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Abstract

Both Ikaros and Notch are essential for normal T cell development. Collaborative mutations causing
a reduction in Ikaros activity and an increase in Notch activation promote T cell leukemogenesis.
Although the molecular mechanisms of this cooperation have been studied, its consequences in
thymocyte development remain unexplored. In this study, we show that Ikaros regulates expression
of a subset of Notch target genes, including Hes1, Deltex1, pTa, Gata3, and Runx1, in both Ikaros
null T cell leukemia lines and Ikaros null primary thymocytes. In Ikaros null leukemia cells, Notch
deregulation occurs at both the level of Notch receptor cleavage and expression of Notch target genes,
because re-expression of Ikaros in these cells down-regulates Notch target gene expression without
affecting levels of intracellular cleaved Notch. In addition, abnormal expression of Notch target genes
is observed in Ikaros null double-positive thymocytes, in the absence of detectable intracellular
cleaved Notch. Finally, we show that this role of Ikaros is specific to double-positive and single-
positive thymocytes because derepression of Notch target gene expression is not observed in Ikaros
null double-negative thymocytes or lineage-depleted bone marrow. Thus, in this study, we provide
evidence that Ikaros and Notch play opposing roles in regulation of a subset of Notch target genes
and that this role is restricted to developing thymocytes where Ikaros is required to appropriately
regulate the Notch program as they progress through T cell development.

The development of T cells from multipotent progenitors into lineage-committed cells is
dependent upon instructive signals from the thymic microenvironment and the genetic
regulatory networks that transmit these signals. The NF Ikaros is a largely hematopoietic-
specific zinc-finger regulatory protein that is essential for normal T cell development (1). Ikaros
also functions as a tumor suppressor in the T cell lineage (2—4). It has been reported by many
groups that simultaneous deregulation of Ikaros expression and the Notch pathway cooperate
in leukemogenesis, in both mice and humans (5-8). Significantly, Notch is also essential for
T cell development (9,10), suggesting that an interaction between Ikaros and the Notch pathway
could also be essential in T cell developmental processes.

The Notch receptor is a transmembrane protein that undergoes two proteolytic cleavage events
upon recognition of its extracellular ligand (members of the Delta or Serrate/Jagged family)
(11). These cleavages free the intracellular domain, which travels to the nucleus. In the nucleus,
intracellular cleaved Notch (ICN)3 regulates transcription of Notch target genes through its
binding to and activation of the transcriptional repressor CSL (designated RBP-Jx/CBF-1 in
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mammals). It has recently been shown that Ikaros and recombination signal binding protein
for immunoglobulin xJ (RBP-J) are able to bind to the same DNA sequences in EMSAs (5),
suggesting that they may compete for binding. However, we have recently shown that Ikaros
and RBP-J bind cooperatively to repress expression of the Notch target gene Hes1 in a leukemia
T cell line (12). The role of Ikaros in Notch target gene repression in the developing thymocyte
has not yet been explored.

The mammalian Notch family consists of four receptors: Notchl, 2, 3, and 4 (13). Although
thymocytes express Notchl, 2, and 3 (14), a nonredundant essential role in T cell development
has only been established for Notch1 (10). Notch3, although not essential for T cell
development (15), has been shown to play a role in regulation of the pre-TCR checkpoint, S-
selection. A role for Notch2 in T cell development has not been shown. Within the lymphocyte
lineage, the major defined role for Notch2 is in development of marginal zone B cells (16).
The differential roles of these Notch proteins, as largely determined in genetically engineered
mice, suggests that each has at least a subset of unique gene targets. However, to date, it is
unknown how this specific activation is accomplished, because a paradigm has been
established that activation is mediated through the same DNA binding factor, RBP-J. In fact,
it has been shown that activated forms of Notch1 and Notch3 are both able to up-regulate the
canonical Notch target genes, Hes1, Deltex1, and pTa when they are ectopically over-expressed
(17,18). Whether both are capable of doing so when expressed at endogenous levels in
developing thymocytes is unknown.

Thymocyte differentiation can be subdivided into four major stages of development in which
progenitors are characterized by their cell surface expression of the CD4 and CD8 coreceptors.
The most primitive T cell precursors exhibit a phenotype of CD4~CD8™, and thus are
designated double-negative (DN) cells. Upon proper rearrangement of the TCRA-chain, these
cells up-regulate both CD4 and CD8 to become CD4* CD8™ double-positive (DP) cells. At
this stage, DP thymocytes undergo both positive and negative selection and eventually adopt
a CD4* or CD8™ single-positive fate (19). During T cell development, expression of Notch
target genes is highly regulated. Notch target gene expression is “on” at the DN thymic
progenitor stage, but is turned “off” by the DP stage (14,20,21). Deregulated expression can
have catastrophic consequences. In transgenic mice, when Notch target gene expression cannot
be shut down due to constitutive expression of ICN, leukemia results (22). Regulated
expression is so important that two layers of regulation have been identified for Notch target
genes. First, the activating stimulus, ICN, is only generated at precise times during T cell
development. ICN, RBP-J, and the coactivator Mastermind-like (MAML) form a tertiary
complex that is required for Notch target gene activation (23). Secondly, Notch target genes
are actively repressed. The repression complex is less well defined and has eluded purification
to date. However, it has been reported that histone deacetylase 1, C-terminal binding protein/
C-terminal binding protein interacting protein, silencing mediator of retinoid and thyroid
hormone receptors/nuclear receptor corepressor, Msx2-interacting nuclear target protein,
CBF1-interacting corepressor, and SMRT/HDAC1-associated repressor protein are
corepressors that associated with RBP-J for gene repression (24-28).

