin), indicating that no one pathway is respon-
from T cells, eventually undergoing multiple divisions, sible for increased proliferation; and (2) Ikaros, colocal-
and producing high-affinity antibodies with various con- izes with heterochromatin and replication foci, and thus
stant domains that provide unique effector functions. its loss might result in widespread gene deregulation™".
Ikaros controls both the threshold at which B cells re- This latter point may be especially relevant in cycling cells,
spond, as well as the choice of antibody isotype they will which must synthesize theit DNA and re-establish hetero-
express (Figure 1B). chromatin with each cycle. To date however, it is unclear
if Tkaros deficiency grossly changes the transcriptional
Ikaros sets the threshold for B cell activation response to BCR, TCR or mitogen stimulation in lympho-
Tkaros is a crucial regulator of B cell activation. Ikaros- cytes, and thus, this model lacks strong experimental sup-
deficient Ik'"" B cells exhibit lower activation thresholds port.
to stimulation than WT cells (e.g. proliferate to lower There are other intriguing possibilities to explain
concentrations of anti-IgM srjmulation)lGSJ. Similarly, B how Ikaros controls B cell activation thresholds. First,
cells from mice bearing a B cell specific transgene en- retroviral Tkaros expression in k" T lymphoma cell lines
coding the dominant negative (DN) Ikaros 7 isoform, upregulates the cell cycle inhibitor p27klp and blocks cell
are hyper-responsive to stimulation by mitogens such as cycle progressionm. Thus Ikaros might set activation
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thresholds in B cells by maintaining the expression of
specific cell cycle inhibitors. Another intriguing possibility
focuses on the Notch pathway. Ikaros represses Notch
target genes in T cells™” and Notch activity can syn-
ergize with BCR and CD40 signaling to enhance B cell
activation””. Thus, Ikaros could control BCR-induced
activation by suppressing Notch pathway activity. Finally,
it should be noted that while Ca™ mobilization is similar
between WT and Ik""" B cells after stimulation, the acti-
vation of other signaling pathways has not been exam-
ined™. Furthermore, these comparisons have not been
rigorously made in T cells. Interestingly, Ikaros appears to
regulate BCR signaling positively in chicken DT40 cells
by directly suppressing SHIP phosphatase expression” "™,
While the hypo-responsive phenotype of 1k’ DT40 cells
contrasts with the hyper-responsive phenoty;)e of Ikaros-
deficient murine B and T cells, work in Tk"" DT40 cells
cleatly demonstrates that Ikaros can control the sensitiv-
ity of signaling pathways downstream of antigen recep-
tors. Thus, it is possible that Ikaros deficiency controls
lymphocyte activation thresholds by regulating cell cycle
inhibitors, Notch signals, or BCR, TCR or Toll-like recep-
tor signaling pathways.

It is important to note that the abnormal activation
threshold in Ikaros-deficient B cells may have real conse-
quences for tolerance. Mutations that compromise B cell
activation thresholds often lead to autoantibody produc-
tion™, In keeping with this, mice with B cells express-
ing DN Ikaros express higher levels of auto antibodies
than do WT mice!””. Similarly, Tkaros hypomorphic Tk""
mice express auto antibodies (Sellars M, Kastner P and
Chan S unpublished data). While this suggests a pos-
sible role for Ikaros in the induction of B cell tolerance,
it is unclear from current studies if this would be B cell
intrinsic role for Ikaros and not one of its related family
members. DN Ikaros isoforms retain the ability to inter-
act with and inhibit other Ikaros family members, includ-
ing Aiolos, which also regulates B cell activation thresh-
olds®™. Thus elevated auto-antibodies in mice expressing
a B cell restricted DN Tkaros transgene'”, could be due
in part to Aiolos inhibition. Furthermore, IK"" T cells
are hyper—responsivem, and thus auto-antibodies in these
mice could be the result of defective T cell tolerance.
Further studies with conditional knockouts of Tkaros will
be necessary to understand its fully role in B cell toler-
ance.

Ikaros regulates isotype selection during
immunoglobulin class switch recombination

Class switch recombination (CSR) allows the humoral
immune response to clear pathogens effectively by pair-
ing a single antibody variable region gene with different
constant region genes (Ch) responsible for unique effec-
tor functions®”. Recombination occurs between induced
double stranded breaks in repetitive DNA sequences
called switch (S) regions; which are located upstream of
each Cu gene (except 8). These breaks are initiated by
activation-induced cytidine deaminase (AID) in a tran-
scription-dependent manner, the mechanism of which is
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not fully understood®*”. Tmportantly, it is transcription
across specific S regions in response to antigen, cytokine,
and co-stimulatory signals that targets those S regions for
CSR™, Despite its importance, the factors controlling S
region transcription have remained largely unidentified.

Recent work has demonstrated that Ikaros is a cen-
tral regulator of S region transcription and thereby of
isotype selection during CSR. The first clue to this came
when Ik"" mice were found to exhibit abnormal serum
antibody titers, characterized by striking > 50% reduc-
tions in IgGs and IgGi, and > 50% increases in IgG2b
and IgGZam. In vitro culture assays then revealed that
Ikaros deficiency results in increased and ectopic CSR
to IgG2b and IgG2a, and reduced CSR to all other iso-
types[gs]. Mechanistically, Ikaros binds directly to the Igh
locus, including the 3’ enhancer and S region promoters
and suppresses activating epigenetic marks (e.g. histone
acetylation), transcription and AID accessibility across
Sy2b and Sy2a. In fact, this transcriptional repression at a
subset of S regions allows other S regions to compete for
AlD-induced CSR. Thus, Ikaros is a master regulator of
isotype specification during CSR, and mediates this func-
tion by modulating transcriptional competition between S
regions.

CONCLUSION

Ikaros controls major aspects of B cell development and

B cell responses to antigen. It contributes to B lineage
specification, commitment and maturation (Figure 1A,
Table 2). Ikaros activates the expression of IL7R and
Flt3, signals through which are critical for the develop-
ment of the earliest B cell progenitors. Ikaros further
promotes B cell differentiation by inducing EBF1, which
itself activates a B cell transcriptional program. Beyond
specification, Ikaros plays roles similar to Pax5 in repress-
ing alternative (especially myeloid) fates in B cell progeni-
tors. Finally, Ikaros contributes to further maturation by
activating Rag gene expression and constricting the Igh
locus to allow for antigen receptor recombination. Clearly
Ikaros is a critical regulator of early B cell development.

In the periphery, Ikaros controls activation thresholds
and isotype choice during CSR. Ikaros appears to control
CSR by directly regulating activating epigenetic marks
and transcription at constant region gene promoters
(Figure 1B). Notably however, the mechanism by which
Ikaros regulates B cell activation remains largely unde-
fined. Does Ikaros shape the transcriptional response to
stimulation, repress Notch-mediated proliferation signals,
directly control the expression of cell cycle regulators,
and/or modulate B cell receptor signaling itself? Or does
Ikaros act through some other mechanism to control B
cell activation? Future research will be needed to resolve
these questions.
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Abstract

Through alternate splicing, the Zkaros 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-
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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.

© 2011 Baishideng. All rights reserved.
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IKAROS ISOFORM EXPRESSION AND
IKAROS ACTIVITY

An important factor in the functional diversity of indi-
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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 suppressorn’ﬂ. The Ikaros protein binds DNA at the
upstream regulatory elements of its target genes and regu-
lates their transcription zia chromatin remodeling, Soon
after discovery of the lkaros gene, it was determined that
it encodes multiple isoforms zia alternate splicingH'(". In
mice, the full-length ITkaros 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 Drosgphila;
and (3) an activation domain that is a loosely defined
domain that is located between the DNA-binding and
protein-interaction domains'. Every Tkaros 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 7z 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. 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™”. The ability of the different
Ikaros isoforms to interact with each other and with other

Ikaros family members!” !

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 Iaros 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[(’]. 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” I&aros knockout mice™'*", Overex-
pression of DN isoforms disrupts normal hematopoiesis
and has been shown to inhibit normal Tkaros function in
numerous z vitro and n vivo systemsm’w]. 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™ . Tt 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-
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ship between Ikaros isoforms was relatively clear cut -
full-length Ikaros is functional and a tumor suppressot,
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 Tkaros isoforms iz vive. However, over time,
data have emerged to reveal the potential functional sig-
nificance of other Ikaros isoforms. lkaros-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'’, although the functional
significance of this has not been studied. A report by
Payne ¢ al”" has revealed that the Tkaros-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 I&aros exons 3
and 4. Human Ikaros gene transcripts that incorporate
the human homolog of this additional exon (which we
designate exon 3B) have been subsequently detected in
leukemia samplesm]. 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 Tkaros isoforms”"*?, Comparisons of Tkaros
expression in mice and humans have shown that strong
protein level expression of this isoform occurs only in
human cells®*. For this reason, the largest Tkaros 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 summatizes 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 nornenclaturepz]) 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™. In contrast, in humans, IK-1, TK-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”. Thus, TK-H
exhibits a species-specific expression pattern.

Ikaros contains four C2H2 Kruppel-like zinc finger
motifs at its N-terminal end (exons 4-0) that directly in-
teract with DNA. Zinc fingers 2 and 3 ate essential for
DNA binding of Ikaros protein, although other zinc fin-
gers probably contribute to DNA-binding specificity of
Ikaros™. Ikaros isoforms bind to the Ikaros consensus
sequence TGGGAA/T with the core sequence comptis-
ing GGGAP. DNA binding analysis has revealed that
the two largest human isoforms, IK-1 and IK-H, have
different DNA-binding affinities™. 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™. 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 lkaros 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 ecither 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 ## vitro by mixing recombi-
nant IK-1 and IK-H isoforms and comparing the DNA-
binding affinity of the IK-1/IK-H mixtute 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
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Ikaros homodimers Ikaros heterodimers

]

Heterodimers with Ikaros
dominant-negative isoforms

C

Helios/aiolos

Heterodimers with
Ikaros family members

Figure 1 The association of Ikaros proteins with Ikaros isoforms and
lkaros family members controls the activity of the lkaros protein complex.
The four main types of Ikaros family-containing protein complexes are shown.
A: Homodimers of the most abundant lkaros isoform (IK-1); B: Heterodimers
of IK-1 with DNA-binding Ikaros isoforms; C: Heterodimers of IK-1 and DNA-
nonbinding (DN) lkaros isoforms - this complex does not bind DNA; D: Het-
erodimers of lkaros with its other family members (e.g. Helios or Aiolos).

to DNA that contains a single Ikaros binding site!™

Thus, IK-H can either potentiate or inhibit the DNA
binding of the IK-1 isoform 7 vitro.

It has been demonstrated that Ikaros binds DNA
in vivo as a dimer and possibly as a multimeric complex™.
To test whether the interaction of 1K-1 and IK-H regu-
lates the DNA-binding affinity of Ikaros i vive, 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 lkaros 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 i
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 centrometes is
known as pericentromeric heterochromatin (PC-HC).
Genes localized to PC-HC are generally transcriptionally
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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.

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-HCP. 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’™. 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¥*. The evidence
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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 processml. The
molecular mechanisms that determine whether Tkaros
functions as an activator or repressor of transcription are
unknown.

Experiments that have tested the DNA-binding
specificities of 1K-1 and IK-H isoforms to regulatory
sequences of known lkaros target genes have revealed
differential binding of these isoforms to regulatory ele-
ments of repressed us activated Ikaros targets. Binding of
both IK-H and IK-1 to the upstream regulatory elements
of IKCal, Granzgyme B, STAT4, and EAAH 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 VPACI receptor gene®”, while
positively regulating expression of IKCa1®, Granzgyme
B §TAT4" and EAAH. 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 genesm. According to this hypothesis,
IK-H would have the opposite function of other Ikaros
isoforms in regulating transcription. The mechanism by
which ITkaros 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”™, 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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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 DNAP, 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 iz 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
1K-1 is outlined in Figure 2B.

