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 Abstract

Defining the role of Ikaros as a tumor suppressor and repressor of Notch target gene expression

Katie L Kathrein

Inactivation of tumor suppressors genes, which encode regulatory proteins critical for

maintaining normal cellular function, is a common occurrence in cancer.  Ikaros is a

hematopoietic-specific zinc finger protein that functions as a differentiation regulator and has

properties of a tumor suppressor.  Ikaros functions to regulate gene expression as a component of

chromatin remodeling complexes, which serve to maintain and alter the accessibility of DNA,

thereby facilitating or preventing gene expression. Ikaros null mice develop T cell leukemia with

100% entrance and deregulation of Ikaros expression has been observed in some forms of human

leukemia, including acute lymphoblastic leukemia (ALL) and chronic myelocytic leukemia

(CML).

Using an ex vivo retroviral transduction system to restore Ikaros activity to an Ikaros null

leukemia T cell line, JE131, we show that expression of Ikaros causes growth arrest at the G0/G1

phase of the cell cycle, an increase in expression of p27Kip1 and induction of T cell

differentiation markers, such as CD4 and CD8.  Restoration of Ikaros activity also results in a

global increase in histone acetylation on histone H3.

Our work has also focused on defining the interaction between Ikaros and Notch, which

is also commonly deregulated in human leukemia, using the JE131 model system.  We show that

cleaved Notch1, intracellular notch (ICN), is expressed aberrantly in the JE131 Ikaros null T cell
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line.  However, addition of γ-secretase inhibitors, which prevents cleavage of the Notch1

receptor to generate ICN, fails to potently inhibit growth.  This demonstrates that loss of Ikaros

alone, not expression of a Notch oncogene, is required for the aberrant growth observed in Ikaros

null cells.  We have identified a Notch1 target gene, Hairy and enhancer of split homolog-1

(Hes1) as a potential target of Ikaros’ repressive activity.  It is expressed at high levels in JE131

cells, but is rapidly downregulated upon restoration of Ikaros expression.  Using chromatin

immunoprecipitation, Ikaros is shown binding directly to the Hes1 promoter.  Our work suggests

that Ikaros functions as a tumor suppressor in part through regulation of Notch target gene

expression.
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Chapter I

Introduction

Cancer and cancer development

Disruption in signaling, differentiation, apoptosis, and/or proliferation in cells can lead to

the deregulation of normal cell functions and the formation of cancer.  Understanding the

mechanisms and consequences of these deregulations is critical to treatment and prevention.

Oncogenes and tumor suppressor genes are often targets of deregulation in cancer.  Genetic

alterations modify the function of these genes, often resulting in transformation.  The genetic

alterations causing transformation have been shown to occur by a “two hit” method for tumor

suppressors, where both copies of the gene must be mutated to cause disease (1).  These genetic

abnormalities can be inherited or caused by an external source, such as carcinogen exposure.

Only one hit is necessary for oncogenes (2).

Oncogenes, which are termed proto-oncogenes prior to mutation and transformation, are

genes that, when altered by gain of function, can cause the development of tumors.  Proto-

oncogenes are widespread in the genome, functioning normally to regulate many different cell

functions, including proliferation, apoptosis, gene stability and differentiation (3). Myc is an

example of a well-characterized proto-oncogene that is often aberrantly expressed in tumors (4).

Overexpression of this transcription factor in cells promotes proliferation (5) and inhibits cell

differentiation (6).

Tumor suppressor genes differ from oncogenes in that loss of function of these genes,

rather than gain of function, contributes to transformation.  Tumor suppressors are also found

throughout the genome, regulating normal cellular functions such as proliferation, apoptosis, and
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differentiation.  Inactivation of tumor suppressors increases the potential for neoplasia, while

restoration of their function can restore some of the altered functions (3).  There are also many

well-characterized tumor suppressor genes.  Mutation of the tumor suppressor p53 is the most

common mutation found in cancer, occurring in more than 50% of primary tumors (7).  p53 is a

DNA binding protein that functions to prevent aberrantly growing cells from progressing by

halting the cell cycle and promoting apoptosis.  DNA damage activates p53, arresting the cell

cycle at the G1 phase (8).  Thus, loss of p53 allows potentially damaged cells to survive and

expand.  The importance of p53 expression has been demonstrated in experiments reintroducing

expression to cells that lack p53 expression.  p53 null glioblastoma and osteosarcoma cells lines

with forced p53 overexpression demonstrate reduced growth potential (9, 10).  Reintroduction of

p53 into a T cell lymphoma line results in upregulation of the cell cycle inhibitor, p21

contributing to cell cycle arrest (11).  Growth arrest is associated with apoptosis upon

reintroduction of p53 in a p53 null myeloid leukemia cell line (12).  Apoptosis resulting from

p53 expression may occur through transcriptional repression of the anti-apoptotic factor BCL-2

(13).  Reintroduction of p53 can also promote differentiation, as shown in several leukemia lines

(14, 15).