Despite the importance of Notch in leukemogenesis and T cell development, only a handful of
direct Notch target genes have been identified in developing T cells. Even fewer genes have

been identified as direct targets for Ikaros regulation in developing T cells. In this report, we
use a combination of Ikaros null (Ik~) leukemia lines and Ik/~genetically engineered mice

3Abbreviations used in this paper: ICN, intracellular cleaved Notch; DN, double-negative; DP, double-positive; MAML, Mastermind-
like; BGS, bovine growth serum; Pen-Strep, penicillin-streptomycin; HD, heterodimerization domain; PEST, Proline, Glutamine, Serine,
and Threonine-rich domain; gRT-PCR, quantitative real-time RT-PCR; T-ALL, T-acute lymphoblastic leukemia; GSI, y-secretase
inhibitor; BM, bone marrow; RBP-J, recombination signal binding protein for immunoglobulin xJ; MSCV, murine stem cell virus.
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to unravel the interdependent roles of Ikaros and Notch in regulation of Notch target gene
expression in developing T cells. More specifically, we demonstrate that Ikaros and Notch
antagonistically coregulate at least a subset of Notch target genes. These include genes
encoding Hesl, Deltex1, and pre-TCR, all three of which are established Notch target genes
(29-32). We show that, even in the absence of ICN, Notch target genes are abnormally
expressed in DP Ik~ thymocytes, providing evidence that Ikaros is an obligate repressor of
these genes. Despite the increase in Notch1 target gene expression in Ik~ thymocytes, we
show that interaction of Notch with its ligands is still required for T cell development and
proliferation, providing evidence that Ikaros deficiency alone does not result in constitutive
activation of the complete program of Notch target genes.

Materials and Methods

Mice

Ik~ mice (C57BL/6 x S\VV129) were generated by intercrossing of (Ik*/) heterozygotes.
Genotypes were assessed by PCR analysis of tail DNA as previously described (3). Analyses
of thymus populations occurred between 3 and 4 wk of age before the onset of leukemia. All
animal procedures were approved by the Northwestern University Animal Care and Use
Committee.

Cell lines and cell culture

JE131 and D510 cell lines have been previously described (4,33). All cell lines were maintained
in RPMI 1640 medium (Life Technologies) supplemented with 10% bovine growth serum
(BGS; HyClone), 50 uM 2-ME, and 500 U of penicillin-streptomycin (Pen-Strep) per ml
(RPMI complete). OP9 monolayers were maintained in OP9 medium («MEM supplemented
with 20% FBS and 500 U Pen-Strep). Cocultures were maintained in Coculture medium (high
glucose DMEM supplemented with 10% FBS, 1x (each) Glutamax, HEPES, sodium pyruvate,
Pen-Strep, and 55 M 2-ME.

Sequence analyses

Total RNA isolation and cDNA synthesis was performed as described below. Notchl
heterodimerization domain (HD) and Proline, Glutamine, Serine, and Threonine-rich domain
(PEST) regions were amplified using previously described primers (34). PCR products were
purified using a Promega Wizard SV PCR Clean-up system. Analysis and alignment were
performed using DNA Strider. The Notch1 reference sequence was obtained with GenBank
accession number NM_008714.

Protein preparation and immunoblotting

Protein extracts were prepared by whole cell lysis with 420 mM NaCl Lysis Buffer (20 mM
Tris (pH 7.5), 0.1% BSA, 1 mM EDTA, 1% Nonidet P-40) supplemented with protease
inhibitors. Protein extracts were separated by gel electrophoresis on a SDS-polyacrylamide gel
and transferred to a PVDF membrane overnight at 4°C. Membranes were blocked for at least
1 hin TBS-5% milk. Abs against Notch1 (Santa Cruz Biotechnology) were diluted 1/500 in
TBS-5% milk and incubated with the membrane for 1 h at room temperature. Abs against
cleaved Notch1-val1744 (Cell Signaling Technology) were diluted 1/500 in TBS-Tween 5%
BSA and incubated with the membrane overnight at 4°C. Blots were washed with TBS and
incubated with HRP-conjugated Ab for 1 h at room temperature. Proteins were visualized by
incubation with ECL reagent and exposure to film.
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Retroviral constructs

The murine stem cell virus (MSCV) IRES GFP, MSCV IRES H-2Kk, and MSCV IRES Ik-1
GFP and MSCV IRES Ik-1 H-2Kk constructs were generated as described previously (4).
MSCV DNMAML GFP was a gift of Dr. Warren Pear (University of Pennsylvania,
Philadelphia, PA).

Retroviral transduction and cell sorting

MSCYV constructs were transfected into the Phoenix ecotropic packaging cells using
Lipofectamine reagent (Invitrogen). Viral supernatants were harvested at 48 and 72 h
postinfection. Filtered supernatants were used to infect cells using 0.5-1.0 ml of supernatant
per 2 x 10° cells supplemented with 8/ug/ml polybrene in a 24-well tissue culture dish. Plates
were centrifuged at 500 x g for 2 h at 32°C. Supernatants were removed and cells were cultured
with RPMI complete medium. Successfully transduced cells were sorted by H-2Kk expression
with the MiniMacs system (Miltenyi Biotec) as previously described (4). Purity was
consistently >95%.

Abs and flow cytometry analysis

All Abs were from eBiosciences unless otherwise stated. For flow cytometric analysis, the
following Abs were used: anti-CD4 (GK1.5), anti-CD8 (53-6.7), MACSelect control FITC
Ab (Miltenyi Biotec), and anti-H-2Kk (H100-27.R55) (Miltenyi Biotec). Abs were
allophycocyanin, FITC, or PE conjugates. For staining, cells were plated in microwell staining
plates at a density of 5 x 10° to 1 x 108 cells per well. Fluorochrome-conjugated Abs were
added to cells and incubated on ice for 15 min. Cells were washed three times, and analyzed
by flow cytometry on a FACSCalibur (BD Biosciences) flow cytometer using Flow Jo
software. Cell cycle analysis was performed as previously described (4).