CONCLUSION

In summary, the Ikaros gene encodes a large number of
different proteins pia alternate splicing. I&aros-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 1K-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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tween cells of the nervous and immune systems. To

date, VIP and its two main receptors expressed in T

lymphocytes, vasoactive intestinal peptide receptor
(VPAC)1 and VPAC2, mediate critical cellular functions THE VASOACTIVE INTESTINAL PEPTIDE

regulating adaptive immunity, including arresting CD4 NEUROIMMUNE-NETWORK
T cells in G1 of the cell cycle, protection from apop-

tosis and a potent chemotactic recruiter of T cells to ~ Vasoactive intestinal peptide (VIP) is a 3.3 kDa protein
the mucosa associated lymphoid compartment of the originally discovered in swine intestines by Said e7 al".
gastrointestinal tissues. Since the discovery of VIP in Upon characterization, this small peptide consisting of
1970, followed by the cloning of VPAC1 and VPAC2 in 28 amino acids, had vasoactive properties when added to
the early 1990s, this signaling axis has been associated arteries, which prompted its name, VIP. Within 10 years
with common human cancers, including leukemia. This after its discovery in 1970, VIP detection was measured
review highlights the present day knowledge of the in a number of human and rodent blood cells, including
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mast cells”, neutrophﬂsm, eosinophilsw, thyrnocytesm and
T and B lymphocytes'”. Additional discoveries revealed
that biological fluids derived from immune-privileged
organs (e.g. eye and spine) were rich in VIP" and im-
portantly inhibited the proliferation of immune cells in
mixed lymphocyte cultures™. Intriguingly, in addition to
immune-privileged compartments that actively repeal im-
mune cells, the immunosuppressive VIP peptide was also
detected in secondary immune organs that actively recruit
high numbers of immune cells. Two immune compart-
ment examples are the mucosa associated lymphoid tissue
(MALT) of the pulmonary and gastrointestinal tissues'”.
The immunoreactive (IR) VIP nerves detected within
these compartments co-stained with markers for norad-
renergic, non-cholinergic nerves that innervated these
organs, thus identifying an additional neuronal source
for the immunosuppressive VIP peptide, in addition to
certain immune cells, including developing thymocytes,
activated T cells and mast calls™""",

These studies detecting IR VIP" nerves within the
eye and MALT represented the first major discovery that
firmly established an anatomical basis for a neuroendo-
crine-immune network. Additional observations con-
firmed IR-VIP" nerves innervating additional immune
organs, including the thymus, spleen, bone marrow, skin
and Peyer’s Patches within the gastrointestinal mucosa
associated tissue. A second major contribution was the
discovery that both immune and non-immune cells, in
proximity to VIP' nerve endings, expressed receptors for
the VIP neuropeptide!'?. A third important observation
was that VIP possessed chemotactic properties for rest-
ing T lymphocytes and actively recruited them to Peyet’s
Patches located in the gut'™'". Lastly, VIP suppressed T
lymphocyte activation by blocking interleukin (IL)-2, IL.-4
and interferon (IFN)-y production, inhibited apoptosis
thereby enhancing Tr2 memory cells and promoted the in-
ducible FoxP3" regulatory T cell (iTreg) lineage (Figure 1).
This collective body of research is the fundamental core
for the field called neuroimmunomodulation, of which
VIP has been firmly established as a master mediator in
this regulatory axis (for review see!™,

This review will focus on the VIP signaling axis and its
relevance to human T cell leukemia. We will begin with a
review of the VIP signaling axis in healthy T' lymphocytes
followed by the current understanding of VIP ligand and
receptor expression profiles in T cell leukemia patients
and cell lines. Penultimately, there will be a discussion on
the contemporary dogma of the transctiptional regulation
of VPAC1 by the anti-leukemic chromatin remodeling
factor, Ikaros. Lastly, concluding comments will place into
perspective a current working model that we expect will
yield important insight into the potential role of the VIP
signaling system in the diagnostic, treatment and clinical
outcome of T cell acute lymphoblastic leukemia (ALL).

VIP SIGNALING AXIS

VIP
The ligand, VIP, is classified as a neuropeptide member
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Figure 1 Neuroimmunomodulation by vasoactive intestinal peptide. A:
Vasoactive intestinal peptide (VIP) is delivered to primary (1% and secondary
(2% immune organs by the peripheral nervous system (PNS), which affects the
metabolism of cells in close proximity through its vasoactive properties (vascular
smooth muscle cells) and its chemotactic activities on resting T lymphocytes.
During TCR signaling, VIP is immunosuppressive directly on T lymphocytes by:
inhibiting proinflammatory cytokine secretion/production, inhibiting apoptosis and
promoting FoxP3" inducible T regulatory cells; B: Delivery of VIP ligand to immune
cells in indicated anatomical compartments (immune and non-immune) that rep-
resents a division of labor for VIP/vasoactive intestinal peptide receptor (VPAC)2
signaling (vasoactive; smooth muscle cells) and VIP/VPAC1 signaling (chemotactic
and immunosuppressive; directly on lymphocytes) in an effort to effectively target
trafficking naive T cells to appropriate immune compartments such as Peyer’s
Patches within the gut. MALT: Mucosa associated lymphoid tissue.

of the sectretin superfamily that performs crucial bio-
logical activities including regulation of the immune
system'"*. The secretin superfamily is made up of nine
diverse small peptides that share similat, as well as, dis-
tinct biological activities. Cloning of the human VIP gene
occurred in 1995 and is located on chromosome 6q25
(Entrez Gene ID 7432)"". Rat and mouse VIP genes had
been previously cloned in 1991, and are positioned on
syntenic regions of the rat chromosome 1p11 (Entrez
Gene ID 117064) and on the mouse chromosome 10A1
(Entrez Gene ID 22353), respectively™. The structure
of the human VIP gene consists of 7 exons interrupted
by 6 introns and spans 9 kb. The VIP gene is translated
into a 170 amino acid preproprotein and proteolyti-
cally tailored to generate at least two biologically active
peptides, called VIP and peptide histidine methionine
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Figure 2 Molecular biology of vasoactive intestinal peptide. A: Vasoactive
intestinal peptide (VIP) is transcribed from a gene consisting of 7 exons and
translated into a 170 amino acid prepropeptide that produces at least two
biologically active peptides as shown; B: The amino acid comparison between
pituitary adenylate cyclase activating polypeptide (PACAP)27 and VIP with bold
letters representing identical amino acids between peptides, and asterisks indi-
cating amino acid differences.

(PHM). Thus, the VIP gene appears to be otganized into
exon modules in which exon 5 exclusively encodes the
VIP peptide, and exon 4 the PHM peptide (Figure 2).
VIP shares nearly 70% amino acid sequence identity with
another secretin family peptide called pituitary adenyl-
ate cyclase activating polypeptide (PACAP). The rodent
(Adcyapl) (Entrez Gene ID mouse - 11516; rat - 24160),
and human (ADCYAP1) (Entrez Gene ID 116) PACAP
genes were cloned in the early 1990s”"* and have a
similar gene structure and translational processing to
VIP, generating at least three biologically active peptides
called PACAP-38 (38 amino acids in length), PACAP-27
and PACAP related peptide. PACAP has remained neatly
unchanged (96% identical) for over 700 million years of
evolution and is considered the progenitor of the secretin
superfamily of peptides”. PACAP-27 and VIP possess
68% amino acid sequence identity and VIP is thought
to have evolved by exon duplication from PACAP con-
comitant with the evolution of the adaptive immune
system as invertebrates evolved into vertebrates around
500 million years agoml. A co-evolution of VIP and its
receptors with the establishment of the adaptive immune
system may explain why VIP/PACAP modulates numer-
ous immune functions such as proliferation[zs], cytokine
expression™, inhibition of apoptosis”’ adhesion" and
chemotaxis'"”. VIP is delivered by peripheral neurons to
immune organs (and non-immune organs), in addition to
being secreted by resting and activated leukocytes™. VIP
is one of the most abundant peptides in immune organs
such as the spleen, thymus and MALT®. This chemo-
tactic and immunosuppressive neuropeptide ameliorates
several autoimmune and inflammatory disease models in
mice, including rheumatoid arthritis™"" atopic dermati-
tis™, Crohn’s disease™, multiple sclerosis MS) host vs
graft disease, and antagonists to VIP receptors inhibit the
proliferation of many common, solid-tissue, human can-
cers, including 51 of 56 human lung cancer cell lines””.
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Common and
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Figure 3 Binding selectivity of the vasoactive intestinal peptide/pituitary
adenylate cyclase activating polypeptide receptors. Pituitary adenylate
cyclase activating polypeptide receptor 1 (PAC1) selectively binds pituitary
adenylate cyclase activating polypeptide (PACAP) with 1000-fold greater affinity
than vasoactive intestinal peptide (VIP), whereas vasoactive intestinal peptide
receptor (VPAC)1 and VPAC2 bind VIP and PACAP with equal affinity.

Recently, VIP and PACAP were discovered to increase
the generation of inducible CD4"/CD25" regulatory T
cells (iTregs) that are positive for FoxP3 expression'™

VIP receptors

The receptors that bind VIP and PACAP receive their
name based on their affinity for these two biologically ac-
tive peptides, respectively. For example, pituitary adenyl-
ate cyclase activating polypeptide receptor 1 (PAC1) binds
PACAP with a 1000-fold greater affinity than VIP, and is
therefore categorized as the selective VIP/PACAP recep-
tor”. In addition to PACI, there are two non-selective
receptors that bind VIP and PACAP with equal affinity,
called VIP/pituitary adenylate cyclase activating polypep-
tide receptor (VPAC)1 and VPAC2 (Figure 3). All three
receptors share a presumed similar 7-transmembrane
structure based on hydropathy plots, with three external
(EC1-3) and three internal loops (IC1-3), an extended
N-terminal extracellular ectodomain and a relatively short
intracellular C-terminal domain®™, The VPAC1 (V prl)
and VPAC2 (Vpr2) genes were cloned in rodents (Vprl -
Entrez Gene ID mouse - 22354; rat - 24875; Vpr2 -
Entrez Gene ID mouse 22355; rat 29555) and humans
(VPR1 - Entrez Gene ID - 7433; VPR2 - 7434) in the
carly 1990s, and have very similar genetic structures with
the human VPAC1 gene consisting of 13 exons and 12
introns”™ . Human VPAC1 has been mapped to chro-
mosome 322, and to a syntenic region on chromosome
9 in mouse. Upon ligand binding, VPAC1 and VPAC2
couple with at least three G proteins, including Gas, Gai
and Guaq that regulate signaling molecules as diverse as
adenylate cyclase, PKA, PKC, PLC, PLD and EPAC, and
elevate the intracellular secondary messengers, cAMP,
IPs, DAG and Ca™", that appear to be largely cell-context
dependent[l7’4z’43]. There is also solid evidence for nuclear
factor kB dependent and independent signaling effects
by VIP*,

VIP receptor expression profile and its transcriptome in

T lymphocytes
In naive, mouse and human CD4 and CD8 T lympho-
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cytes, the constitutively expressed VPAC1 receptor is
300-500-fold higher than VPAC2"*** (unpublished
data) at the mRNA and protein levels that appears to
be inversely related to the expression level of IL-2. Our
laboratory has recently identified the VIP/VPACT tran-
scriptome in naive and activated mouse splenic CD4 T
cells. In naive T cells, VIP/VPACI signaling appears to
induce directed cell movement through EGFR signal-
ing, In eatly activated T cells (5 h), the cAMP dependent
CREM/ICER transctiption factor is upregulated, which
has been shown to “short-circuit” helix-loop-helix tran-
scription factors that are critical for pro-inflammatory
cytokine expression[48]. These microarray observations,
we propose, can explain at a molecular level how the VIP
signaling axis can act in an anti-inflammatory manner,
as well as, induce the differentiation of activated T cells
toward different effector phenotypes, including T regula-
tory cells and Tw7 cells®". Since developing and mature
T lymphocytes are heterogeneous cell populations, it will
be important to generate the next generation of anti-VIP
receptor antibodies capable of detecting protein within
these hematopoietic subpopulations to confirm which
receptor is evoking VIP-initiated signal transduction
and altering metabolic cellular changes. To this end, our
laboratory has generated by gene-gun technology a highly
specific mouse anti-VPACI polyclonal antibody capable
of detecting cell-surface VPACI protein on primary CD4
and CD8 T lymphocytes (manuscript submitted).