WT1 is another tumor suppressor whose normal function is important for cell growth and

differentiation.  WT1 is a zinc finger transcription factor whose transcriptional targets include

genes important for growth, transcription, and formation of the extracellular matrix (16-18).

Growth control and/or arrest are observed in WT1 null cell lines upon transduction with wild

type WT1 (19, 20).  Retroviral reintroduction of WT1 to myeloid leukemia cell lines led to cell

cycle arrest and differentiation (21).  In contrast to other tumor suppressors, however, WT1 has
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been shown to have oncogenic potential in some cancers.  In leukemia, overexpression of WT1

is often observed in patient samples and is associated with poor disease prognosis (22).

Leukemia

Leukemia is tumor formation in the hematopoietic compartment.  Like other cancers, the

origins of leukemia often involve mutations in proto-oncogenes and tumor suppressors.  These

mutations can occur at any of the different stages of hematopoietic development and results in

aberrant expansion of tumor cells in bone marrow, blood, or lymphoid tissues.  Acute leukemia

consists of rapidly growing, immature blasts, as opposed to chronic leukemia, which consists of

few or no blasts.  There are two types of acute leukemia, acute myelogenous leukemia (AML),

leukemia of the myeloid lineage and acute lymphocytic leukemia (ALL), leukemia of lymphoid

cells.  In AML, mutations in Runx1 (AML1) transcription factor are common and frequently

result from a translocation of genes that disrupt the normal function of the Runx1 and/or the

other genetic component of the translocation (23).  There are two subsets of ALL, those of either

B cell or T cell origin.  T cell derived ALL, or T-ALL, arises from cells that have committed to T

cell fate and is the most common cancer in children.  Oncogenes and tumor suppressors play

important roles in T-ALL, as in other cancers.  Mutations in the transcription factor Ikaros have

been identified in leukemia and suggest it may function as a tumor suppressor.

Ikaros

Ikaros is an almost exclusively hematopoietic specific DNA binding transcription factor

that has been shown to be important for proper T cell development, homeostasis and has
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characteristics of a tumor suppressor.  Ikaros was discovered in a screening for a master regulator

of T cell development.  The enhancer sequence of the CD3δ gene, one of the earliest T cell

differentiation markers, was used as bait for a T cell expression library, which identified Ikaros

(24).

The Ikaros gene encodes at least six different isoforms of the Ikaros protein, Ik-1 through

6 (Figure 1).  The isoforms vary in expression through embryogenesis, but Ik-1, and Ik-2 are

consistently the most abundantly expressed isoforms.  However, at mid-gestation, levels of Ik-1,

Ik-2 and Ik-4 are nearly equivalent.  This is not the result of increased Ik-4 expression, but rather

a reduction in Ik-1 and Ik-2 expression.  Ik-3 and Ik-5 are also detectable during development,

but expression levels were very low (25).  In adults, Ikaros is expressed in progenitor and mature

T cells and early and mature B cells (24).

Ikaros isoforms differ in their exonic structure formed through alternative splicing.  All

isoforms contain exons 1,2 and 7.  Exon 7 encodes two C-terminal zinc fingers (F5 and F6),

which allow Ikaros to oligomerize with other Ikaros proteins and Ikaros family member proteins

(26).  Exons 3, 4 and 5 encode four N-terminal zinc fingers, which function to directly bind the

DNA consensus sequence GGGAA, shown through electromobility shift assays (EMSA)  (25).

All Ikaros zinc fingers’ structure is consistent with the Kruppel Cys-2 His-2 motif (27) and

requires binding of a zinc ion for proper function (26, 28).  Ik-1 contains all of the possible

exons, which encode all four N-terminal zinc fingers, F1-F4.  Ik-2 and Ik-3 lack internal exons,

but retain at least three zinc fingers.  Ik-4, Ik-5 and Ik-6 all contain two or fewer zinc fingers (25,

28).

The differences in N-terminal zinc finger content have important implications for the
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Figure 1.  Schematic representation of Ikaros isoforms.  Zinc finger domains involved in

DNA binding (F1-F4) and protein interaction (F5 and F6) are indicated by arrows.  Star denotes

the mutant dominant negative isoform (Ik-7).



12

functions of the different Ikaros isoforms because Ikaros binds DNA through these zinc fingers

(25, 28).  DNA binding by Ikaros requires at least three zinc fingers (26), so only isoforms Ik-1,

Ik-2, and Ik-3 have sufficient zinc fingers for this function.  Isoforms Ik-4, Ik-5 and Ik-6 do not

have strong affinity for DNA (25, 28). Because Ikaros isoforms can oligomerize, the non-DNA

binding isoforms lower the affinity of the entire complex for DNA, rendering it unable to bind

DNA (26).  Thus, non-DNA binding isoforms act in a dominant negative fashion on DNA

binding competent isoforms.  This characteristic has important consequences in leukemia.