Thymic progenitor isolation and in vitro T cell differentiation

Thymuses were harvested from 3- to 4-wk-old k'~ mice and wild-type littermates. Single cell
suspensions were generated by disruption with frosted slides and pipetting through a 70-um
nylon filter in RPMI complete medium. Cells were washed in PBS-2% BGS-1 mM EDTA.
Enrichment of DN cells was performed by density centrifugation over a 1.086M Optiprep
gradient (Accurate Chemical and Scientific Corporation). These cells were then incubated with
a-CD4 and a-CD8 Abs (eBioiscience) for 30 min, followed by incubation with BioMag Goat
Anti-Rat 1gG beads (Qiagen) for 30 min. Ab-positive cells were removed through magnetic
depletion, and the negative fractions (DNs) were washed and resuspended in PBS-2% BGS-1
mM EDTA. Purity was consistently >95%. DNs were plated onto subconfluent OP9 GFP and
OP9 DL1 monolayers in 12-well dishes. Cocultures were maintained in coculture medium
supplemented with 1 ng/ml rmIL-7 (Biovision) and 5 ng/ml rhFIt3-L (PeproTech). For inhibitor
assays, equal amounts of y-secretase inhibitor X1I [8 mM] (Calbiochem) or DMSO (carrier)
were added to cultures. Developmental progression was assessed after 4 days of coculture by
flow cytometric analyses of CD4 and CD8 expression.

Bone marrow progenitor isolation

Bone marrow was isolated by flushing femurs and tibias from wild-type or Ik~ mice with
RPMI complete medium using a 25-gauge syringe. Single cell suspensions were generated by
pipetting medium through a 70-um nylon filter. For lineage depletion, cells were incubated
with a-B220, a-CD11b, a-Ter119, a-CD4, and a-CD8 Abs (eBioiscience) for 30 min, followed
by incubation with BioMag Goat Anti-Rat 1gG beads (Qiagen) for 30 min. Ab-positive cells
were removed through magnetic depletion, and the negative fractions (Lin-) were washed and
used for RNA isolation.
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RNA was prepared from sorted primary thymocytes or from retrovirally transduced JE131,
D011, and Tu5 cells (sorted for H-2Kk expression) at 24 h postinfection using the SV Total
RNA Isolation System (Promega). cDNA was generated with a Superscript 11 kit (Invitrogen),
and used for quantitative real-time RT-PCR (qRT-PCR) analyses (Bio Rad iQ5 Real Time
PCR machine). The iQ SYBR Green Supermix (Bio-Rad) was used. Primer sequences were
generated by the Beacon Design program and synthesized by IDT DNA Technologies.
Sequences are available upon request.

Constitutive Notch target gene expression is observed in some, but not all, Ikaros-deficient
T leukemia cell lines

To dissect the role of Ikaros in regulating Notch target gene expression, we used a panel of T
cell lines derived from Ikaros-deficient mice with spontaneously arising T cell leukemia. It
was previously reported that T leukemia cell lines arising from Ikaros hypomorphic (Ik-/L)
mice constitutively express ICN, the active form of Notch (5). Therefore, we first surveyed the
panel of Ikaros-deficient T cell lines for expression of ICN. Two cell lines, JE131 (4) and
DO11, were generated from genetically engineered Ik/~ mice. The Tu5 cell line was generated
from a genetically engineered “dominant negative” (DN*/~) Ikaros mouse, in which targeted
deletion of exons 3 and 4 of the Ikaros gene results in expression of non-DNA binding isoforms
from the targeted allele (2,35). A dominant negative effect of these isoforms on the ability of
DNA-binding competent Ikaros to bind DNA and activate transcription has been demonstrated
(36), hence the “DN” designation. Because the leukemia that arises in DN*/~ mice displays
loss of heterozygosity (LOH), the Tu5 cell line only expresses non-DNA binding Ikaros
isoforms (2). The D510 cell line was derived from a transgenic mouse that expressed high-
levels of anon-DNA binding Ikaros isoform exclusively in T cells (37). D510 expresses normal
levels of DNA binding competent Ikaros from the endogenous Ikaros alleles (37). Jurkat cells
are a human T cell leukemia line that constitutively expresses ICN (38) and, therefore, were
used as a positive control.

ICN was expressed in the T cell leukemia lines that lack expression of DNA-binding lkaros
isoforms (JE131, DO11, and Tu5). In contrast, ICN was not detected in the D510 T cell
leukemia cell line, which expresses DNA-binding competent Ikaros isoforms (Fig. 1A). In two
of the three ICN-expressing cell lines (JE131 and Tu5), ICN was smaller than its expected
mobility, which suggests that the ICN protein in these leukemia lines is truncated. To further
explore the mechanism of aberrant ICN expression in the Ikaros-deficient leukemia cell lines,
we performed sequence analysis of Notchl regions that are commonly mutated in T-acute
lymphoblastic leukemia (T-ALL) (39,34). Mutational analysis of the C-terminal PEST region,
which is involved in regulating protein stability, revealed that, in the JE131 and Tub5 cells, the
Notchl sequence contains nucleotide insertions resulting in a frameshift and premature
termination of translation (Fig. 1B). In the JE131 cells, the insertion occurs in a mutational
hotspot, which was previously identified in murine T-ALLs (34). Additional mutations were
identified in the HD domain, which maintains stable association of Notch receptor subunits.
Three of the Ikaros-deficient leukemia lines (JE131, Tu5, and D510) contain point mutations
in the amino terminal HD-domain (Fig. 1B); however, these mutations do not produce the L
to P substitutions that are most commonly found in T-ALLs, and therefore their functional
significance is unknown. Interestingly, although the DO11 cell line expresses ICN, we did not
identify any mutations in the HD domain or PEST domains. This suggests a different
mechanism for ICN stabilization in these cells. Lack of Notchl mutations have been identified
in other ICN-expressing T cell lines, such as Jurkat (39), providing a precedent for this
observation.
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These results indicate that Notch pathway activation through production of ICN is a common
event in Ikaros-deficient leukemia and might suggest a requirement for Notch deregulation in
the leukemogenic process observed in Ikaros-deficient mice. However, the D510 cell line did
not express ICN, suggesting that this is not true in all cases. The possibility exists that Notch-
dependent gene regulation may be activated in an ICN-independent manner in D510.
Therefore, we next assessed the expression of three well-established Notch target genes (Hes1,
Deltex1, and pTa) in D510 cells. Quantitative real-time RT-PCR (qRT-PCR) analyses revealed
that D510 cells express very low (e.g., Hes1) or undetectable (e.g., Deltex1 and pTa) levels of
Notch-induced transcripts. However, high levels of expression are observed in JE131, DO11,
and Tub5 cells (Fig. 1C), which all: 1) lack DNA-binding Ikaros and 2) contain ICN.