During 7z vitro T cell activation (e.g. anti-CD3/anti-
CD28) T lymphocytes engage the cell cycle to begin a
proliferative program that results in a precipitous drop of
VPACT mRNA levels = 80% as assessed by qPCR"*",
Likewise, 7z vivo activation of ovalbumin-specific CD8 T
cells (OT-I) also showed undetectable levels (= 99%) of
VPACT mRNA and protein using an adoptively trans-
ferred Tw pathogen mouse model™. The mechanism
for VPAC1 downregulation in mouse CD4 T cells is
through a Src/ZAP70/JNK signaling pathway based
on a pharmacological inhibitor study conducted by our
laboratory™!, Importantly, Anderson et al™ recently dem-
onstrated that VIP/VPACI signaling potently inhibited
G1/S transition in human CD4 T cells. Thus, VPACT sig-
naling appears to block the very signal (T'CR activation)
that causes its downregulation at the mRINA and protein
levels, and might be the reason why many human and
rodent T cell leukemia cell lines and human T cell blasts
from patients with T cell leukemias have significantly
reduced levels of VPAC1 mRNA (see below). After the
expansion phase of antigen-specific CD8 T cells, we have
collected data in mice that VPACT levels are restored in
primary, but not secondary memory pools. These data
may suggest an interesting possibility that the 7z vivo tim-
ing of VIP/VPAC1 signaling during T cell activation or
in memory cells can have significant consequences re-
garding proliferative expansion or recruitment/retention
in certain immune compartments based on the number
of times exposed to antigen. In sharp contrast to VPACI,
VPAC2 has been termed the inducible VIP receptor, and
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was shown to become upregulated on Tha cells, but not
Thi cells. A cause and effect for VPAC2 upregulation has
been confirmed in its ability to protect Th2 cells from
apoptosis and therefore is a survival factor and promoter
of T memory cells®”. We have confirmed that mouse
VPAC2 upregulation indeed does not take place in acti-
vated antigen-specific CD8 T cells duting an 7 vive Thi
pathogen, Listeria monocytogenes, infection™. This obset-
vation supports the idea that VPAC2 is induced against
Thz, but not T, pathogens. Clinical relevance for VIP
to skew towards a Th2 lymphocyte lineage is shown by
amelioration of Thi-dtiven autoimmune disorders, in-
cluding MSP, 1n summary, the timing and location of T
cell activation is paramount to whether the VIP/VPAC1
signaling axis modulates the metabolism of the T cell
population, as well as, whether VIP/VPAC2 signaling in

Tha cells can promote T cell survival.

VPAC receptor expression profile in hematopoiesis
Human hematopoietic stem cells that are enriched for
CD34" cells derived from either bone marrow or cord
blood (CB) have been shown to predominately express
VPAC1 verses VPAC2 as assessed by semi-quantitative
PCR, subtractive hybridization and western analysis”™**.
Also, the immature, non-dividing CD34"CD38 hemato-
poletic precursors express 4 times greater VPAC1 expres-
sion compared to the more mature CD4 CD38" popula-
tion, which contain elevated numbers of colony-forming
cells (CFCs). The signaling induced by VPAC1 due to
added VIP ligand (1 07 mol/L) to these hematopoietic
stem precursor cells showed a synergic effect on myeloid
and mixed colony growth of CD34" CB cells with little to
no detectable effect on BM cells in the presence, but not
absence of three eatly cytokines, FLT3 ligand, stem cell
factor (STF) and thrombopoietin (TPO) 3. Another study
confirmed high levels of VPAC1 mRNA in BM cells, but
exogenously added VIP (10" to 107 mol/L) instead sup-
pressed erythroid and myeloid colony growth, with a con-
comitant increase in transforming growth factor (TGF)-f3
and tumor necrosis factor (INF)-q, from an unidentified
stromal cell type (possibly macrophages) . These authors
concluded that the suppressive activities by VIP/VPAC1
signaling was partly due to the increase in TGF-§ and
TNF-a as neutralizing antibodies to these cytokines sup-
pressed the effect by VIP. These two studies did in fact
validate functional VPACT1 expression in early hematopoi-
etic populations. Their disagreement regarding a positive
or negative influence on colony formation of CD34" cells
might be due to deriving these cells from different hema-
topoietic groups; bone marrow »s cord blood. Regardless,
it was suggested that microenvironments immediately sur-
rounding nerve endings that supply VIP in bone marrow
would best allow for this neuropeptide to alter hemato-
poietic cellular growth as VIP is readily degraded in serum
(10" mol/L), and the early cytokine signaling is inhibited
by serum. Further research is needed to better understand
the coordination power of VIP/VPACT signaling in the
context of different hematopoietic microenvironments.
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VPAC receptor expression profile during thymocyte
development

It is agreed that peripheral, mature T cells from rodents
and humans express higher levels of VPAC1 compared
to VPAC2, however, thete is some disagreement between
their expression profile in developing mouse thymocytes,
as well as, a potential species difference between rodents
and humans™*'">**. Several labs have measured rat,
mouse and human VPAC receptor mRNA by qPCR and
RNase protection assays in thymocytes, and all agree on
the expression of functionally active VIP receptors in to-
tal thymocytes. The discrepancy comes from distinguish-
ing which VIP receptor, VPAC1 or VPAC2 (PACI is not
expressed), was predominately expressed. Total thymo-
cytes from rat and mouse revealed constitutive VPAC1
levels with increases in VPAC2 only upon TCR activa-
tion™". In contrast, human thymocytes showed greater
VPAC2 verses VPAC1 mRNA expression, and TCR
activation decreased VPAC1 but not VPAC2 mRNA
messagelSsJ. The latter study measured VPAC receptors by
qPCR, which may account for the greater sensitivity for
VPAC2 in the absence of TCR signaling, but does not
explain the higher VPAC2 levels upon T cell activation.
Additional studies further fractionated thymocytes into
specific groups based on CD4 and CDS8 expression. With
the exception of rat double negative cells (CD4 CDS,
DN), double positive (CD4 CD8", DP), single positive
(CD4'CD8;, SP4) and SP8 subsets showed readily detect-
able VPAC1 mRNA message by PCR followed by south-
ern hybridization confirmation®. This consistently high
VPAC1:VPAC2 ratio in developing rat T' cells was oppo-
site for human thymocytes, which showed approximately
4-6-fold more VPAC2 mRNA compared to VPACI in
DP, SP4 and SP8 subsets as assessed by gPCR™. DN
cells contained low but equivalent levels of both recep-
tors. These results suggest a species difference during T
cell development. Furthermore, definite VIP receptor ra-
tio discrepancies are seen within mouse thymocytes. For
example, two studies using Balb/c mouse thymocyte sub-
sets disagreed on the VPACT:VPAC2 ratios in DN and
SP8 thymocyte subsets. In contrast, their data did agree
with respect to DP and SP4 subsets that showed higher
VPAC2 25 VPAC1 mRNA levels™ . These discrepancies
can most likely be attributed to PCR primers used and/or
experimental conditions such as media culture condi-
tions. Our laboratory has collected data suggesting fur-
ther discrepancies of VIP receptor expression in mouse
thymocytes. Using the C57Bl/6 mouse strain instead of
Balb/c mice, we detected more VPAC1 than VPAC2 in
total thymocytes and greater VPAC1 than VPAC2 in all
four major thymocyte populations: DN, DP, SP4 and
SP8, respectively by qPCR (Manuscript submitted). In
addition, we further subdivided this population based on
CD44, CD25 and CD117 expression called DN1-4 sub-
sets” that revealed a fascinating VIP receptor reversal
with high VPAC1 mRNA expression found in the eatliest
T cell progenitor (CD44"/CD25 /CD117", DN1) subset

K

gnizmoﬁng@) WIJBC | www.wjgnet.com

that became transiently silenced in DN2 (CD44"/CD25")
and DN3 (CD44/ CD25+) subsets with the concomitant
induction of VPAC2 mRNA. DN4 cells showed the
restoration back to high VPAC1 and low VPAC2 expres-
sion as observed for the later thymocyte populations. It
is enticing to speculate that the VIP receptor ratio during
T cell development may contribute to a Tm skewing in
C57BL/6 mice (high VPACT:VPAC2) »s a Th2 skewing
in Balb/c mice (low VPAC1:VPAC2). This idea is sup-
ported by the VPAC2 transgenic mouse model where
forcing the expression of VPAC2 in a C57BL/6 Thi
skewed this mouse strain towards a Th2 phenotype[()” (see
below). Functionally, two reports have shown evidence
that VPAC2 mediates I1L-2 suppression upon TCR activa-
tion in DP cells, and that VPAC2 signaling enhances DP
—SP4 differentiation without altering apoptosis, viability,
proliferation or cell numbers™™. A third study revealed
that VPACI signaling was contributing to the protection
of spontaneous and glucocorticoid-induced apoptosis[()z]
In summary, there appears to be functional VIP recep-
tors expressed on developing thymocytes, but their ex-
pression ratio may be species specific, and VIP signaling
influences IL-2 expression, differentiation and protection
from apoptosis.

Genetically altered VPAC2 mice

While VPAC1 knockout and transgenic mice have not
yet been reported, we and others have created VPAC2
knockout and transgenic C57BL/6 mouse strains. Op-
posite phenotypes were observed for the VPAC2 knock-
out and transgenic mouse models that provided further
evidence for VIP/VPAC2 signaling playing an important
role in immune responses[m’(ﬁ]. Mice that developed in the
absence of the immune-inducible VPAC2 receptor dem-
onstrated enhanced delayed type hypersensitivity (DTH),
which is mediated primarily by activated T cells and mac-
rophagesm. In contrast, there was a significant decrease
in immediate type hypersensitivity (IH). These mice also
demonstrated a polarization toward a T response as
evidenced by an increase in the Tu cytokine, IFN-y, and
a dectease in Thz cytokines, 1L-4 and IL-5 as determined
by ex vivo experiments of TCR stimulated VPAC2” CD4
T cells™. In VPAC2 transgenic mice under the control
of the LCK promoter, VPAC2 protein was predomi-
nately expressed in the helper T cell compartment (25
fold higher in CD4 »s CD8 T cells). VPAC2 transgenic
mice exhibited a shift in CD4 T cell polarization towards
a Th2 phenotype as evidenced by (1) a depressed DTH
response and an enhanced IH response; (2) an increased
number of eosinophils and serum IgE and IgGt levels;
and (3) higher Th2 cytokines, IL-4 and IL-5, and lower
Tw cytokine, IFN-y production by activated CD4 T
cells'”. Thus, VPAC2 significantly modulates CD4 T
cell responses. VPACT expression levels were consistent
with wild type levels in both genetically mutated mouse
models. In review, VPAC2 knockout and transgenic mice
show a reciprocal differentiation influence towards a
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Tr2 polarization with respect to cytokine expression and
delayed-type hypersensitivity through an unknown mech-
anism. In addition to Tk differentiation, VIP/VPAC2
signaling protects Thz, but not Thi, cells from apoptosis
and appears to contribute to this memory cell pool.

VIP" mice and immunity

The targeted removal of the VIP gene has been en-
gineeredmﬂ)s]. A cadre of studies marshaled by James
Waschek and other colleagues has focused on pulmonary
disorders and asthma. These studies have uncovered an
inflammatory component to the VIP”" knockout mouse.
Homozygous VIP” knockout mouse have enhanced lym-
phocyte and eosinophil infiltration into the lung, More-
over, microarray analyses have revealed that lung tissue
in the absence of VIP show elevated inflammatory genes
representing a chemokine (Cct0), protease (Mcpt8) and
two TNF superfamily members. These data suggest that
VIP normally suppresses inflammation in tissues such as
lunglésj. Evidence for similar inflammatory exacerbations
in VIP”" mice was observed in gastrointestinal disorders

(Crohns disease) as well .

VIP signaling axis and cellular proliferation

The effect on cellular proliferation and cell cycle entry
by the VIP signaling axis is complex. In rat neurons, it
is well-established that VIP induces proliferation”™",
whereas it is a potent inhibitor of proliferation in hu-
man vascular smooth muscle and CD4 T cells™*. These
apparent nonsensical influences toward cellular mitotic
control is contributed to by the differential expression of
at least three different receptors capable of binding VIP
(VPAC1, VPAC2 and PAC1), as well as a fourth called
formyl peptide receptor-like 1 (FPRL-1)". Once bound,
the ability for these receptors to engage signal transduc-
tion cascades is cell-specific as they differentially couple
multiple G proteinsm. VPAC1 expressed on a lympho-
blastic T' cell line (H9) can transmit alternate internal
signals by differentially coupling to Ges or Gui based on
whether PHM or VIP binds. However, irrespective of
the particular G protein pathway activated, both ligands
increased proliferation as assessed by BrdU incorpora-
tion™. The fact that VIP and PHM evoked different
pathways suggests that VPAC1 (and possible other fam-
ily receptors) can distinguish subtle residue differences
in natural ligands thereby tailoring the signaling cascade
elicited. In addition to VIP and PHM, activated mast cells
and rat basophilic leukemia cell lines secrete a truncated
VIPio2s that acts as a potent VPAC1 antagonist, with
low VPAC2 bindjng[“]. Couple this complexity to at least
one splice variant of VPACI, two for VPAC2 and 11 for
PACI, and the ability for the VIP ligand released by neu-
rons innervating an immune organ can have a multitude
of functional consequencesm’m. Unpublished data from
our laboratory has identified up to four additional VPAC1
splice variants present in lymphoid and brain cells. The
VIP field, therefore, is in its infancy with respect to un-
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derstanding the biochemical and cellular effects of the
VIP signaling axis.