Ikaros and Leukemia

The non-DNA binding isoforms of Ikaros, which are normally expressed at low levels,

are often found at high levels in primary leukemic cells from patients (29-31).  The consequence

of high expression of non-DNA binding isoforms is believed to result in a decrease of Ikaros

function through the dominant negative phenotype.  Dominant negative Ikaros activity is

hypothesized to accelerate disease by preventing Ikaros from functioning as a DNA binding

transcription factor.  The abundance of Ikaros mutations suggests that inactivation of Ikaros

function is advantageous to transformation.

The human Ikaros gene is 95% homologous to the mouse Ikaros gene (32) and leukemic

development is witnessed in mice with Ikaros mutations.  Mice that are homozygous null for

Ikaros, through a disruption in exon 7, develop leukemia with 100% penetrance within 6 weeks

from birth (32-34).  Similar to the disease observed in humans, expression of a dominant

negative, non DNA-binding isoform also results in leukemia (34), further emphasizing the
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importance of appropriate Ikaros expression in prevention of leukemia.  These data also suggest

that Ikaros acts as a tumor suppressor.

Ikaros and Chromatin Remodeling

The development of leukemia in mice with Ikaros mutations suggests that Ikaros is

important for maintaining proper development and homeostasis in normal cells and that deletion

or mutation of Ikaros can result in leukemogenesis.  One function of Ikaros that may contribute

to its role in tumor suppression is the ability to interact with chromatin remodeling complexes

(26).

Chromatin consists of highly folded and compacted complexes of DNA and proteins.

Nucleosomes are the individual units of chromatin, where two turns of DNA (146 base pairs) are

wrapped around an octamer of histones consisting of an H3-H4 tetramer and two H2A-H2B

dimers.  Histones are small proteins containing a globular domain and a protruding NH2

terminus, forming the histone tail.  Post-translational modifications of histones include addition

and removal of acetyl, phosphate and methyl groups and ubiquitination (35). Addition and

removal of these molecules on individual histones can alter overall chromatin conformation.

Ikaros has been shown to interact with chromatin remodeling complexes that modify

histones through acetylation, deacetylation and nucleosome remodeling.  The enzymatic activity

required for acetylation of histones is supplied by histone acetylases (HATs).  These enzymes

facilitate the addition of acetyl groups to histone tail, which can lead to an open chromatin

conformation, where transcription factors can interact with DNA allowing for transcription.

Histone deacetylases (HDACs) facilitate the removal of acetyl groups from histones, leading to
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closed conformation of DNA, hindering transcriptional regulators from interacting with DNA.

Nucleosome remodeling is facilitated by enzymes with helicase/ATPase activity.

Control of histone modification status is achieved through the activities of mutli-subunit

chromatin remodeling complexes.  Ikaros has been shown to interact with different complexes

associated with chromatin remodeling, including the NuRD and SWI/SNF complexes (26).  The

two associated complexes are involved in closing and opening of nucleosomes, respectively,

suggesting that Ikaros can both activate and suppress gene expression through the modification

of nucleosome conformation (26, 36-38).

The NuRD complex, or nucleosome remodeling and deacetylase complex, is a 2MDa

multi-subunit complex that contains three important enzymatic components, two HDACs and

Mi-2 (39, 40).  Mi-2, which contains a DNA helicase/ATPase domain, functions in ATP

dependent nucleosome remodeling (40, 41), complementing the deacetylase activity of the two

HDACs.  Another component, the metastasis associated protein (MTA), contains a zinc finger

domain and has been shown to be essential for formation of the deacetylase complex (40).  The

NuRD complex serves to make DNA inaccessible to transcription factors and can maintain an

inaccessible, closed conformation of DNA (36).

Ikaros has been shown to associate with the NuRD complex in activated T cells through

colocalization studies, where Ikaros and HDAC and Ikaros and Mi-2 were shown to overlay in

toroidal structures (37).  These data were confirmed with co-immunoprecipitations, which

showed an association between Ikaros and components of the NuRD complex.  Deletion of the

F4 zinc finger severely impaired Ikaros’ ability to interact with Mi-2, suggesting that zinc finger

structure may play a role in Mi-2 interaction (42).
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In addition, Ikaros has been shown to co-localize with the SWI/SNF complex. This multi-

subunit complex is associated with nucleosome remodeling through the activity of a

helicase/ATPase supplied by either Brm or Brg-1 (43).  It is believed that SWI/SNF activity

facilitates opening of DNA for gene expression through the activity of Brm/Brg-1 (44).  An

association between Ikaros and Brg-1 was observed in resting cells, co-localized in discrete,

punctate structures dispersed throughout the nucleus.  These data were confirmed by co-

immunoprecipitation (37).

Ikaros has also been found to associate with Sin3.  Sin3 a component of another large,

multi-subunit chromatin remodeling complex that, like NuRD, localizes with HDACs and is

responsible for repression of gene expression (45).  Sin3/HDAC shares function and subunits

with NuRD however, Sin3/HDAC mediated repression is thought to be more transient than that

mediated by the NuRD complex (46). In a yeast two-hybrid assay using the C-terminus of Ikaros

as bait, Sin3 was identified interacting with Ikaros.  This association was confirmed in primary T

cells (38).  Deletion of the F4 zinc finger or the C-terminal portion of Ikaros impaired Ikaros-

Sin3 mediated repression, suggesting that the F4 zinc finger is also critical for Sin3 mediated

repression (46).