Reintroduction of Ikaros into an Ik™~ T leukemia cell line down-regulates Notch target gene
expression without affecting levels of ICN

We next sought to dissect the contributions of: 1) the lack of Ikaros expression and 2) aberrant
ICN generation, to the expression of Notch-induced transcripts observed in the Ikaros-
deficient, ICN-expressing T cell leukemia lines. High-level expression of Hes1, Deltex1, and
pTa in these cells could be exclusively the result of the presence of ICN. Alternatively, lack
of Ikaros could also contribute to this phenotype; in this case, restoration of Ikaros should
down-regulate Notch target gene expression. Indeed, restoration of Ikaros expression using
retroviral transduction results in down-regulation of Hes1, Deltex1, and pTa expression in all
three Ikaros-deficient, ICN-expressing cell lines (Fig. 2A).

Ikaros could be initiating down-regulation of Notch target genes through direct repression or
through regulation of ICN production. For example, Ikaros could regulate Notch target gene
expression by controlling levels of ICN through, for example, regulation of the proteolytic
enzymes necessary for ICN generation (e.g., y-secretase). Therefore, levels of ICN were
compared in JE131 cells transduced with Ikaros, in which Notch target gene expression is
down-regulated, to levels in JE131 cells infected with a retrovirus that expresses no lkaros
protein, in which Notch target genes are robustly expressed. Levels of ICN remained high in
Ikaros-transduced JE131 cells, proving that, at a time point at which Ikaros expression drives
down-regulation of Notch target genes, it does not affect levels of ICN (Fig. 2B). These data
support a role for lIkaros downstream of ICN in regulating expression of Notch target genes.

Ectopic expression of dominant negative MAML1 is capable of down-regulating Notch target
gene expression in an k™~ T leukemia cell line

We next assessed the contribution of ICN to Notch target gene expression in JE131 cells by
determining whether interfering with ICN-induced transcriptional activation would be
sufficient to produce some of the effects of Ikaros reintroduction. MAML is a coactivator for
Notch target gene expression (11,23,40,41). There are three MAML proteins in vertebrates,
MAML1, MAMLZ2, and MAML3, all of which are expressed in T cells. A truncated form of
MAML1 has been generated that can associate with ICN but lacks the C-terminal
transcriptional activation domain. It interferes with the activity of all of the Notch receptors,
and therefore of has been designated “dominant negative” (DNMAML1) (42).

Retroviral transduction of DNMAML1 into JE131 cells was able to down-regulate expression
of the Notch target genes Hesl, Deltex1, and pTa (Fig. 3A) to a greater extent than
reintroduction of Ikaros. Analyses were then extended to include a wider variety of
transcriptional targets of Notch signaling, including Gata3, Runx1, CD25, NRARP, Notchl,
Notch3, and HuD (43-47). Re-expression of Ikaros resulted in down-regulation of most of the
Notch target genes examined, suggesting that Ikaros is involved in the regulation of a wide
array of Notch-induced transcripts (Fig. 3B). Expression of DNMAML1 in the JE131 cells
also resulted in down-regulation of these additional Notch target genes (Fig. 3, A and B). Note
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that for a subset of these genes (Deltex1, pTa, Gata3, Runx1, and NRARP), Ikaros was just as
efficient in down-regulating their expression as DNMAMLL1.

Interestingly, high-level expression of the RNA-binding protein HuD, which is specifically
induced by Notch3, but not Notchl, was not observed in JE131 cells (17). Likewise,
reintroduction of Ikaros had no effect on HuD expression. Together, these data suggest that
Ikaros' role in Notch target gene regulation may be limited to the regulation of Notchl-induced
transcripts (Fig. 3A).

T cell differentiation marker expression is differentially affected by re-expression of lkaros
vs ectopic expression of DNMAML1 in an Ik~ T leukemia cell line

Reintroduction of Ikaros into the JE131 cell line induces the expression of a variety of T cell
differentiation markers (4). JE131 cells display a cell surface phenotype of
CD4~CD8-CD25M9", which is indicative of thymocytes at the late DN stage of development.
Retroviral transduction of Ikaros induces cell surface expression of both CD4 and CD8, as well
as down-regulation of CD25 (4) (Fig. 3B), events which occur as thymocytes progress to the
DP stage. To determine whether these events could be elicited as a result of Ikaros' role in
down-regulation of Notch target gene expression, JE131 cells were transduced with
DNMAML1 and the effect on expression of these markers was monitored. Ectopic expression
of DNMAML1 was sufficient to induce up-regulation of CD4 and down-regulation of CD25
at both the mRNA and protein levels, but could not induce up-regulation of CD8 (Fig. 3,B and
C). Ikaros-mediated induction of CD4 expression increases over time, peaking at 72 h (D3),
whereas retroviral expression of DNMAML1 results in CD4 up-regulation that peaks at 48 h
(D2) after infection. These data indicate that Ikaros' ability to regulate CD4 and CD25
expression in JE131 cells is likely dependent on its ability to regulate the Notch pathway,
whereas this is not the case for CD8.

In Ik™~ thymocytes, Notch target genes can be expressed in the absence of ICN

Levels of ICN are most robust at the DN stage of thymocyte development and virtually
nonexistent at the DP stage, due, at least partially, to lack of Notchl expression in DP
thymocytes (48). This parallels levels of Notch target gene expression, which have also been
reported, for the most part, to be highest at the DN stage (14,20,21). To determine whether
Notch target gene expression is deregulated in primary Ik~ thymocytes before transformation,
expression levels of several Notch target genes were compared in 1k~ and wild-type DN and
DP thymocyte subsets. Expression levels were not significantly different in Ik~ DN
thymocytes compared with their wild-type counterparts (Fig. 4A). In contrast, expression levels
of the majority of the genes were significantly up-regulated in Ik~ as compared with wild-
type DP thymocytes (Fig. 4A). We also compared expression levels of the Notch3-induced
transcript HuD in Ik~ and wild-type thymocyte subsets. Comparable expression levels of
HuD were observed in both DN and DP thymocytes (Fig. 4A). These data, which are consistent
with results generated from the Ik~ cell line, suggest that deregulation of Notch target genes
in 1k~ mice may be specific to Notch1 targets.