VIP signaling axis and T cell leukemia

VIP signaling is evident in most common types of hu-
man cancer, including breast, prostate, lung, and co-
lon™" These cancer etiologies have been shown to
predominately express functional VPAC1, with only the
rare human leiomyomas expressing functional VPAC2
receptor. PAC1 receptors are typically expressed in
paragangliomas, pheochromocytomas and endometrial
carcinomas. Antagonists that inhibit all three VIP recep-
tors have been shown to be effective at suppressing the
proliferation of these common cancers, as well as, CNS,
melanoma, ovarian and renal tumors and leukemia™",
These reports indicate that VIP and their related peptides
enhance the survival and/or promote cellular prolifera-
tion in most cancers. In contrast, the VIP receptor(s)
responsible for promoting cellular proliferation has not
been strenuously studied T cell leukemia. In 1992, Sue O’
Dorisio’s group showed functional VIP binding sites that
evoked increases in i[cAMP] levels in 22 out of a 32 pa-
tient cohort diagnosed with ALL of T or B cell originm.
The receptor identity, however, was unknown as the VIP
receptors had yet to be cloned at the time of this study.
Once the VIP receptors had been cloned later in the
19907, the identity of the VIP receptor(s) expressed in
human T cell leukemia blasts could be determined. This
research has been conducted primarily utilizing a hand-
ful of human leukemic T cell lines, including Stanford
University Pediatric (SUP) T1, Molt-4b, Jurkat, Hut-78
and H9 lines (Table 1). Based on these four parent cell
lines (H9 is a detivative of Hut-78 cells) there appeats
to be cither high levels of VPAC2 mRNA expression
(Sup T1 and Molt 4b with an immature phenotype), or
low levels of both VPAC1 and VPAC2 mRNA (Jurkat,
Hut-78 and HY cells with a mature phenotype)™>™*".
Our laboratory has verified that CD4"/CD19 cells
recovered from biopsied lymph tissue from 2 human
T cell leukemia patients also expressed high levels of
functional VPAC2 receptor with exceeding low levels of
VPAC1 mRNA as assessed by qPCR and cAMP ELISA
(manuscript in preparation). In rodent leukemia T cell
lines of various etiologies, all cell lines studied exclusively
expressed VPAC2, some of which were validated to be
functional®™ ™. A VPAC2 predominant expression
profile in cancer is unusual as VPAC2 expressing tumors
are rare’" and that the expression profile of healthy pe-
ripheral lymphocytes express extremely high VPACT at
both the mRNA and protein levels™. Malignant T' cells
from ALL patients occur due to a blockade in thymo-
cyte development (thymic in origin), or from a blockade
in HSC within the bone marrow (prethymic)®. These
hyperproliferating, low VPAC1:VPAC2 ratio expressing
leukemic blasts egress from the thymus and enter the
vasculature and bone marrow, where they co-mingle with

healthy HSC (CD34+/ CD38) and petipheral mature T
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Table 1 Vasoactive intestinal peptide receptor expression in

T cell lines

Name Procedure Receptor Ref.

Human T cell lines

Sup T1 RT-PCRand VPAC2  Xiaetal”™ 1996
Northern
Molt-4b g-PCR VPAC2  Summers et al™ 2003
Jurkat RT-PCRand  Low levels Finch et al® 1989
g-PCR! of both
Hut-78 RT-PCRand  Low levels Xia et al™ 1996
q-PCR' VPAC1 >
VPAC2
H9 RT-PCR VPAC1  Goursaud et al*” 2005
Mouse T cell lines
EL-4.IL-2 Northern/ VPAC2  Waschek et al® 1995,
RT-PCR Xin et al®" 1997
MBI-1.15 Northern VPAC2  Waschek et al®™ 1995
BW5147 Northern VPAC2  Waschek et al®™ 1995
CTLL-2 Northern ND Waschek et al™ 1995
CTLL-M Northern ND Waschek et al™ 1995
DBA/2 Northern VPAC2  Waschek et al®™ 1995
YAC-1 Northern ND Waschek et al® 1995
F10 Northern VPAC2  Waschek et al®™ 1995
BL/VL3 cAMP VPAC2  Abello et al® 1989
NS8 cAMP VPAC2  Robberecht et al™ 1989
TL-2 cAMP VPAC2  Robberecht et al™ 1989
D10.TCR31 RT-PCR VPAC2  Xinetal® 1997
D10.G4.1 RT-PCR VPAC2  Xinetal® 1997
Rat T cell lines
GK 1.5 RT-PCR VPAC2  Xinetal® 1997
3.155 RT-PCR VPAC2  Xinetal® 1997

'Quantitative polymerase chain reaction (qQPCR) is unpublished data from
our laboratory. RT-PCR: Reverse transcription-polymerase chain reaction;
ND: Not detected. Receptor refers to which vasoactive intestinal peptide
receptor is predominantly expressed.

cells that all express high VPAC1:VPAC2 ratios (Figure 4).
One possible explanation for a low VPAC1:VPAC2 ratio
in human T cell leukemia blasts compared to healthy
peripheral T cells, might be due to normally low VPACI:
VPAC2 expression during T cell development as human
thymocytes were found to express much higher levels of
VPAC2 compared to VPAC1™. This altered expression
profile in leukemia blasts for the VIP receptor signaling
axis could contribute to a growth advantage as VPACI is
a potent G1/§ transition atrrestor by blocking the upregu-
lation of several cyclins, while VPAC2 acts as a survival
factor of mouse Tr cells™**. High levels of VIP ligand
are also detected in human thymus. It is for these reasons
the authors hypothesize that the increased expression of
the VPAC2 receptor is a possible diagnostic marker for
human (and rodent) T cell ALL. A similar supposition
has previously been suggested by Waschek ez al®™ where
they rationalized that a potential molecular switch could
take place during healthy T cell development, activation
and/or homeostasis to explain the apparent VIP recep-
tor reversal between healthy and leukemic T cells.

There is, however, some discrepancy with our pro-
posal for high VPAC2 and low VPACI levels in ALL
based on data showing human non-Hodgkin lymphoma
patients exclusively expressing VPACT in 100% of the
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Figure 4 Working hypothetical model for differential vasoactive intesti-
nal peptide receptor expression in T cell acute lymphoblastic leukemia
blasts. The radical difference between low vasoactive intestinal peptide recep-
tor (VPAC)1:VPAC2 ratio in developing thymocytes may act as a biomarker and
prognostic indicator, readily distinguishable from peripheral hematopoietic stem
cells (HSC) and mature T cells that express high VPAC1:VPAC2 ratios.

patient samples tested (6 out of 6)"”. The authors did
not distinguish between T »s B cell patients, however.
Moreover, this study utilized ligand binding specificity
for VIP receptor identification, which may contribute
to discordant results compared to reverse transcription-
polymerase chain reaction (RT-PCR) gene expression
analysis, due to receptor internalization, dimerization and
changes in ligand afﬁm'tym. Another study reported that
Hut-78 T cells expressed 75000 VPAC1 binding sites
per cell based on RT-PCR, western analysis and PLVIP
binding measurements’ . This high VPAC1 expression
level is not consistent with our qPCR data showing < 1%
that of healthy CD4 T cells (manuscript in preparation),
which have been estimated to have only approximately
15000 binding sites!". Also, H cells, a derivative of Hut-
78s, were also estimated to have fewer binding sites of
approximately 10000 sites per cell*”. Therefore, the lev-
els of VPACT in Hut-78 T cells in all likelihood are lower
than healthy primary T cells, and that the report suggest-
ing they contain high levels of VPAC1 expression (75000

sites/cell) is perhaps an overestimation.

IKAROS REGULATION OF VPAC1

IK and its role in T cell leukemia

IK is a kruppel-like, zinc-finger transctiption factor that
functions as a master regulator for the development and
maintenance of the hemo-lymphoid compartment[%"gg].
The IK gene generates at least 11 isoforms through alter-
native splicinglgg]. All IK isoforms have a common C-ter-
minus containing an activation domain and two zinc fin-
gers that facilitate dimerization with other 1K isoforms.
All Tkaros protein products (at least 11) differ in their
N-terminal domain consisting of 4 zinc-fingers, three of
which are necessary to bind DNA™. Of the three geneti-
cally modified IK mouse models that have been gener-
ated”™, the more severe model resulted in the complete
arrest of fetal and adult lymphocyte development. Im-
portantly, heterozygous mice developed an aggressive
lymphoblastic leukemia (100% penetrance) 3 to 6 mo
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after birth™, In human leukemia patients, several reports
P58 More recently,

have shown mutations in the IK gene
it has been revealed that alternative splicing dysregulation
alters the ratio between IK DNA binding to non-DNA
P Also, a 2009 study confirms that
deletions/mutations in the IK gene is associated with a
poor prognosis for B cell ALL patients""”, but interest-
ingly IK mutations occurs a very small percentage of T
cell ALL patients (< 4%)"". These mouse and human

data have established IK as a master regulator for lym-

binding isoforms

phopoiesis and an authentic tumor suppressor that sets
the threshold for T cell activation, but indicates a species
specific difference in Ikaros biology“oz].

Mechanisms for transcriptional regulation by IK
Previous investigations in naive mouse CD4 T cells have
shown that IK recognizes at least five different chro-
matin remodeling and histone-modifying enzyme com-
plexes. Regarding transcriptional permissive complexes,
IK has been shown to bind the stimulatory chromatin
remodeler, termed switch/sucrose nonfermentable™.
Regarding transcriptional repressive complexes, IK has
been shown to interact with the repressive nucleosome
remodeling and deacetylase complex, c-terminal binding
protein, c-terminal interacting protein, and mSin3a/b
complexesmm’mﬂ. Immunofluorescence staining shows
IK protein present in a diffuse reticular nuclear pattern
in naive, non-cycling CD4 T cells. During T' cell activa-
tion and entry into the cell cycle, IK is redistributed into
a donut shaped nuclear pattern that co-localizes with
pericentrimeric heterochromatin®'", TK is differentially
phosphorylated in a cell cycle dependent manner. The
phosphorylation pattern of 1K changes as T cells cycle
from G1 to G2/M phase, and modulates DNA-binding
affinity (36). IK is thought to act as an activator or re-
pressor of gene expression based on its subnuclear distri-
bution and binding partner(s) in naive CD4 T cells®"",
There are also differences in basal Ikaros isoform expres-
sion levels between resting and activated mouse and hu-
man T cells. For example, mouse primary T cells express
equivalent protein levels of IK-1 and IK-2 (IK-VI and
IK-V based on Sinisa Dovat’s nomenclature) irrespective
of the activation status of T cells. In contrast, human pri-
mary T cells cleatly show low levels of IK-1 and the larg-
est known Ikaros isoform, Ikaros-H, that are upregulated
upon TCR signaling“oq]. Moreover, Sinisa Dovat’s group
has very nicely demonstrated how phosphorylation by
casein kinase II and dephosphorylation by PP1 serves to
regulate IK’s ability to bind DNA, regulate gene expres-
sion as well as dictate its subnuclear distribution!*""",

Identification of Ikaros binding elements in the VIP
receptor gene loci

VPAC1 and VPAC2 promoters possess a high frequency
of putative Ikaros (IK) binding sites (5-"TGGGAT/A-3).
An inspection of a 5 kb nucleotide sequence of the hu-
man VPAC1 and VPAC2 promoters reveal 12 putative IK
consensus sequences (5-TGGGAA/T-3" spanning the
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Figure 5 High Frequency IK binding sites at the vasoactive intestinal
peptide receptor promoters. Schematic diagram of a 5 kb region for the vaso-
active intestinal peptide receptor (VPAC)1 and VPAC2 promoters spanning the
transcriptional start site (TSS). Red boxes are IK consensus sequences, with
the number of IK binding sites per gene promoter indicated.

transcriptional start site (Figure 5). In comparison, the
rhodopsin gene that encodes a group I GPCR has only
1 putative IK binding site over a similar DNA length.
Moreover, the entire gene loci of VPAC1 (55 kbp) and
VPAC2 (48 kbp), including 10 kb immediately flanking
these genes both upstream and downstream, possess 138
and 262 putative IK binding motifs, respectively. The
random frequency of any 6 nucleotide DNA sequence
being found on both strands of DNA in a 60 kb region is
approximately 30 times. Using this random frequency as
a comparison, there are 5-fold and 9-fold more IK con-
sensus sequences present at these receptor gene loci. In
addition, the IK binding elements are equally distributed
throughout both VIP receptor loci with a neatly equal
probability of finding an IK sequence on the template
(60%) or non-template (40%) strand. Curiously, the 5 kb
region mentioned above that spans the transcriptional
start site for VPAC1 and VPAC2 has 12/12 (100%) and
8/12 (66%) IK binding motifs that are oriented on the
non-template strand, respectively. We propose that this
frequency of IK binding motifs preferentially on the
non-template DNA strand is not a random event, but
rather demarcates a powerful regulatory domain for
Ikaros regulation of the VPACT and VPAC2 genes.