Finally, Ikaros has been shown to interact with the C-terminal binding protein (CtBP).

CtBP is a transcriptional co-repressor that can recruit HDACs in a sequence specific manner to

facilitate gene repression.  The CtBP binding motif, PXDLS, has been found in class II HDACs

(47).  This motif, however, is not essential for CtBP interactions, as HDAC1 associated with

CtBP, but lacks the binding motif (48).  A CtBP binding motif (PEDLS) was uncovered in the 5’
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region of Ikaros and further testing revealed that Ikaros interacts with CtBP in vitro and in vivo

(49).  Mutation of the CtBP binding site in Ikaros prevented Ikaros and CtBP interactions (49).

The ability of Ikaros to interact with multiple distinct chromatin remodeling complexes

provides strong evidence that Ikaros may be responsible for broad regulation of gene expression

through chromatin remodeling of target genes, functioning as both a repressor and an activator.

It is hypothesized that Ikaros performs by targeting the chromatin remodeling complexes to

specific gene loci, allowing for either expression or repression of the target gene, depending on

the associated complex.

Ikaros as a classic transcription factor

Ikaros has been shown to function as a more traditional transcription factor through

transcriptional activation and repression assays.  In NIH3T3 cells, Ik-1 induced expression of a

reporter gene downstream of four Ikaros binding sites, but when expressed with the non-DNA

binding isoforms, reporter gene expression was significantly reduced (26).  The transcriptional

activation domain was mapped to a region upstream of the C-terminal zinc fingers in exon 7

through tethering of Ikaros domains to a heterologous DNA binding domain in a yeast one-

hybrid assay (26).  However, in the context of full length Ikaros, the defined activation domain

was not found to be necessary for transcriptional activation by Ikaros in NIH3T3 cells (46),

suggesting that conformational changes may be required to expose the domain or that it does not

function as originally discovered.

Ikaros was also shown to function as a transcriptional repressor through fusion with a

heterologous DNA binding domain in NIH 3T3 cells.  Even non-DNA binding isoforms
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repressed activity of the reporter gene.  The domains responsible for repression were mapped to

two regions within the Ikaros protein, one in the N-terminal portion, and the other in the C-

terminal portion (42) (Figure 2).  These data demonstrate the complexity of Ikaros function and

suggest that Ikaros my function though multiple pathways to maintain homeostasis and prevent

leukemia.

Post-translational regulation of Ikaros activity

Regulation of Ikaros activity is a relatively unstudied field.  However, existing data has

interesting implications for Ikaros function.  Post-translational modification of Ikaros was

recently shown to regulate Ikaros mediated cell cycle arrest at the G1/S transition when Ikaros

was ectopically expressed in NIH3T3 cells.  In these studies, Ikaros was shown to have

phosphorylation sites that regulate this activity.  Phosphorylation was shown to inhibit Ikaros’

ability to negatively regulate cell cycle progression.  The inhibition was revealed to occur

because phosphorylation reduced the affinity of Ikaros for DNA (50).  This form of regulation of

DNA binding zinc fingers was confirmed in studies with artificial zinc finger proteins, which

showed that phosphorylation decreased affinity for DNA in the four tested proteins (51).  These

data represent an important mechanism for Ikaros regulation that reduces Ikaros activity in a

manner other than by expression of dominant negative isoforms.

In addition, recent data has shown that Ikaros can be post-translationally modified by

sumoylation.  This modification impairs Ikaros mediated transcriptional repression when

tethered to a heterologous DNA binding domain.  Sumoylation occurs on two lysine residues, 58

and 240, in the Ikaros protein.  Mutation of either sumoylation site relieves the negative effect on
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Figure 2.  Functional and interaction domains of Ikaros protein.  Zinc fingers are denoted by

rectangular boxes in exons 3, 4, 5 and 7 (F1-F6).
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transcriptional repression, thus indicating that both sites must be sumoylated to alter Ikaros’

function.  Sumoylation disrupts Ikaros interaction with Mi-2, CtBP and Sin3 (52).  These data

demonstrate cellular mechanisms important in regulating Ikaros activity, which could also

potentially affect homeostasis and tumor suppression.

T cell development

Development of T cells is a multi-step process that begins with migration of T cell

progenitors from the bone marrow to the thymus.  These cells begin receiving signals that direct

their development (53).  Thymocyte maturation is marked by expression of different surface

proteins and rearrangement and surface expression of the T cell receptor (TCR).  Progenitor cells

entering the thymus are initially categorized at the double negative (DN) stage of development,

where they express neither CD4 nor CD8.  The DN phase is broken into four stages, based on

expression of other surface markers, namely CD25 and CD44 (54).  DN1 is characterized by

expression of CD44, but no CD25.  In the DN2 stage, both CD25 and CD44 expression can be

detected.  DN3 is characterized by downregulation of CD44.  Rearrangement of the β chain of

the T cell receptor (TCRβ) and β selection of cells with a functional pre-TCR occur at this stage

and is accompanied by a proliferation burst (55).  Finally, in the DN4 stage, expression of both

CD25 and CD44 ceases.