One explanation for the deregulation of Notch1 target gene expression observed in Ik~ DPs
could be that Ik~ CD4*CD8* cells are not true DP thymocytes. For example, because Ikaros
has been implicated in regulation of both CD4 and CD8 (49,50), the possibility exists that these
cells are actually DN thymocytes misexpressing these coreceptor molecules. However,
analyses of expression levels of cell surface markers revealed similar levels of CD25, CD5,
TCRp, and CD69 on Ik~/~ and wild-type DPs (Ref. 51 and data not shown), alleviating this
concern. Additionally, cell cycle analysis showed that Ik~ thymocytes are not abnormally
proliferating, as would be the case if they had become transformed (Fig. 4B).
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Because deregulated expression of ICN is observed in most Ikaros-deficient leukemia cell
lines, we next asked whether lack of Ikaros results in an increase in levels of ICN in thymocytes
before transformation. Western blot analyses revealed that levels of ICN are comparable in
protein extracts prepared from Ik~ and wild-type thymuses (Fig. 4C). However, the high-
level expression of several Notch-induced transcripts in Ik~ DP thymocytes suggested that
ICN might be aberrantly present within this subpopulation. To investigate this possibility,
protein extract was prepared from sorted DP 1k~/~ and wild-type thymocytes. Western blot
analyses demonstrated that ICN was not generated in Ik/~ DP thymocytes (Fig. 4D). Sequence
analyses of Notch1 expressed in Ik/~ thymocytes also demonstrated that PEST and HD regions
were identical in sequence to that of Notch1 in wild-type thymocytes (data not shown). Taken
together, these data provide evidence that, in the absence of Ikaros, expression of Notch target
genes can occur independently of ICN in DP thymocytes.

The Notch/DL1 signaling pathway is not constitutively active in nontransformed Ik~ primary

thymocytes

Signals delivered through Notch are required for T cell development (10). The aberrantly high
level of Notch target gene expression in Ik~ DP thymocytes led us to hypothesize that, in the
absence of Ikaros, thymic progenitors may not be dependent on active Notch signaling for
developmental progression. To test this, the OP9 DL1 ex vivo T cell development system was
used. In this system, progenitors are cocultured with an OP9 bone marrow stromal cell line
stably expressing the Notch ligand Delta-like 1 (OP9 DL1) (52). Using this assay, DN
progenitors are able to differentiate to the DP stage. Differentiation is dependent on Notch
ligand expression, because it is not observed when progenitors are cocultured with the OP9
GFP stromal cell line, which lacks expression of DL1 (52,53).

Ik~ progenitors, like their wild-type counterparts, were unable to differentiate beyond the DN
stage when cocultured with OP9 GFP cells, suggesting that activation of Notch signaling via
DL1 is required for their differentiation (Fig. 5A). To further test this, a pharmacological y-
secretase inhibitor (GSI) was used to block Notch signaling in progenitors cocultured with the
OP9 DL1 cells. GSI blocks cleavage of Notch, preventing formation of ICN. Ik~ DN
thymocytes, like their wild-type counterparts, could not differentiate to the DP stage in the
presence of GSI (Fig. 5B). Taken together, these data show that Ik™/~ progenitors require the
presence of exogenous (DL1) Notch ligand to differentiate beyond the DN stage, providing
evidence that lack of Ikaros does not result in overall activation of Notch signaling.

Notch signaling is also required for the proliferative expansion that occurs as thymocytes transit
from the DN to DP stages (48). This requirement can be easily seen by comparing numbers of
thymocytes over time during coculture with OP9 GFP vs OP9 DL1 cells. Wild-type DN
thymocytes cocultured with OP9 DL1, but not OP9 GFP, cells expand dramatically (11.2-fold)
(Fig. 5C). In contrast, Ik /- DN thymocytes do not expand significantly when cocultured with
OP9 DL1 cells, although they survive minimally better in OP9 DL1 as compared with the OP9
GFP cocultures (Fig. 5C). Therefore, lack of Ikaros cannot compensate for lack of DL1 ligand
for inducing thymocyte proliferation.

Deregulation of Notch target gene expression is observed in Ik™ single positive thymocytes

When DP thymocytes transition to the SP stages of development, some Notch target genes are
induced while others remain in a repressed state (54,55). To see whether deregulated expression
of Notch target genes in k'~ mice extends beyond the DP stage of development into more
mature thymic populations, cDNA was prepared from sorted CD8" SP and CD4™* SP thymocyte
subsets from young Ik~ and wild-type mice, and Notch target expression was assessed. Most
of the Notch targets analyzed, such as Hes1, pTa, Gata3, and Runx1, exhibited increased
expression levels in both CD4* and CD8* SP subsets from Ik~ mice as compared with their
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wild-type counterparts, similar to what was observed in DP thymocytes (Fig. 6A). However,
expression of the Notch target gene, Deltex1 was differentially affected by lack of Ikaros in
CD4* vs CD8* SP thymocytes (Fig. 6B); Deltex1 expression was up-regulated in CD4* SP
thymocytes, but not CD8* SP thymocytes in Ik~ mice.