IK protein binds to the promoter regions of VPAC1

Evidence for IK protein binding to high-affinity 1K-
consensus elements in the promoter of VPACI is based
primarily on electrophoretic mobility shift assays (EMSA)
and chromatin immunoprecipitation assays (ChIP). In
2002, we showed that nuclear protein from human Jurkat
T cells, but not WI-38 fibroblasts, produced a retarda-
tion signal using a positive IK DNA probe (IKBS4""*) or
the most distal IK site within the VPAC1 promoterlmj.
Jurkat protein was supershifted by anti-IK IgG but not
a non-specific IgG confirming that 1K protein was in-
deed part of the complex engaging the VPAC1 DNA
probe. Moreover, recombinant GST-IK1 and IK2 bound
to both probes and were competed away by unlabeled
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Figure 6 lkaros engagement of the vasoactive intestinal peptide receptor 1 promoter in primary and T cell lines. Schematic representation of electrophoretic
mobility shift assays and chromatin immunoprecipitation assays data comparing lkaros engagement to the vasoactive intestinal peptide receptor (VPAC)1 promoter in
primary CD4 T cells compared to the human lymphoblastic T cell line, Hut-78 cells. Top panels represent the expression profile for Ikaros in resting cells, and the bot-

tom panels represent activated T cells.

probe, further validating that IK protein could positively
recognize and bind to the VPAC1 promoter. Subsequent
EMSA studies further validated these observations using
nuclear protein from human primary T' cells. Interestingly,
only nuclear extracts from activated CD4 T cells, but not
resting cells, showed a retardation signal with the VPAC1
DNA probe. Anti-IK antibody supershifted this signal
whereas IgG did not. Collectively, these data reveal that
human recombinant and endogenous IK protein from
either activated CD4 T cells or from malignant T cell lines
can bind to IK-consensus sequences within the VPAC1
promoter in a sequence dependent manner. This observa-
tion was confirmed by 7z vivo ChIP assays that allows for
a “snap shot” to be taken within a cell to determine pro-
tein/DNA interaction by forming reversible cross links
with formaldehyde. This study supported the EMSA data
revealing VPAC1 DNA amplification of immunoprecipi-
tated chromatin using the anti-IK-CTS pAB, but not anti-
IK-H or IgG negative controls""”. That IK-1 is upregulat-
ed during T cell activation supports the notion that IK-1
engages the VPACI promoter resulting in its repression.
Possible mechanisms to explain the differential binding af-
finity for IK-2 verses IK-1 dimers might be differences in
consensus sequence recognition, subnuclear distribution
or post-translational modification pattern changes that
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renders it not conducive to engage the VPAC1 promoter
position in euchromatin (Figure 6)"".

Ikaros binding causes a functional change in VPAC1
expression

Using a negative IK cellular background of mouse NIH-
3T3 cells, overexpression of DNA binding isoforms
(IK-1 and IK-2), but not a DNA binding isoform that
fails to enter the nucleus (IK-3), or the non-DNA bind-
ing isoform (IK-5), significantly downregulated VPAC1
expression by greater than 90% as assessed by gPCR!"™,
These decreases in steady-state mRNA were paralleled
at the protein level as well (50% decrease). Follow-up
studies by out laboratory using a Hut-78 T lymphoblastic
cell line background overexpressing the dominant nega-
tive IK-5 isoform introduced by nucleoporation resulted
in a dramatic 15-fold induction of VPACI steady-state
mRNA levels (manuscript in preparation, Figure 7). Sur-
prisingly, the 1K-2 DNA-binding isoform also increased
VPAC1 levels by 2-fold, thus mimicking the positive
upregulation that the DN IK-5 isoform displayed, albeit
to a lower magnitude. These overexpression studies sup-
port a working model where decreasing the net DNA
binding potential of the IK pool (IK-5), or altering the
homo/heterodimer combination (IK-2, IK-H binds with
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Human lymphoblastic T cell line (Hut-78)

Resting cycling

IK-1 IK-2 IK-H

Dominant

negative

IK regulated gene set

IK-5 IK-5

Dysregulation in gene expression

15-fold increase in VPAC1
steady-state mRNA

Activated cycling

IK-1 IK-2

negative

Dominant

IK regulated gene set

Dysregulation in gene expression

Silencing of VPAC1
steady-state mRNA

Figure 7 Working model for Ikaros mediated regulation of vasoactive intestinal peptide receptor 1 expression. IK-5 overexpression results in the upregulation
of vasoactive intestinal peptide receptor (VPAC)1 steady-state levels in resting Hut-78 cells. The DNA binding activity of Ikaros therefore can alter the expression of
growth modulating genes like VPAC1 in a direct (binding to the VPAC1 gene) or indirect mechanism (regulating a repressor/activator that binds the VPAC1 gene). We

predict VPAC1 silencing will occur in activated IK-5 overexpressing cells.

greater affinity to IK-2 then TK-1"") results in greater
IK-1 homodimers and causes elevated VPACT steady-
state mRNA expression. We have unpublished data
demonstrating IK enrichment to the VPAC1 promoter
by ChIP assays in activated (PMA /ionomycin), but not
resting, human Hut-78 T lymphoma cells could imply
that dystegulating IK DNA binding by overexpressing
IK isoforms result in increases in VPAC1 expression by
an indirect manner. Future studies will investigate how
IK dysregulation affects VPAC1 expression during T
cell activation. We predict that VPAC1 expression will
be silenced without functional IIKKX DNA binding protein,
which would support the idea that IK regulates transient
gene expression changes and its plasticity upon resolution
of T cell activation (memory cells).

FUTURE DIRECTIONS

Elevated VPAC2 expression in the diagnosis and
therapeutic intervention of human T cell ALL

There still remains a critical gap in the fundamental
knowledge base regarding VIP ligand and receptor ex-
pression levels in human T cell ALL. It is becoming read-
ily apparent that functional VPAC2 expression is elevated
in rodent and human T cell blasts with an immature phe-
notype. Unfortunately, there ate only a few reports docu-
menting VIP receptor expression in human leukemia,
and none to our knowledge have conducted molecular
measurements of mRNA and protein expression levels.
It will be imperative to collect gPCR and flow cytometry
data from a large human T cell ALL cohort to confirm
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high VPAC2 expression to suppott its use as a diagnostic
tool and/or drug target for this particular leukemia etiol-
ogy. Moreover, parallel studies showing a concomitant
reduction of VPAC1 levels in T cell ALL patient samples
would further imply that a low VPAC1:VPAC2 receptor
ratio could be utilized as a leukemic indicator for routine
diagnosis. Also, the specific VPAC1:VPAC2 receptor
signature could be used to follow a cohort of human T
cell ALL patients in an attempt to determine the extent
to which this receptor ratio can predict patient outcome.
Absence of such research will continue to put these hu-
man leukemia patients at risk.

Ikaros and Notch regulation of the VIP receptors

The Ikaros transcription factor binds a 6 nucleotide
DNA sequence that is identical to the Notch trimer com-
plex"”, An antagonistic competition between Tkaros (dif-
ferentiation) and Notch signaling (proliferation) to gain
access to DNA binding sites in gene targets is thought
to control the T cell developmental plan in the thymus.
Gain of function in Notch signaling is observed in 60%
of human T cell ALL, which may shift the delicate equi-
librium of differentiation/proliferation towatrd cellular
division. Future research to identify whether the Notch
DNA binding trimer is actively displacing Ikaros protein
from the VPAC receptor loci (and other gene targets) is
an important question to answetr.

A growth advantage for T cell leukemia blasts with a low

VPAC1:VPAC2 ratio
Investigations focusing on how low VPAC1:VPAC2
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expression levels alter VIP signaling and whether this
chemical information is interpreted by leukemic blasts
to initiate a survival/proliferative cellular program is
paramount to uncovering future therapeutic drug targets
downstream of VIP receptors. Additionally, antagonists
and agonists to VIP receptors can be used in combina-
tion with other known chemotherapy drugs in an attempt
to obtain greater apoptosis induction in leukemia blasts.

Functional significance of VPAC receptor expression in
human B cell ALL

Lastly, VIP receptor expression data needs to be collected
from B cell ALL patients as Ikaros mutations/deletions
have been deleted in 30% of these patients[wo]. A de-
crease in Ikaros protein would increase the relative Notch
trimer complex binding to gene targets, including the
VIP receptor loci, and again potentially causing a hyperp-
roliferative phenotype. These expression changes in VIP
receptors may allow for prognostic prediction and future
drug targets downstream of VIP receptors. That VIP and
its receptors are also expressed in myeloid and erythroid
blood cell lineages, future research focused on these leu-
kemic etiologies is expected to result in important insight
in combating these types of human leukemias as well.

CONCLUSION

Numerous studies have demonstrated that a number of
human cancers overexpress VIP, or pituitary adenylate
cyclase-activating peptide (PACAP) receptors ™!,
Interestingly, VIP and PACAP analogs have been shown
to affect tumor growth in 7 witro and 7n vivo animal tu-
mor models, suggesting that these receptors could be
used as novel therapeutic targets or for localization of
tumors' *"”. The effect of VIP varies with the type of
tumor, by either directly promoting tumor growthmm'm],
suppressing growth!” or promoting its differentiation
through VPAC1 receptor signaling**'*. More recently,
VIP has been shown to modulate tumor cell migra-
tion"””. However, the role of the VIP signaling pathway
in human leukemia is unknown, and only a few 7 vitro
studies have examined the role of this signaling pathway
in the survival of leukemic blasts"*. VIP has been shown
to modulate EGFR/HER2"™", VEGF!"*"'* FOS expres-
sion™ in breast cancer cell lines. These findings further
underscore the importance of this signaling pathway in
human cancer and warrants further investigation.
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Abstract

The zinc finger motif was used as a vehicle for the
initial discovery of Ikaros in the context of T-cell differ-
entiation and has been central to all subsequent analy-
ses of Ikaros function. The Ikaros gene is alternately
spliced to produce several isoforms that confer diversity
of function and consequently have complicated analysis
of the function of Ikaros /n vivo. Key features of Ikaros
/n vivo function are associated with six C2H2 zinc fin-
gers; four of which are alternately incorporated in the
production of the various Ikaros isoforms. Although no
complete structures are available for the Ikaros protein
or any of its family members, considerable evidence
has accumulated about the structure of zinc fingers and
the role that this structure plays in the functions of the
Ikaros family of proteins. This review summarizes the
structural aspects of Ikaros zinc fingers, individually,
and in tandem to provide a structural context for Ikaros
function and to provide a structural basis to inform the
design of future experiments with Ikaros and its family
members.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION

The zinc finger motif was used as a vehicle for the initial
discovery of Ikaros in the context of T-cell differentia-
tion"" and has been central to all subsequent analyses of
Ikaros function. The C2H2 zinc finger motif was first
described in 1985 with the discovery of a total of nine
tandem zinc fingers in transcription factor A (TFIIA)
in Xenopus oocytes. A retrospective review of the origi-
nal discovery, subsequent structural studies, and the ap-
plication this information in the design of zinc fingers
with novel DNA binding functions has recently been
providedm. Although no complete structures are available
for the Ikaros protein or any of its family members, con-
siderable evidence has accumulated about the structure
of zinc fingers and the role that this structure plays in the
functions of the Ikaros family of proteins.

The Ikaros gene is alternately spliced to produce several
isoforms that confer diversity of function and consequently
have complicated analysis of the function of Ikaros i vivo.
The basic architecture of the longest Ikaros isoform [519
amino acids, Gene: IKZF1 (UniProt: gi|3913926), for the
full-length human Ikaros| consists of an N-terminal DNA
binding domain containing four centrally located C2H2
zinc fingers and a C-terminal protein interaction (dimer-
ization) domain with two additional zinc fingers near the
C-terminus of the protein (Figure 1). For purposes of
analysis and discussion the zinc fingers have been num-
bered from N to C: 1-6. The two presumed domains of
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Exons

ZF1  ZF2 ZF3  ZF4

1 2/3 4 5 6 7 8

ZF5  ZF6

DNA binding domain

Protein interaction domain

Figure 1 Architecture of the lkaros protein. The full-length Ikaros is shown in context of the exons present in the longest form of Ikaros. The positions of the six
zinc fingers are shown in their approximate locations. Fingers 1-4 are contiguous as well as fingers 5 and 6.