These events are followed by upregulation of CD4 and CD8, where cells enter the double

positive (DP) stage of T cell development and TCRα rearrangement occurs (56).  Expression of

TCR is observed on the surface of cells at this stage and development relies on TCR specificity

for positive and negative selection.  Positive selection is mediated by interaction of TCR with
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self-antigen presented by cortical thymic epithelial cells (57).  It is postulated that there is a

threshold of affinity for this interaction that results in the delivery of survival and differentiation

signals.  If the affinity/avidity is below the threshold, the cells die by apoptosis, ensuring that

only DP thymocytes that can recognize antigen in the context of self-MHC develop.  Expression

of cell surface markers CD5 and CD69 are observed upon positive selection.  Concomitant with

positive selection, CD4 and CD8 lineage fate is determined by whether TCR interacts with

antigen in the context of MHC class I (CD8) or MHC class II (CD4).  Negative selection of

thymocytes also occurs, to ensure that TCRs that interact with self-MHC/self-peptide with high

affinity/avidity are eliminated by apoptosis to prevent autoimmunity.  This complicated, multi-

step process insures that T cells will properly recognize antigens, but not self-peptides.

Chromatin Remodeling in T cell development

Chromatin remodeling has been shown to be critical for proper T cell development.  At

the DN stage of T cell development, inappropriate expression of CD4 is observed in mice with a

thymocyte targeted deficiency for Brg-1, the ATPase/helicase subunit of the SWI/SNF chromatin

remodeling complex.  In addition, CD8 expression is never activated (58), thus no DP

thymocytes are observed and T cell development is blocked, which was verified in a similar

model of Brg-1 deficiency (59).

Mi-2β also plays a role in T cell development, though not through repression by the

NuRD complex.  Targeted deletion of Mi-2β in thymocytes led to reduced thymic cellularity and

reduced levels of CD4 expression.  CD4 expression was shown to be regulated by Mi-2β through

interaction with the histone acetyltransferase, p300, and HEB, a sequence specific DNA binding
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protein (60), which has been shown to regulate CD4 expression (61).  Taken together, these data

provide evidence that chromatin remodeling is essential for thymocyte development.

Ikaros and T cell development

Ikaros has also been shown to be important in T cell development through transgenic

expression of dominant negative Ikaros or deletion of Ikaros in mice.  These two strains

demonstrate a critical role for Ikaros in proper lymphoid development.  Ikaros-deficient mice

have a targeted deletion of exon 7, the region of Ikaros that is necessary for oligomerization of

Ikaros family members through zinc finger protein-protein interactions.  This deletion prevents

expression of stable Ikaros proteins, thus yielding a null mutation.  Ikaros null mice display

defects in hematopoiesis, lacking all B, NK and fetal T cells. T cells develop postnatally,

however a 3-9 fold decrease in thymic cellularity is observed (33, 62).  These T cells are

hyperproliferative upon engagement of the TCR complex (63) and a skewing to the CD4+ T

cells is observed in mature populations (64).  Furthermore, transformation occurs in these cells

within 6 weeks of birth (33).

Mice homozygous for a dominant negative isoform of Ikaros, where exons 3 and 4 are

deleted, display a more severe phenotype than the Ikaros null mutation.  These mice express a

non-naturally occurring isoform of Ikaros, Ik-7 (Figure 1).  Development of all lymphoid

lineages is blocked and these mice do not survive past 3 weeks (65).  Surprisingly, mice

heterozygous for Ik-7 appear normal for the first few weeks.  However, after this time, abnormal

T cell proliferation of clonal populations are observed, developing between the third and sixth

months.  Clonal populations have lost the wild-type Ikaros allele and are hyperproliferative in
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response to TCR signaling (63).  These data show that mutations altering Ikaros expression are

unfavorable to T cell development.

A specific role for Ikaros in regulation of gene expression in T cell development has been

defined.  Chromatin immunoprecipitation (ChIP) studies using anti-Ikaros antibodies for the

immunoprecipitation have shown that Ikaros can bind regulatory regions in the CD8α gene (66).

These studies also showed that reduction of Ikaros levels resulted in fewer CD8+ SP and DP

cells in mice, suggesting that Ikaros may function to positively regulate CD8 expression and that

absence of Ikaros hinders CD8 expression.  A role for Ikaros in CD4 expression has also been

described (67).  Ikaros ChIP in thymocytes revealed Ikaros binding to the silencer region of the

CD4  locus.  In support of a role for Ikaros in regulation of CD4 expression, Ikaros null

thymocytes at the DN4 stage of T cell development express CD4, suggesting that Ikaros is

important for repression of CD4 expression at these stages.