Derepression of Notch target genes is not observed in Ik~ bone marrow

We next wanted to determine whether Ikaros' role in regulating Notch target genes was limited
to populations within the thymus. Because B cell development requires the repression of Notch
signaling (9,10), it is interesting to speculate that derepression of Notch target genes in Ik~
bone marrow progenitors may contribute to the lack of B cell development observed in these
mice. To determine whether Ikaros controls expression of Notch target genes in these early
progenitors, cDNA was prepared from lineage depleted bone marrow cells from Ik~ and wild-
type mice, and Notch target gene expression was assessed. Expression levels of these genes
were uniformly not increased in Ik~ compared with wild-type cells (Fig. 7A). Interestingly,
the only gene that showed a significant difference in expression levels was Notch1, which was
actually more highly expressed in wild-type than in Ik~ cells. This difference may reflect a
positive role for Ikaros in regulating Notchl expression in bone marrow (BM) progenitors.
Alternatively, because alterations in 1k/~ as compared with wild-type BM progenitor
populations have been previously documented (56,57), this disparity might reflect differing
levels of Notchl expression in the different classes of progenitor subpopulations present.

A functional consequence of aberrant Notch activation in BM progenitors is the inappropriate
appearance of CD4*CD8* DP pre-T cells in the bone marrow (9,58). Therefore, as a second
test to examine whether lack of Ikaros results in derepression of Notch target genes in BM
progenitors, whole bone marrow isolated from Ik~/~ and wild-type mice was monitored for
cell surface expression of CD4 and CD8 using flow cytometry. No evidence of CD4*CD8* T
cells was observed in Ik~ BM (Fig. 7B).

Taken together, these data provide strong evidence that the role of Ikaros as a repressor of
Notch target genes does not extend to progenitor cells in the BM.

Discussion

Proper regulation of the Notch pathway depends on several layers of regulation in developing
T cells, which include precise control of Notch signaling and active repression of Notch-
induced transcription. Concomitant deregulation of Ikaros and Notch has been observed in T
cell leukemia, suggesting an interaction between the two molecules in the transformation of
thymocytes. In this study, we sought to explore a potential interaction between lkaros and
Notch during thymic T cell development.

Analyses of a panel of Ikaros-deficient leukemia cell lines revealed deregulation of the Notch
pathway at the level of constitutive ICN expression as well as at the level of Notch target gene
expression. We hypothesized several ways in which lack of Ikaros would yield this phenotype.
For example, Ikaros could be involved in the regulation of Notch target genes through direct
repression or through regulation of Notch signaling components. Re-expression of Ikaros in
JE131 cells resulted in down-regulation of Notch target genes without reducing levels of ICN,
suggesting that Ikaros regulates Notch target genes through a mechanism downstream of ICN
production. In support of a model of direct repression, we have recently demonstrated direct
binding of Ikaros to both Hes1 and Deltex1 regulatory regions in JE131 cells (12).

Retroviral transduction of DNMAML1 identified a broad array of genes as targets of ICN-
induced transcription in JE131 cells. By comparing the effects of DNMAML1 vs Ikaros
transduction on expression of these genes, we demonstrated that they are almost uniformly
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antagonistically coregulated by Ikaros and Notch. These include Notch target genes, such as
Hes1 and Notch3, whose expression were almost completely extinguished upon DNMAML
expression but down-regulated to a lesser extent by Ikaros, as well as Deltex1, pTa, Gata3, and
Runx1 whose expression were reduced equivalently upon Ikaros and DNMAML1 expression.
One explanation for these differing results could be that there is a difference in the relative
contribution of the RBP-J activating complex, consisting of RBP-J, MAML, and ICN, to high-
level expression of these genes in JE131 cells. It is important to note that, in this system,
transduction of Ikaros, as well as DNMAML1, also resulted in down-regulation of Notchl
expression itself, suggesting that this might be another mechanism by which Ikaros can down-
regulate Notch target gene expression in vivo. However, no decrease in levels of ICN are seen
in Ikaros transduced JE131 cells at 24 h, when decreases in Notch target gene expression are
readily observed, supporting another more direct mechanism for Ikaros in repression of Notch
target genes. The lack of ICN down-regulation in the face of decreased Notchl expression at
this early time point may be due to the increased stability of ICN that has been reported to
occur in leukemia cells (5,59). In a similar vein, the presence of high levels of ICN in Ikaros-
transduced JE131 cells may contribute to the reduced ability of Ikaros to down-regulate some
of the Notchl targets (i.e., Notchl, Hesl) in comparison to DNMAML1, because it would be
opposing repression of these genes.

The extensive ability of Ikaros to down-regulate genes that are also down-regulated by
DNMAML in JE131 cells provides evidence for a global role for Ikaros in the regulation of
RBP-J/ICN-induced transcripts in thymocytes. However, the lack of high-level expression of
the Notch3-specific target gene HuD (17) in JE131 as well as the normal HuD expression
observed in Ik~ thymocytes suggests that Ikaros-mediated regulation of the Notch pathway
may be specifically restricted to Notch1 target genes. At this time, this is a difficult hypothesis
to test. Unfortunately, few target genes have been defined that are specific for a given Notch
receptor and little has been reported concerning mechanisms of specificity. More importantly,
for our studies, little is known about the composition of the RBP-J-containing repressor
complex. Many corepressors have been identified, but whether different complexes function
downstream of the different Notch receptors is a possibility that has not been addressed.

Ikaros' role in mediating repression of the Notch pathway is supported by analyses of Notch
target gene expression in Ik~ thymocytes in which deregulated expression of these genes is
almost exclusively limited to populations, such as the DP subset, in which their expression is
actively repressed. Therefore, we hypothesize that Ikaros may be essential for the rapid and
tight shut-down of Notch target gene expression that must occur as cells transit from the DN
to the DP stage. However, it is important to note that over-expression of Notch target genes
was also observed in Ik~ SP thymocytes. This observation is particularly significant because
it highlights the fact that Notch target gene deregulation is a function of Ikaros' role in gene
regulation rather than some artifact of a transformed population within the Ik~ DP thymocyte
subset.