HZF1 LKCDICGIICIGPNVLMVHKR--SH TGERP
HZF2 FQCNQCGASFTOQKGNLLRHIK--LH SGEKP
HZF3 FKCHLCNYACRRRDALTGHLR--TH SVGKP
HZF4 HKCGYCGRSYKQRSSLEEHKER-CH
HZF5 YKCEHCRVLFLDHVMYTIHMG--CH GFRDP
HZF6 FECNMCGYHSQDRYEFSSHITRGEH

Figure 2 Primary sequence of the six zinc fingers of Ikaros. The sequences
of the six zinc fingers of human Ikaros are shown along with their respective
linkers (UniProt: gi|3913926). The letters in red are the consensus Cys and His
residues that chelate zinc in the fingers. The blue highlighted letters represent
the -1, 2, 3, and 6 positions of the finger helices read from left to right.

Ikaros have distinctly different functions and are treated
as such here.

ARCHITECTURE OF THE N-TERMINAL
DNA BINDING DOMAIN

To understand the role of the C2H2 zinc finger in lkaros-
DNA interactions, we examine the structure of a C2H2
zinc finger peptide, which was engineered based on
C2H2 consensus sequences, during interaction with DNA
(Figures 2 and 3)". This structure has three tandem zinc
fingers bound in the major groove of the DNA. Individ-
ual fingers have two antiparallel 3 sheets folded in on an
o helix. In the interior of the fingers two cysteines in the
[ sheets and two histidines in the helix are coordinated
with a zinc that confers considerable rigidity to the struc-
ture. Deeper in the interior of the fold are three hydro-
phobic side chains that ate also important in maintaining
the structure of the finger. This gives a total of seven
characteristic amino acids that are essential for the basic
C2H2 zinc finger structure. The residues responsible for
the sequence-specific DNA interactions generally occur
at locations toward the N-side of the helix (positions -1,
2, 3 and 6, which make the start of the helix). The side
chains of amino acids at positions -1, 3 and 6 interact
with a triplet of nucleotide bases on one strand of the
DNA and the position 2 side chain interacts with a base
adjacent to the triplet on the opposite strand of the
DNA (see” and” for detailed descriptions of these in-
teractions). The interactions with the nucleotide bases in
this binding arrangement are in the major groove. These
patterns have allowed construction of a loose code for
the sequence-specific protein-DNA interactions to be
developed for C2H2 zinc fingers, although considerable
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A

Figure 3 Structure of an engineered peptide with three tandem zinc fin-
gers similar to Ikaros ZF2-3. The views shown are from 1MEY (pdb), an engi-
neered three tandem zinc finger peptide (shown in red) in complex with cognate
DNA™ shown in green. Al three fingers show the zinc (grey sphere) complexed
to two sulfurs of cysteine (yellow) and two imidazole nitrogen (blue). A: An over-
view of the zinc fingers nestled in the major groove of the DNA. The N terminus
is on the left. The C-terminal finger has the DNA-interacting side chains shown;
B: A view of the N-terminal finger showing the seven essential residues for
zinc finger structural integrity; C: A view of the DNA-interacting residues on the
C-terminal finger, -1:arg, 2:asp, 3:his, 6:arg. The views were produced using
CHIMERA™,
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variation has been observed in both natural and engi-
neered zinc finger specificity determinants'. This makes
the zinc finger code a good starting point for analysis but
it clearly has limited explanatory power in individual cases
(as with ZF1 and ZF4 in Ikaros).

Numerous studies of both naturally occurring and
engineered zinc fingers have shown that modular zinc
fingers often appear in tandem separated by short flexible
linkers. For a series of two or three tandem fingers, the
mode of binding in the major groove described above
can easily be maintained. However for four or more tan-
dem fingers in a protein such as Ikaros, the topological
constraints imposed by the twist of the B-DNA helix
dictates more complex DNA interactions. For short
peptides composed of tandem zinc fingers, up to three
fingers can follow the major groove of the DNA around
the helical axis without introducing undue strain in the
DNA other than some underwinding. Several studies
have shown that with C2H2 zinc fingers the DNA is
slightly under wound to accommodate the zinc finger.
This also makes the major groove slightly more open
than in B-DNA"“". For four fingers, at least one of the
fingers generally binds outside of the canonical binding
determinants described above™. Detailed studies of the
zinc-finger domain of the Wilms tumor suppressor pro-
tein (WT1, which contains four tandem C2H2 zinc fin-
gers) showed that ZF1 was in the major groove but does
not use any of the normal amino acid-base interactions
for binding[9]. The conclusion is that ZF1 contributes
only to non-specific affinity of WT'1 for DNA with the
other three zinc fingers that confer sequence—speciﬁcitym.
For larger tandem arrays of six zinc fingers it has been
shown that all six can reside in the major groove. How-
ever such an arrangement is accompanied by some strain
on the DNA and several non-standard DNA-zinc finger
interactions". Alternatively, the first and last of a series
of zinc fingers can bind to the major groove with intet-
vening fingers placed out of the major groove and inter-
acting primarily with the minor groove. Placing Ikaros in
the context of the data from other proteins and synthetic
peptides, it is highly likely that at least one of the fingers
does not bind in the major groove of the DNA in the
classical arrangement. There is strong evidence that the
second and third fingers of Ikaros do conform closely to
the classical binding mode in the major groovem as dis-
cussed below. The function and possible DNA binding
modes for fingers 1 and 4 are less clear.

The role of the N-terminal tandem zinc fingers (ZF1-
ZI'4) of Ikaros in targeting pericentromeric heterochro-
matin has been studied in detail using mutational analysis.
Cell lysates from 3T3 cells transfected with mutant Ikaros
have been used in gel shift assays with probes derived
from multiple Ikaros binding sites to provide a functional
assessment' . The full-length Ikaros has been shown
to tolerate substantial deletions while maintaining DNA
targeting behavior. Perhaps due to the natural architec-
ture of Ikaros that supports multiple isoforms, ZF1 and
ZF4 are not required for targeting. However, deletions
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of ZF2 and/or ZF3 and ZF5/ZF6 are not tolerated. To
identify the parts of ZF2 and ZF3 that are essential for
targeting, several substitution mutants have been gener-
ated to replace F2 and/or ZF3 with all or a part of the
ZF5 finger (the most divergent in sequence from ZF2
and ZF3). The results showed that the residues most
important for DNA binding are located in the region
between the second [ sheet and the N-terminal half of
the o helix in both ZF2 and ZF3. This is the region of
the finger that interacts directly with the DNA bases in
classic C2H2 fingers. Alanine-scanning mutagenesis has
been used to probe further the critical sequences in ZF2
and ZF3. Alanine scanning mutagenesis is coupled with
confocal microscopy to assess DNA targeting, and with
gel-shift assays to evaluate binding affinity for target
DNA sequences. In the substitution and point mutations,
gel-shift binding assays have shown high correlation with
confocal data, which give confidence to the conclusion
that the DNA targeting is dependent on the direct DNA
binding of ZF2 and ZF3. To develop a rationale for the
role of individual residues of ZF2 and ZF3 in DNA
binding, structural models of ZF2 and ZF3 have been
produced zia homology modelingm. For ZF2, the es-
sential residues include those located at positions -1, 2, 3
and 6 of the a helix, along with residues that are a part
of the hydrophobic interior of the finger as mentioned
catlier for the classical C2H2 zinc finger. ZF3 does not
conform as closely to the classic C2H2 zinc finger bind-
ing pattern. Only position -1 is essential for binding to
all DNA probes tested. Positions 2 and 3 give variable
binding results, which depends on which probe is used.
Position 6 shows no correlation with DNA binding (pre-
sumably because it is a glycine with no side chain). Avail-
able data and the models of ZF2 and ZF3 suggest that
F2 has higher affinity for DNA and also perhaps greater
sequence specificity than ZF3, but no direct quantita-
tive DNA-binding affinity data are available to test this
hypothesis at present. The roles of ZF1 and ZF4 are still
not well understood, although some data suggest that
ZF1 contributes to DNA binding affinity for select DNA

probes''".

FUNCTION OF THE LINKERS BETWEEN
ZINC FINGERS

A complete picture of the binding of tandem zinc fingers
to DNA (as in the case with Ikaros) must include the role
of the linkers™. The classic linker consensus sequence is
TGEKRP as observed in TFII A and many other proteins
with tandem zinc fingers. In fact, the above linker con-
sensus is highly conserved, occurring in several thousand
proteins. In the absence of DNA, the linkers are fairly
flexible but become much more ordered when flanking
zinc fingers are bound to DNA". The linker is important
in increasing DNA-binding affinity of tandem zinc fin-
gers but the exact sequence of the linker can vary widely
and still serve that function.

The linkers between ITkaros ZF1-ZF2, ZF2-7ZF3 and
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ZY3-7ZF4, have the sequences TGERP, SGEKP and
SVGKRP respectively. A striking feature of these linkers
is that all three have been shown to be phosphorylated
in cells arrested at the G2/M boundary of the cell cycle
as they enter mitosis' . Studies of several mutants, in-
cluding phosphomimetic mutants with charged residues
that mimic phosphorylation at the threonine and serine
in position 1 of the linker, indicate that phosphorylation
causes lkaros to dissociate from the pericentromeric het-
erochromatin”, Gel-shift assays of the phosphomimetic
mutants have shown that this behavior is correlated with
decreased affinity for DNA. Furthermore, the low affin-
ity of Ikaros for DNA that is observed in cells arrested
in the G2 stage of the cell cycle is increased dramatically
upon treatment with phosphatase'”. This phosphory-
lation phenomena has also been observed with spl, a
transcription factor that is also inactivated in G2 arrested
cells". This has led Dovat e a/” to propose that phos-
phorylation of linkers is a fundamental mechanism by
which the affinity of tandem zinc fingers for DNA is
modulated during mitosis and a potentially important
mechanism for the regulation of transcription in general.
The above conclusion is supported by studies of YY1,
a widely distributed transcription factor with a C-terminal
DNA binding domain containing four tandem zinc fin-
gers'”. The DNA binding domain of YY1 is phosphor-
ylated in the first position of the linkers between fingers
2 and 3 (both threonine) in addition to a third site at a
serine outside of the DNA binding domain. Phosphory-
lation (or phosphomimetic mutation) at either threonine
in the linker dramatically decreases DNA binding and
prevents nuclear localization of YY1. The phosphory-
lated serine outside the DNA binding domain lacks the
above effects. Thus YY1 function has also been postu-
lated to be regulated by linker phosphorylation“ B
Insight into the mechanism by which linker phos-
phorylation causes dissociation from DNA has been pro-
vided by a study of the effects of linker phosphorylation
on DNA binding affinity using direct measurement of
fluorescence anisotropy of fluorescent probes attached to
synthetic DNA"*" This method has been used to mea-
sure the affinity of all possible phosphorylation states of
a synthetic three-zinc-finger protein for a DNA probe!.,
Direct measurements of dissociation constants have
confirmed that phosphorylation at the first position of
cither of the two linkers decreases DNA binding affin-
ity by 30-49-fold while phosphorylation of both linkers
produces a 130-fold decrease in affinity, thus supporting
the hypothesis that linker phosphorylation can modulate
DNA binding affinity # vive. Investigations of the crystal
structures of tandem zinc fingers complexed with cog-
nate DNA have revealed that the addition of the phos-
phate should not actually pose any serious stetic prob-
lems"”. Other studies have indicated that the hydroxyl of
the threonine or serine at position 1 of the linker forms
an H-bond with the last tesidue of the a-helix of the
zinc finger providing a “cap” to the helix", This may
also be important in establishing the orientation of the
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two flanking zinc fingers with respect to each other. In-
deed, simply substituting an alanine for the threonine or
serine at position 1 of the linker is sufficient to disrupt
DNA binding of Ikaros'”, which supports the idea of an
important structural role for the hydroxyl of threonine or
serine at position 1 of the linker.