In addition, Ikaros has been shown to interact with regulatory elements of the terminal

deoxynucleotidyl transferase gene (TdT) (68).  The polymerase activity of TdT facilitates

addition of nucleotides to TCR genes during rearrangement (69) and is responsible for expanding

the repertoire of antigenic peptides recognized by T cells.  By DNase1 footprinting, Ikaros was

shown to bind to the promoter region of TdT.  Transient transfection assays with a TdT

expression reporter gene showed that Ikaros facilitates downregulation of TdT expression (70).

These data demonstrate that Ikaros is important for T cell development though regulation of

specific gene loci.
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Notch

Notch, like Ikaros, is essential for T cell development, as well as survival, proliferation

and differentiation in many other cell types.  Notch was first discovered in Drosophila as being

critical for neuronal and epidermal cell differentiation (71).  In humans, Notch was identified

through characterizations of translocations in T-ALL (72).  In these cells, Notch was identified as

a component of a translocation product with the TCRβ.  In lymphocyte development, retroviral

expression of Notch in bone marrow cells promotes progenitor cell development to the T cell

lineage (53) and deletion of Notch blocks T cell development (73).  Notch expression on the

surface of DN thymocytes was detected through the DN4 stage, but absent in DP cells (74),

indicating the importance of Notch expression for T cell development at multiple stages.

The Notch family consists of four receptors, Notch1, 2, 3, and 4 (75).  Expression of Notch1,

2 and 3 is observed in T cells (76), however only Notch1 has been shown to be essential in T cell

development (73). The Notch receptor is expressed on the cell surface and upon ligand binding

by either Delta-like or Jagged, undergoes two cleavage events (77) (Figure 3).  The proteolytic

cleavages of the intracellular domain are mediated in part by a presenilin containing γ-secretase

complex (78).  This results in the formation of intracellular Notch, or ICN.  ICN then

translocates to the nucleus and forms an activation complex with the DNA binding factor, RBP-

Jκ (RBP-J) and other co-activators (79, 80).  It’s hypothesized that prior to ICN binding, RBP-J

is bound to Notch target genes as a repressive complex in association with HDACs (81).  This

repressive complex has recently been shown to recruit CtBP to contribute in repression (82).

Interestingly, CtBP has also been shown to interact with Ikaros.  ICN binding to RBP-J displaces

the repression machinery with an activating complex.  RBP-J binds to DNA in a sequence



24

Figure 3.  Notch Pathway Model.  ICN: Intracellular Notch; CoA: Co-activators.
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specific manner, binding to the sequence G/TGGGAA (83).  Surprisingly, RBP-J shares it’s

DNA binding consensus sequence with Ikaros (25).

Like Ikaros, only a handful of direct Notch target genes have been identified.  Two of the

canonical Notch target genes are Deltex1 and Hes1. Deltex1 is characterized as a Notch

responsive positive transcriptional regulator though its function is not well understood (84, 85).

Hes1 or Hairy Enhancer of Split-1 (Hes1) is a transcription factor that, like Notch1, is essential

for T cell development (86).  Like Ikaros and Notch, targets of Hes1 are largely unknown.

Notch deregulation has been observed in leukemia.  As previously mentioned, Notch was

identified in mammals though a screen of T-ALL samples.  In addition, activating Notch1

mutations are found in the majority of tested T-ALL samples (87).  Unlike Ikaros, Notch

functions as an oncogene, where gain of function accelerates the onset of disease.  Ligand

independent cleavage of Notch can occur, leading to inappropriate Notch target gene expression

(88).  Mutations in the C-terminal domain of Notch prevent degradation and can also be

oncogenic (87).  The importance of Notch in T cell development and the prevalence of Notch

mutations in leukemia suggest that expression and regulation of Notch are vital for lymphocyte

function.

Disease progression in Notch induced leukemia has also been shown to be accelerated by

Ikaros inactivation (89, 90).  In Notch induced leukemia, proviral insertional mutagenesis by

murine leukemia virus in the Ikaros locus was shown to promote a more aggressive disease (89).

Leukemia arising through Notch overexpression resembles that observed upon loss of Ikaros,

where in both cases, leukemia is specific for the T cell lineage, arises within thymocyte

population, and requires pre-TCR or TCR signaling (33, 62, 91).  These data suggest a
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cooperation between Ikaros and Notch for proper T cell development and prevention of

leukemia.
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Chapter II

Materials and Methods

Cell Lines and Cell Culture

JE131 cells were derived from the thymus of an Ikaros null mouse with spontaneous T

cell leukemia.  The thymus was aseptically removed and ground between two glass slides to

release thymocytes.  Cells were plated and within two weeks robustly proliferating cells were

observed.  The D510 cell line has been previously described (37).  Jurkat, D0.11, D510, and

JE131 cells were maintained in RPMI medium (Gibco) supplemented with 10% bovine growth

serum, 50 mM b-mercaptoethanol, and 500 U/ml of penicillin-streptomycin (RPMI complete).

For inhibitor assays, equal volumes of γ-secretase inhibitor DAPT [N-N-(3,5-

Difluorophenacetyl)-L-alanyl-(S)-phenylglycine t-butyl ester] (Calbiochem) resuspended in

DMSO or the carrier (DMSO) were added to cultures.  Quantification of live cells was

performed using trypan blue exclusion dye and counting on a hemacytometer.  10µl of cells were

diluted 1:2 in trypan blue (Sigma).  10µl was loaded onto the hemacytometer and the white live

cells excluding trypan blue were counted.