Genetic studies in mice have provided a useful tool to study the various functions of regulatory
proteins in both Notch pathway activation and repression (Fig. 8). Conditional inactivation of
Notch1 is sufficient to produce defects in T cell lineage commitment, but does not necessarily
result in a failure to express Notch target genes, such as pTa (60), possibly due to redundancy
among the Notch receptors. Inducible knockouts of RBP-J exhibit normal expression patterns
of the Notch targets Hes1 and Hes5 (61). Because RBP-J mediates both transcriptional
repression and activation of Notch target genes, this phenotype might reflect the contradictory
effects of both impaired repression and impaired activation. When Notch target gene repression
is specifically targeted, however, a different picture emerges. The genetic ablation of Mint,
which has been shown to function as a RBP-J corepressor through its interaction with CtIP/
CtBP, results in the derepression of the Notch targets Hes1, Deltex1, and NRARP in DN

J Immunol. Author manuscript; available in PMC 2009 November 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chari and Winandy

Page 11

progenitors (28). Phenotypic analyses of thymocytes derived from Mint~ fetal liver cells in
adoptive transfer experiments, as well as Mint /- fetal thymocytes, revealed that Mint functions
primarily within the DN population (28), in contrast to Ikaros whose function in Notch target
gene repression appears to be most apparent at the DP and SP stages of thymocyte development
(Fig. 8). Notch target gene derepression can be observed in another mouse model, in which the
gene encoding the DNA-binding protein Zbtb7a (LRF) has been conditionally inactivated. The
phenotype observed in Ikaros-deficient mice is in contrast to that observed in LRF-deficient
mice, in which aberrant Notch target gene expression is dependent upon ICN expression
(58). Therefore, LRF likely inhibits the Notch pathway by influencing upstream signaling
rather than repressing downstream Notch target genes (58). In this study, we provide several
lines of evidence that suggests that Ikaros functions downstream of ICN in its regulation of at
least a subset of Notch target genes. First, we have shown that Ikaros down-regulates expression
of Hes1, Deltex1, and pTa without altering ICN expression, and secondly, we have
demonstrated that DP thymocytes require lkaros expression to properly repress Notch target
genes even in the absence of detectable ICN. In addition, LRF and Ikaros appear to function
in different cellular subsets. Whereas the phenotype of the LRF-deficient mice suggests that
LRF functions primarily in hematopoietic stem cells and common lymphoid progenitors, we
have demonstrated that Ikaros' role is restricted to committed T cell populations in the thymus.

Taken together, we have demonstrated a role for Ikaros in the tight repression of Notch target
genes during thymocyte development. This role manifests itself most dramatically within the
DP thymocyte subpopulation in which Notch target gene expression must be tightly repressed.
In the absence of Ikaros, Notch target gene expression can be observed in this subset in the
absence of detectable ICN. It is interesting to speculate that the role of Ikaros in Notch target
gene repression in DP thymocytes could be the first link in the chain that leads to the
transformation that occurs within this population with 100% penetrance in Ikaros-deficient
mice (2,3).
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pT.

Notch target genes are constitutively expressed in Ikaros-deficient leukemia cell lines that
express ICN. A, Western blot analysis was used to assay for the presence of ICN in whole cell
lysates prepared from lkaros deficient T leukemia cell lines. Blots were probed with Abs
directed against ICN that has been properly cleaved at val1744 (expected mobility: 110kD).
Blots were also probed with anti-actin Abs as a loading control. B, Summary of sequence
analysis of Notch1 using cDNA (PEST) or DNA (HD) from Ikaros deficient leukemia cell
lines. HD = heterodimerization domain (exon 26 and exon 27). PEST = Proline, Glutamine,
Serine, and Threonine-rich domain (exon 34). C, gRT-PCR analysis was performed using
cDNA from ICN positive (JE131, DO11, TU5) and ICN negative (D510) Ikaros-deficient
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leukemia cell lines. ND = Not Detected. Y-axis shows target gene expression normalized to
expression of the housekeeping gene, HPRT, in each sample. Values were determined by the
Pfaffl method and are shown as ratios ((Etarget) “C" "9¢%:(Ereference) ~C" "1e"8€). E = efficiency
of PCR,; target = gene of interest; reference = HPRT. Experiments were performed at least
twice in duplicate. Error bars indicate SEM.
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FIGURE 2.

Ikaros can repress Notch target gene expression in the presence of ICN. A, Twenty-four hours
postinfection, JE131, DO11, and Tus5 cells successfully infected with MSCV IRES H-2Kk
(Ik-) or MSCV IRES Ik-1 H-2Kk (Ik-1) retroviruses were purified using H-2KKk as a marker
of successful transduction. cDNA was prepared and analyzed by gRT-PCR for expression of
Hes1, Deltex1, and pTa. Y-axis shows target gene expression normalized to expression of the
housekeeping gene, HPRT, in each sample. VValues were determined as described in the legend
for Fig. 1. Experiments were performed at least three times in duplicate from two independent
RNA samples. p values were calculated using paired student T tests (*, p <0.05; **, p <0.03).
Error bars represent SEM. B, Whole cell extracts from successfully transduced JE131 cell
populations prepared as described above were subjected to Western blot analysis using Abs
targeted against ICN. Blots were also probed with anti-actin Abs as a loading control.
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FIGURE 3.