Several other phosphorylation sites on Ikaros have
been demonstrated to exist outside of the zinc finger re-
gions. These appear to have indirect effects on the DNA-
binding affinity of Tkaros”?'. A detailed analysis of the
interplay between phosphorylation and Ikaros function
awaits a complete 3D structure of Ikaros or one of its
family members.

FUNCTION OF THE C-TERMINAL ZINC
FINGERS

The C-terminal protein interaction (dimerization) do-
main of Ikaros supports both homodimerization and
heterodimerization with close family members™* in-
cluding Aiolos™ | Helios™**** Eos™™ and Pegasusm]
Although a single molecule of Ikaros binds DNA as a
module, the full biological function of Ikaros requires
the C terminus of Ikaros that encompasses zinc fingers 5
and 6. This segment of the protein is both necessary and
sufficient for Tkaros dimerization™, McCarty ef a/™” have
produced a construct that contains a short N-terminal
sequence fused to a 64-amino-acid peptide that contains
only fingers 5 and 6 which they have termed the dimeriza-
tion zinc finger (DZF) domain. This DZF domain can
duplicate all the normal dimerization behavior of Ikaros
as measured by gel filtration, co-immunoprecipitation and
cross-linking. Several other constructs have been made by
exchanging zinc fingers 2 and/or 3 for fingers 5 and/or 6.
Only constructs with intact zinc fingers 5 and 6 support
dimerization. Experiments have been performed with
homologs, Hunchback (from Drosophila)®!! and TRPS-1
(from human)”, both of which homodimerize but do
not dimerize with Tkaros™. A seties of mutants have been
produced that identified amino acids critical for binding,
Important positions reside largely in the N-terminal por-
tion of the o helices of both F5 and F6 with the selectiv-
ity region of Ikaros extending from the C portion of the
helix in F5 to the middle of the helix in F6. McCarty ef
al” have also been able to produce a chimeric DZF that
selectively homodimerizes, which suggests that the DZF
comes in direct contact with the corresponding DZF in
the binding partner. Homology modeling of the DZF has
shown that the critical amino acids cluster on one face of
the model. Precisely how the two DZF domains on sepa-
rate subunits interact remains unknown.

INTERPLAY BETWEEN DNA BINDING

AND PROTEIN INTERACTION DOMAINS

With a protein such as Ikaros that has multiple binding
partners and phosphorylation sites there is certain to
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be linkage between the DNA binding domain and the
protein interaction domains with each modulating the
respective affinities of the other. A picture of this inter-
play can be developed from examining a synthetic con-
struct between a zinc finger DNA-binding domain and
a leucine zipper protein interaction domain (designated
Zif268-GCN4)™. This protein selected by phage display
techniques is capable of dimerizing with high affinity
and binding a bipartite DNA probe that is cognate to the
zinc finger domains"™. This protein has two tandem zinc
fingers that bind to DNA as a dimer, which recognizes
overlapping DNA sequences on opposite strands of the
DNA. The second zinc finger serves as a transition from
the DNA binding domain to the protein interaction do-
main by interacting with both DNA and the other sub-
unit of Zif268-GCN4. A high-affinity probe for Ikaros
(BS-4)"" has wider spacing between the cognate DNA
sequences (three base pairs) than Zif268-GCN4. How-
ever, binding ZF2 and ZF3 of Ikaros to the BS-4 DNA
is likely to place ZF4 in close proximity with the corre-
sponding ZF4 from the interacting Ikaros partner with
probably the same orientation as Zif268-GCN4. Thus
ZF4 of Ikaros could serve a dual function of promoting
DNA binding and the formation of the terniary Ikarosz-
DNA complex, providing a crucial linkage between the
Tkaros domains.

CONCLUSION

Ikaros and its family members are an interesting study in
the application of both the reductionist and the holistic
approaches to studying important cellular functions. The

ultimate answers to the biological questions are clearly
rooted in the fine-tuned molecular interactions such as
those discussed here. The zinc finger domains form a
functional core around which multiple cellular effects are
manifest through the interactions/activities mediated by
the remainder of the protein.
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for publication become the permanent property of Baishideng
Publishing Group Co., Limited, and may not be reproduced by any
means, in whole or in part, without the written permission of both
the authors and the publisher. We reserve the right to copy-edit and
put onto our website accepted manuscripts. Authors should follow
the relevant guidelines for the care and use of laboratory animals
of their institution or national animal welfare committee. For the
sake of transpatrency in regard to the performance and reporting of
clinical trials, we endorse the policy of the ICMJE to refuse to pub-
lish papers on clinical trial results if the trial was not recorded in a
publicly-accessible registry at its outset. The only register now avail-
able, to our knowledge, is http://www.clinicaltrials.gov sponsotred
by the United States National Library of Medicine and we encour-
age all potential contributors to register with it. However, in the case
that other registers become available you will be duly notified. A
letter of recommendation from each authot’s organization should
be provided with the contributed atticle to ensure the privacy and
secrecy of research is protected.

Authors should retain one copy of the text, tables, photographs
and illustrations because rejected manuscripts will not be returned
to the author(s) and the editors will not be responsible for loss or
damage to photographs and illustrations sustained during mailing,

Online submissions

Manuscripts should be submitted through the Online Submission
System at: http:/ /www.wjgnet.com/1949-8454office. Authors are
highly recommended to consult the ONLINE INSTRUCTIONS
TO AUTHORS (http://www.wignet.com/1949-8454/¢_info_
20100316155305.htm) before attempting to submit online. For
assistance, authors encountetring problems with the Online Submi-
ssion System may send an email describing the problem to wjbc@
wjgnet.com, or by telephone: +86-10-85381892. If you submit your
manuscript online, do not make a postal contribution. Repeated
online submission for the same manusctipt is strictly prohibited.

MANUSCRIPT PREPARATION

All contributions should be written in English. All articles must be
submitted using word-processing software. All submissions must
be typed in 1.5 line spacing and 12 pt. Book Antiqua with ample
margins. Style should conform to our house format. Required in-
formation for each of the manuscript sections is as follows:

Title page
Title: Title should be less than 12 words.

Running title: A short running title of less than 6 words should
be provided.

Authorship: Authorship credit should be in accordance with the
standard proposed by ICMJE, based on (1) substantial contribu-
tions to conception and design, acquisition of data, or analysis and
interpretation of data; (2) drafting the article or revising it critically
for important intellectual content; and (3) final approval of the ver-
sion to be published. Authors should meet conditions 1, 2, and 3.

Institution: Author names should be given first, then the complete
name of institution, city, province and postcode. For example, Xu-
Chen Zhang, 1Li-Xin Mei, Department of Pathology, Chengde
Medical College, Chengde 067000, Hebei Province, China. One au-
thor may be represented from two institutions, for example, George
Sgourakis, Department of General, Visceral, and Transplantation
Surgery, Essen 45122, Germany; George Sgourakis, 2nd Surgical
Department, Korgialenio-Benakio Red Cross Hospital, Athens
15451, Greece
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Author contributions: The format of this section should be:
Author contributions: Wang CL and Liang L. contributed equally
to this work; Wang CL, Liang L, Fu JF, Zou CC, Hong F and Wu
XM designed the research; Wang CL, Zou CC, Hong F and Wu
XM performed the research; Xue JZ and Lu JR contributed new
reagents/analytic tools; Wang CL, Liang L. and Fu JF analyzed the
data; and Wang CL, Liang L and Fu JF wrote the paper.

Supportive foundations: The complete name and number of
supportive foundations should be provided, e.g. Supported by Na-
tional Natural Science Foundation of China, No. 30224801

Correspondence to: Only one corresponding address should be
provided. Author names should be given first, then author title, af-
filiation, the complete name of institution, city, postcode, province,
country, and email. All the letters in the email should be in lower
case. A space interval should be inserted between country name and
email address. For example, Montgomery Bissell, MD, Professor of
Medicine, Chief, Liver Center, Gastroenterology Division, Universi-
ty of California, Box 0538, San Francisco, CA 94143, United States.
montgomery.bissell@ucsf.edu

Telephone and fax: Telephone and fax should consist of +,
country number, district number and telephone or fax number, e.g

Telephone: +86-10-85381892 Fax: +86-10-85381893

Peer reviewers: All articles received are subject to peer review.
Normally, three experts ate invited for each article. Decision for
acceptance is made only when at least two experts recommend
an article for publication. Reviewers for accepted manuscripts are
acknowledged in each manuscript, and reviewers of articles which
were not accepted will be acknowledged at the end of each issue.
To ensure the quality of the articles published in WJBC, review-
ers of accepted manuscripts will be announced by publishing the
name, title/position and institution of the reviewer in the footnote
accompanying the printed article. For example, reviewers: Professor
Jing-Yuan Fang, Shanghai Institute of Digestive Disease, Shang-
hai, Affiliated Renji Hospital, Medical Faculty, Shanghai Jiaotong
University, Shanghai, China; Professor Xin-Wei Han, Department
of Radiology, The First Affiliated Hospital, Zhengzhou University,
Zhengzhou, Henan Province, China; and Professor Anren Kuang,
Department of Nuclear Medicine, Huaxi Hospital, Sichuan Univer-
sity, Chengdu, Sichuan Province, China.

Abstract

There are unstructured abstracts (no more than 256 words) and
structured abstracts (no more than 480). The specific requirements
for structured abstracts ate as follows:

An informative, structured abstracts of no more than 480 words
should accompany each manuscript. Abstracts for original contribu-
tions should be structured into the following sections. AIM (no more
than 20 words): Only the purpose should be included. Please write
the aim as the form of “To investigate/study/...; MATERIALS
AND METHODS (no more than 140 words); RESULTS (no more
than 294 words): You should present P values where appropriate and
must provide relevant data to illustrate how they were obtained, e.g.
6.92  3.86 »s 3.61 £ 1.67, P < 0.001; CONCLUSION (no mote
than 26 words).

Key words
Please list 5-10 key words, selected mainly from Index Medicus,
which reflect the content of the study.

Text

For articles of these sections, original articles and brief articles, the
main text should be structured into the following sections: INTRO-
DUCTION, MATERIALS AND METHODS, RESULTS and DIS-
CUSSION, and should include appropriate Figures and Tables. Data
should be presented in the main text or in Figures and Tables, but not
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in both. The main text format of these sections, editorial, topic high-
light, case teport, letters to the editors, can be found at: http:/ /www.
wjgnet.com/1949-8454/¢_info_20100316160646.htm.

Illustrations

Figures should be numbered as 1, 2, 3, e«., and mentioned cleatly
in the main text. Provide a brief title for each figure on a sepa-
rate page. Detailed legends should not be provided under the
figures. This part should be added into the text where the figures
are applicable. Figures should be either Photoshop or Illustra-
tor files (in tiff, eps, jpeg formats) at high-resolution. Examples
can be found at: http://www.wjgnet.com/1007-9327/13/4520.
pdf; http://www.wjgnet.com/1007-9327/13/4554.pdf; http://
www.wijgnet.com/1007-9327/13/4891.pdf; http://www.
wignet.com/1007-9327/13/4986.pdf; http://www.wjgnet.
com/1007-9327/13/4498.pdf. Keeping all elements compiled is
necessaty in line-art image. Scale bats should be used rather than
magnification factors, with the length of the bar defined in the leg-
end rather than on the bar itself. File names should identify the fig-
ure and panel. Avoid layering type directly over shaded or textured
areas. Please use uniform legends for the same subjects. For ex-
ample: Figure 1 Pathological changes in atrophic gastritis after treat-
ment. A: .; B .5 Gy Dr g Er L Bl Ge Lt Tt s our principle
to publish high resolution-figures for the printed and E-versions.

Tables

Three-line tables should be numbered 1, 2, 3, ¢#., and mentioned
clearly in the main text. Provide a brief title for each table. Detailed
legends should not be included under tables, but rather added into
the text where applicable. The information should complement,
but not duplicate the text. Use one horizontal line under the title, a
second under column heads, and a third below the Table, above any
footnotes. Vertical and italic lines should be omitted.

Notes in tables and illustrations

Data that are not statistically significant should not be noted. *P <
0.05, P < 0.01 should be noted (P > 0.05 should not be noted). If
there are other series of P values, ‘P < 0.05 and “P < 0.01 are used.
A third series of P values can be expressed as ‘P < 0.05 and P < 0.01.
Other notes in tables or under illustrations should be expressed as
'E, °F, ’F; or sometimes as other symbols with a superscript (Arabic
numerals) in the upper left corner. In a multi-curve illustration, each
curve should be labeled with @, o, m, 0, A, /\, ez., in a certain se-
quence.