Protein preparation and Immunoblotting

Protein extracts were prepared by cell lysis with 420 mM NaCl Lysis Buffer (20mM Tris

pH 7.5, 0.1% BSA, 1mM EDTA, 1% NP-40) supplemented with leupeptin (4 mg/ml), aprotonin

(2mg/ml) and phenylmethylsulfonyl fluoride (PMSF) (5mg/ml).  Cells were lysed for 30 minutes

on ice followed by centrifugation.  Protein concentrations were determined by the Bradford
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assay.  10-30µg/lane of protein extracts were electrophoresed on a SDS-polyacrylamide (SDS-

PAGE) gel and transferred to a PVDF membrane overnight at 4°C.  Membranes were blocked

for 1 hour in Tris-buffered saline (TBS)-5% milk.  Antibodies against cleaved Notch1-val1744

(Cell Signaling Technology) were diluted 1:500 in TBS-5% BSA and incubated with the

membrane overnight at 4°C.  Blots were washed with TBS 3 x 5 minutes and incubated with

HRP-conjugated antibody for 1 hour at RT.  For p27, membrane was blocked in 5% milk in TBS

supplemented with 0.02% tween-20 and 2% BSA.  The anti-p27kip1 antibody was diluted in

10% blocking buffer in TBS supplemented with 0.01% tween.

Histones were prepared by using an acid extraction protocol as detailed on the Upstate

Biotechnology web page. Briefly, cells were lysed by using whole-cell lysis buffer containing

0.2 M HCl. After debris was removed by centrifugation, acetone precipitation was performed on

the supernatants. Pellets were resuspended in water. Protein concentration was determined by

using the Bradford reagent (Bio-Rad) and 30µg was subjected to SDS-PAGE and transferred to

PVDF.  Membranes were blocked with TBS-3% milk for 1 h and probed with antibody in TBS-

3% milk overnight at 4°C, followed by incubation with horseradish peroxidase-conjugated

secondary antibody (Jackson Immunoresearch) for 1 h at room temperature. anti-H3, anti-H4,

anti-acetyl H3, and anti-acetyl H4 (Upstate Biotechnologies) antibodies were used for Histone

western blots.

For other Western blot analyses, anti-Ikaros monoclonal antibody (4E9) (kind gift of

Katia Georgopoulos, Massachusetts General Hospital and Harvard Medical School) was used.

For these blots, PVDF was blocked in 5% milk in TBS for 1 hour.  Antibodies were diluted

1:1000 and incubated with the membrane for 1 hour.  Membranes were washed in TBS 3 times
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for 10 minutes and secondary antibody was added to blots at a dilute of 1:5,000 in 20mL of 5%

Milk in TBS for 1 hour.  Washes were repeated.  Enhanced chemiluminescence reagent was

utilized to visualize proteins. Densitometry was performed by using a Multi-Image light cabinet

(Alpha Innotech Corporation).

Retroviral Constructs

Sequences corresponding to Ikaros isoform Ik-1 were PCR amplified from cDNA generated

from mouse T cells.  Sequences corresponding to Ik-7 were PCR amplified from DNA obtained

from an Ik-7 transgenic mouse line.  In both cases sequences corresponding to the flag epitope

were introduced at the N-terminus.  Flag-Ik-1 and Flag-Ik-7 cDNA sequences were subcloned

into the murine stem cell virus internal ribosome entry site green fluorescing protein (MSCV

IRES GFP) construct and MSCV IRES H-2Kk vectors (Clontech).  Sequencing was then

performed through the Sequencing core facility at the University of Chicago to ensure fidelity of

PCR amplification. CDNAs encoding the p27kip1 vector were obtained from the American

Tissue Culture Center.  They were cloned directly into the MSCV IRES H-2Kk retroviral vector.

MSCV IRES Hes1 GFP was a gift of Dr. Warren Pear (University of Pennsylvania, Philadelphia,

PA).

Ikaros mutants were generated by site directed PCR mutagenesis (92).  5’ and 3’ end primers

used to insert restriction enzyme sites for cloning were (5’ to 3’): 5’ extension (BglII), GCC

GAC CGT CAG ATC TAT GGA CTA CAA GGA CGA CGA TGA CAA G; 3’extension

(XhoI), GCT GTA GGA ATT CGC TGT AGC TCG AGT TAG CTC AGG TGG TAA CGA

TGC TCC.  Mutation introducing primers: F2 DBD forward, GCC TCC TTT ACC CGG AAA
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GGC AAC CTCC; F2 DBD reverse, GGA GGT TGC CTT TCC GGG TAA AGG AGG C; F3

DBD forward, TGC CTG CCG CCA GAG GGA CGC CCT; F3 DBD reverse, AGG GCG TCC

CTC TGG CGG CAG GCA; F2M forward, CCT TTC CAG GGC AAC CAG GGT GGG GCC

T; F2M REVERSE AGG CCC CAC CCT GGT TGC CCT GGA AAG G; F3M forward, GAA

GCC CTT CAA AGG CCA TCT TGG CAA CTA TGC CTG; F3M reverse, CAG GCA TAG

TTG CCA AGA TGG CCT TTG AAG GGC TTC.  Following BglII-XhoI restriction enzyme

digest of PCR products, mutant Ik-1 sequences were subcloned into MSCV IRES H-2Kk.