Ectopic expression of DNMAMLL1 is capable of mediating similar effects as Ikaros re-
expression in an Ikaros null T cell line. A, Twenty-four hours postinfection, JE131 cells
successfully infected with MSCV IRES GFP (lk-), MSCV IRES Ik-1 GFP (lk-1), or MSCV
IRES DNMAML-1 GFP (DNMAMIL) retroviruses were sorted using GFP. cDNA was
prepared and analyzed by qRT-PCR. Expression levels of the indicated Notch target genes
were assessed. Y-axis shows target gene expression normalized to expression of the
housekeeping gene, HPRT, in each sample. Equivalent levels of HPRT were observed in each
sample as compared with levels of the housekeeping gene, Gapdh. Values were determined as
described in the legend for Fig. 1. Experiments were performed at least three times in duplicate
from two independent RNA samples. p values were calculated using paired Student t tests (*,
p <0.05; **, p <0.02). Error bars represent SEM. Paired Student t tests were also performed
to compare gene expression levels in 1k-1 vs DNMAML-transduced cells, yielding p values
>0.05 for Deltex1, pTa, Gata3, Runx1, and NRARP, and p values <0.05 for Hes1, Notch1,
Notch3, and CD25. B, JE131 cells were infected with either MSCV IRES GFP (lk-), MSCV
IRES Ik-1 GFP (lk-1), or MSCV IRES DNMAML-1 GFP (DNMAML) retroviruses. Four days
postinfection, cells were stained with fluorochrome-conjugated Abs against CD4, CD8, and
CD25. Plots shown are data obtained for GFP-positive cells. C, Twenty-four (D1), 48 (D2),
and 72 h (D3) postinfection, JE131 cells successfully infected with MSCV IRES GFP (lk-),
MSCV IRES Ik-1 GFP (Ik-1), or MSCV IRES DNMAML-1 GFP (DNMAML) retroviruses
were sorted using GFP. cDNA was prepared and analyzed by gRT-PCR for CD4 and CD8
expression. Y-axis shows target gene expression normalized to expression of the housekeeping
gene, HPRT, in each sample. Values were determined as described in the legend for Fig. 1 and
are shown above each bar. Experiments were performed at least twice in duplicate. Error bars
represent SEM.
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FIGURE 4.

Notch target gene expression is deregulated in primary Ikaros null thymocytes in the absence
of deregulated ICN production. A, gRT-PCR analysis was performed using cDNA prepared
from sorted thymocyte subsets (double negative, DN; double positive, DP) from lIkaros null
(1k7) and wild-type (1k*/*) mice. Expression levels of the indicated Notch target genes were
assessed. Y-axis shows target gene expression normalized to expression of the housekeeping
gene, HPRT, in each sample. Values were determined as described in the legend for Fig. 1.
Experiments were performed at least three times in duplicate from three independent RNA
samples. p values were calculated using paired Student t tests (*, p <0.05; **, p <0.02). Error
bars represent SEM. Note that there are no significant differences between expression levels
in 1k** and Ik~ DN thymocytes except in the case of Runx1. B, Flow cytometry histograms
depicting propidium iodide staining of permeabilized wild-type (Ik*/*) and Ikaros null
(1k77) thymocytes. Cells with 2N DNA were designated as being in the Gy or G4 phases of
the cell cycle whereas cells with >2N DNA were designated as being in S, G,, or M. C, Western
blot analysis was performed using 30 g of whole cell extract from Ik*/* and Ik~ thymuses
and Abs that recognize total Notchl1 or ICN that has been properly cleaved at val1744. Blots
were also probed with anti-actin Abs as a loading control. ICN blot was exposed to
autoradiography film for 5 min. D, Western blot analysis of sorted 1k*/* and Ik~ DP
thymocytes was used to assess the presence of ICN using Abs that recognize properly cleaved
ICN. Blots were also probed with anti-actin Abs as a loading control. Whole cell extracts
prepared from the JE131 cell line served as a positive control. ICN blot was exposed to
autoradiography film for 15 min.
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Ikaros null thymic progenitors require interaction with Notch ligand to differentiate and
proliferate. A, Equal numbers of DN thymic progenitors from wild-type (Ik*/*) and Ikaros null
(1k~"") mice were cocultured with the OP9 DL1 (62) or OP9 GFP (bottom) stromal cell line.
Flow cytometric plots of cells stained with fluorochrome-conjugated Abs against CD4 and

CD8 indicate the differentiation status of cells in each culture over time (days 0 to 4).

Experiment was performed four times. Representative plots are displayed. B, DN thymic
progenitors from 1k*/* and 1k~ mice were cultured on OP9 DL1 stroma in the presence or
absence of y-secretase inhibitor XII (GSI) over a 4-day period. OP9 GFP cultures serve as a

control for differentiation in the absence of exogenous Notch signals. Experiment was

performed twice. Representative plots are displayed. C, Proliferation curves are from the
cultures whose differentiation status is depicted in A. Experiment was performed three times.

Representative data are shown.
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FIGURE 6.

Deregulation of Notch target genes is observed in Ikaros null single positive thymocytes. gRT-
PCR analysis was performed using cDNA prepared from sorted CD4* and CD8* single positive
(19) thymocyte subsets from Ikaros null (Ik”-) and wild-type (Ik*/*) mice. Expression levels
of the indicated Notch target genes were assessed. Y-axis shows target gene expression
normalized to expression of the housekeeping gene, HPRT, in each sample. Values were
determined as described in the legend for Fig. 1. Experiments were performed at least three
times in duplicate from two independent RNA samples. p values were calculated using paired
Student t tests (*, p <0.03; **, p <0.01). Error bars represent SEM.
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FIGURE 7.

Ikaros null bone marrow progenitors do not display derepressed Notch target gene expression.
A, gRT-PCR was performed using cDNA prepared from lineage depleted bone marrow from
Ikaros null (1k'") and wild-type (Ik*/*) mice. Expression levels of the indicated Notch target
genes were assessed. Y-axis shows target gene expression normalized to expression of the
housekeeping gene, HPRT, in each sample. Values were determined as described in the legend
for Fig. 1. Experiments were performed at least three times in duplicate from two independent
RNA samples. p values were calculated using paired Student t tests (*, p < 0.02). Error bars
represent SEM. B, Whole bone marrow was isolated from Ikaros null (Ik/") and wild-type
(1k*"*) mice. Flow cytometric plots of cells stained with fluorochrome-conjugated Abs against
CD4 and CD8 are shown. Experiment was performed twice. Representative plots are shown.
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FIGURE 8.

Model depicting corepressors involved in Notch target gene expression throughout hemato
lymphoid development. Diagram depicts the different transcriptional regulators involved in
negative regulation of Notch target gene expression throughout various stages of hemato
lymphoid development. LRF opposes Notch in BM progenitors. MINT represses Notch target
gene expression in DN thymocytes; whereas, Ikaros is required for repression of Notch target
genes in DP and SP thymocytes. LRF controls Notch target gene expression by modulating
Notch signaling, whereas, both MINT and Ikaros regulate Notch target gene expression
downstream of ICN.
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