Acknowledgments

Brief acknowledgments of persons who have made genuine con-
tributions to the manuscript and who endorse the data and conclu-
sions should be included. Authors are responsible for obtaining
written permission to use any copyrighted text and/or illustrations.

REFERENCES

Coding system

The author should number the teferences in Arabic numerals ac-
cording to the citation order in the text. Put reference numbers in
square brackets in superscript at the end of citation content or after
the cited author’s name. For citation content which is part of the
narration, the coding number and square brackets should be typeset
normally. For example, “Crohn’s disease (CD) is associated with
increased intestinal permeability!””, Tf references are cited directly
in the text, they should be put together within the text, for example,
“From references”” Y, we know that...”

When the authors write the references, please ensure that the
order in text is the same as in the references section, and also ensure
the spelling accuracy of the first author’s name. Do not list the same
citation twice.

PMID and DOI

Pleased provide PubMed citation numbers to the reference list, e.g.
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PMID and DOI, which can be found at http://www.ncbi.nlm.nih.
gov/sites/entrezedb=pubmed and http://www.crossref.org/Sim-
pleTextQuety/, respectively. The numbets will be used in E-version
of this journal.

Style for journal references

Authors: the name of the first author should be typed in bold-faced
letters. The family name of all authors should be typed with the ini-
tial letter capitalized, followed by their abbreviated first and middle
initials. (For example, Lian-Sheng Ma is abbreviated as Ma LS, Bo-
Rong Pan as Pan BR). The title of the cited article and italicized
journal title (journal title should be in its abbreviated form as shown
in PubMed), publication date, volume number (in black), start page,
and end page [PMID: 11819634 DOI: 10.3748/wjg.13.539¢].

Style for book references

Authors: the name of the first author should be typed in bold-
faced letters. The surname of all authors should be typed with the
initial letter capitalized, followed by their abbreviated middle and
first initials. (For example, Lian-Sheng Ma is abbreviated as Ma LS,
Bo-Rong Pan as Pan BR) Book title. Publication number. Publica-
tion place: Publication press, Year: start page and end page.

Format

Journals

English jonrnal article (list all authors and include the PNIID where applicable)

1 Jung EM, Clevert DA, Schreyer AG, Schmitt S, Rennert J,
Kubale R, Feuerbach S, Jung E Evaluation of quantitative con-
trast harmonic imaging to assess malignancy of liver tumors:
A prospective controlled two-center study. World | Gastroenterol
2007; 13: 6356-6364 [PMID: 18081224 DOI: 10.3748/wjg.13.
63506]

Chinese journal article (list all anthors and include the PMID where applicable)

2 Lin GZ, Wang XZ, Wang P, Lin J, Yang FD. Immunologic
effect of Jianpi Yishen decoction in treatment of Pixu-diar-
rthoea. Shijie Huaren Xiaohua Zazhi 1999; 7: 285-287

In press

3 Tian D, Araki H, Stahl E, Bergelson |, Kreitman M. Signature
of balancing selection in Arabidopsis. Proc Nat/ Acad Sei USA
20006; In press

Organization as author

4 Diabetes Prevention Program Research Group. Hyperten-
sion, insulin, and proinsulin in participants with impaired glu-
cose tolerance. Hypertension 2002; 40: 679-686 [PMID: 12411462
PMCID:2516377 DOI:10.1161/01.HYP0000035706.28494.
09]

Both personal anthors and an organization as anthor

5  Vallancien G, Emberton M, Harving N, van Moorselaar RJ;
Alf-One Study Group. Sexual dysfunction in 1, 274 European
men suffering from lower urinary tract symptoms. | Uro/
2003; 169: 2257-2261 [PMID: 12771764 DOI:10.1097/01 ju.
0000067940.76090.73]

No anthor given

6 21st century heart solution may have a sting in the tail. BM]
2002; 325: 184 [PMID: 12142303 DOI:10.1136/bmj.325.
7357.184]

Volume with supplement

7 Geraud G, Spierings EL, Keywood C. Tolerability and safety
of frovatriptan with short- and long-term use for treatment
of migraine and in comparison with sumatriptan. Headache
2002; 42 Suppl 2: $93-99 [PMID: 12028325 DOI:10.1046/
j.1526-4610.42.52.7 x]

Issue with no volume

8  Banit DM, Kaufer H, Hartford JM. Intraoperative frozen
section analysis in revision total joint arthroplasty. Clin Orthop
Relat Res 2002; (401): 230-238 [PMID: 12151900 DOI:10.10
97,/00003086-200208000-00026]

No volume or issue

9 Outreach: Bringing HIV-positive individuals into care. HRSA
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Careaction 2002; 1-6 [PMID: 12154804]

Books

Personal anthor(s)

10  Sherlock S, Dooley J. Diseases of the liver and billiary system.
9th ed. Oxford: Blackwell Sci Pub, 1993: 258-296

Chapter in a book (list all anthors)

11 Lam SK. Academic investigatot’s perspectives of medical
treatment for peptic ulcer. In: Swabb EA, Azabo S. Ulcer
disease: investigation and basis for therapy. New York: Marcel
Dekker, 1991: 431-450

Author(s) and editor(s)

12 Breedlove GK, Schorfheide AM. Adolescent pregnancy.
2nd ed. Wieczorek RR, editor. White Plains (NY): March of
Dimes Education Services, 2001: 20-34

Conference proceedings

13 Harnden P, Joffe JK, Jones WG, editors. Germ cell tumours V.
Proceedings of the 5th Germ cell tumours Conference; 2001
Sep 13-15; Leeds, UK. New York: Springer, 2002: 30-56

Conference paper

14 Christensen S, Oppacher E An analysis of Koza's computa-
tional effort statistic for genetic programming. In: Foster JA,
Lutton E, Miller ], Ryan C, Tettamanzi AG, editors. Genetic
programming. EuroGP 2002: Proceedings of the 5th Euro-
pean Conference on Genetic Programming; 2002 Apr 3-5;
Kinsdale, Iteland. Berlin: Springer, 2002: 182-191

Electronic journal (list all authors)

15 Morse SS. Factors in the emergence of infectious diseases.
Emerg Infect Dis serial online, 1995-01-03, cited 1996-06-05;
1(1): 24 screens. Available from: URL: http://www.cdc.gov/
ncidod/eid/index.htm

Patent (list all authors)

16 Pagedas AC, inventor; Ancel Surgical R&D Inc., assignee.
Flexible endoscopic grasping and cutting device and positioning
tool assembly. United States patent US 20020103498. 2002 Aug
1

Statistical data

Write as mean = SD or mean * SE.

Statistical expression

Express 7 test as # (in italics), I test as I (in italics), chi square test as
XZ (in Greek), related coefficient as 7 (in italics), degree of freedom
as v (in Greek), sample number as # (in italics), and probability as P (in
italics).

Units
Use SI units. For example: body mass, m (B) = 78 kg; blood pres-
sure, p (B) = 16.2/12.3 kPa; incubation time, t (incubation) = 96 h,
blood glucose concentration, ¢ (glucose) 6.4 = 2.1 mmol/L; blood
CEA mass concentration, p (CEA) = 8.6 24.5 pg/L; CO, volume
fraction, 50 mL/L. CO,, not 5% CO,; likewise for 40 g/L. formal-
dehyde, not 10% formalin; and mass fraction, 8 ng/g, ex. Arabic
numerals such as 23, 243, 641 should be read 23243 641.

The format for how to accurately write common units and
quantums can be found at: http://www.wjgnet.com/1949-8454/
g_info_20100309232449 htm.

Abbreviations

Standard abbreviations should be defined in the abstract and on
first mention in the text. In general, terms should not be abbrevi-
ated unless they are used repeatedly and the abbreviation is helpful
to the reader. Permissible abbreviations are listed in Units, Symbols
and Abbreviations: A Guide for Biological and Medical Editors and
Authors (Ed. Baron DN, 1988) published by The Royal Society of
Medicine, London. Certain commonly used abbreviations, such as
DNA, RNA, HIV, LD50, PCR, HBV, ECG, WBC, RBC, CT, ESR,
CSF, IgG, ELISA, PBS, ATP, EDTA, mAb, can be used directly
without further explanation.
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Italics

Quantities: # ime or temperature, ¢ concentration, 4 area, /length,
m mass, 17 volume.

Genotypes: gyrA, arg 1, ¢ mye, ¢ fos, ete.

Restriction enzymes: EewRI, Hindl, BanHI, Kbo 1, Kpn 1, et.

Biology: H. pylori, E coli, ete.

Examples for paper writing
Editorial: http://www.wjgnet.com/1949-8454/¢_info_20100316
155524.htm

Frontier: http://www.wjgnet.com/1949-8454/¢_info_20100312
091506.htm

Topic highlight: http:/ /www.wjgnet.com/1949-8454/¢_info_2010
0316155725.htm

Obsetvation: http:/ /wwwwijgnet.com/1949-8454/¢_info_20100316
155928.htm

Guidelines for basic research: http:/ /wwwwijgnet.com/1949-8454/
g info_20100312092119.htm

Guidelines for clinical practice: http://wwwwignet.com/1949-84
54/g_info_20100312092247.htm

Review: http://wwwwijgnet.com/1949-8454/¢_info_2010031616
0234.htm

Original articles: http://wwwwignet.com/1949-8454/¢_info_2010
0316160646.htm

Btief articles: http://wwwwijgnet.com/1949-8454/¢_info_201003
12092528.htm

Case report: http://www.wjgnet.com/1949-8454/¢_info_20100316
161452.htm

Lettets to the editor: http://wwwwjgnet.com/1949-8454/¢_info_
20100309232142.htm

Book reviews: http://wwwwignet.com/1949-8454/¢_info_201003
12092929 htm

Guidelines: http://wwwwignet.com/1949-8454/¢_info_20100312
093057.htm

SUBMISSION OF THE REVISED MANUSCRIPTS
AFTER ACCEPTED

Please revise your article according to the revision policies of
WJBC. The revised version including manuscript and high-resolu-
tion image figures (if any) should be copied on a floppy or com-
pact disk. The author should send the revised manuscript, along
with printed high-resolution color or black and white photos,
copyright transfer letter, and responses to the reviewers by courier
(such as EMS/DHL).

Editorial Office

World Journal of Biological Chemistry
Editorial Department: Room 903, Building D,
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Ocean International Center,

No. 62 Dongsihuan Zhonglu,

Chaoyang District, Beijing 100025, China
E-mail: wjbc@wjgnet.com

http:/ /www.wjgnet.com

Telephone: +86-10-8538-1892

Fax: +86-10-8538-1893

Language evaluation

The language of a manuscript will be graded before it is sent for
revision. (1) Grade A: priority publishing; (2) Grade B: minor lan-
guage polishing; (3) Grade C: a great deal of language polishing
needed; and (4) Grade D: rejected. Revised articles should reach
Grade A or B.

Copyright assignment form
Please download a Copyright assignment form from http://www.
wjgnet.com/1949-8454/¢_info_20100309233100.htm.

Responses to reviewers

Please tevise your article according to the comments/suggestions
provided by the reviewers. The format for responses to the reviewers’
comments can be found at: http://www.wignet.com/1949-8454/
g _info_20100309232833.htm.

Proof of financial support
For paper supported by a foundation, authors should provide a
copy of the document and serial number of the foundation.

Links to documents related to the manuscript

IW]BC will be initiating a platform to promote dynamic interactions
between the editors, peer reviewers, readers and authors. After a
manuscript is published online, links to the PDF version of the
submitted manuscript, the peer-reviewers’ report and the revised
manuscript will be put on-line. Readers can make comments on
the peer reviewer’s report, authors’ responses to peer reviewers,
and the revised manuscript. We hope that authors will benefit from
this feedback and be able to revise the manuscript accordingly in a
timely manner.

Science news releases

Authors of accepted manuscripts are suggested to write a science
news item to promote their articles. The news will be released rap-
idly at EurekAlert/AAAS (http://www.curekalert.org). The title for
news items should be less than 90 characters; the summary should
be less than 75 words; and main body less than 500 words. Science
news items should be lawful, ethical, and strictly based on your
original content with an attractive title and interesting pictures.

Publication fee

IWJBC is an international, peer-reviewed, Open-Access, online jour-
nal. Articles published by this journal are distributed under the terms
of the Creative Commons Attribution Non-commercial License,
which permits use, distribution, and reproduction in any medium,
provided the original work is propetly cited, the use is non com-
mercial and is otherwise in compliance with the license. Authors of
accepted articles must pay a publication fee. The related standards
are as follows. Publication fee: 1300 USD per article. Editorial, topic
highlights, book reviews and letters to the editor are published free
of charge.
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