Retroviral Transduction

Retroviral plasmid constructs were transfected into Phoenix ecotropic packaging cells

using Lipofectamine reagent (Invitrogen).  Viral supernatants were harvested at 48 and 72 hours

postinfection, passed through a 0.22µm filter and stored at -80°C.  JE131 cells were infected

using 500ul-1ml of supernatant per 2x106 cells supplemented with 8 µg/ml of polybrene in a 24

well tissue culture plate.  Plates were centrifuged at 500 x g for 2 hours at 32°C.  Supernatants

were removed and cells were cultured with RPMI complete medium.

Cell Sorting

Successfully transduced cells were sorted by either high speed MoFlo flow cytometer or

with the MiniMacs system (Miltenyi) using the H-2Kk expression marker.  For H-2Kk sorting,

JE131 cells were trypansized to disperse clumped cells and prevent further clumping.  This was

followed by a centrifugation gradient step through Histopaque-1083 to remove dead cells.  Cells

were incubated with the H-2Kk antibodies coupled to magnetic beads and run over magnetic
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column that retains labeled positive cells.  H-2Kk expression was analyzed using either anti-bead

FITC conjugated antibody or by anti H-2Kk FITC antibody.  Purity was assessed using the

MACSelect control fluorescein isothiocyanate (FITC) antibody or FITC conjugated H-2Kk if

tested 24 hours post-infection.  Purity was consistently > 90%.

Antibodies

For flow cytometric analyses, the following antibodies were used:  anti-CD4 (GK1.5,

eBiosciences), anti-CD8 (53-6.7, eBiosciences), anti-TCR_ (H57-597), anti-CD5 (53-7.3), anti-

CD69 (H1.2F3), MACSelect control FITC antibody (Miltenyi Biotech), and anti-H-2Kk (H100-

27.R55, Miltenyi Biotech).  Antibodies were allophycocyanin (APC), FITC, or phycoerythrin

(PE) conjugates. For staining, cells were plated in microwell staining plates at 5x105 to 1x106

cells per well.  Fluorochrome conjugated antibodies were added to cells and incubated on ice for

15 minutes.  Stained cells were analyzed by flow cytometry on a FACScalibur (BD Biosciences)

flow cytometer using CellQuest Pro software.

Cell staining and flow cytometry

Cells were plated in microwell staining plates at a density of 5x105 to 1x106 cells/well.  Cells

were blocked in rat serum for 10 minutes at 4° prior to staining. Fluorochrome-conjugated

antibodies were added to cells and incubated on ice for 15 to 20 min. Cells were then washed in

PBS/2% FCS/1mM EDTA and fixed in 75µl of 2% paraformaldehyde, followed by the addition

of an equal volume of phosphate-buffered saline-1% BSA. Fixed cells were analyzed 12 to 72 h
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later on a FACSCalibur (BD Biosciences) flow cytometer. Analyses were performed on

Cellquest Pro or FlowJo software.

RT-PCR

mRNA was prepared with Trizol reagent (Invitrogen) or using the total RNA isolation kit

(Promega) from H-2Kk positive retrovirally transduced JE131 cells sorted 24 hours postinfection

or JE131 cells treated with DAPT for 36 hours.  RNA was resuspended or eluted in 50ul RNase

free water.  RNA prepared using trizol was incubated with RNaseOUT (320U/mL), RNase-free

DNase (100U/mL), and MgCl2 (1.5mM, Invitrogen) for 30 minutes at 37°C to remove genomic

DNA contamination. RNA was cleaned using Rneasy Mini Kit (Qiagen).  cDNA was generated

using a Superscript II kit (Invitrogen).  For semi-quantitative PCR, three-fold dilutions were

performed on cDNA and HPRT concentrations were normalized. Primers used for conventional

PCR are as follows: p27kip1, CCC GCC CGA GGA GGA AGA TGT CAA AC and CCC TTT

TGT TTT GCG AAG AAG AAT CT; p21, CCG TGG ACA GTG AGC AGT TG and TGG

GCA CTT CAG GGT TTT CT; cyclin D2, AGA CCT TCA TCG CTC TGT GC and TAG CAG

ATG ACG AAC ACG CC; Hes1 forward, ATG CCA GCT GAT ATA ATG GAG; Hes1

reverse, ACG CTC GGG TCT GTG CTG AGC; hypoxanthine phosphoribosyltransferase

(HPRT), GTT GGA TAC AGG CCA GAC TTT GTT G and GAG GGT AGG CTG GCC TAT

AGG CT.

Quantitative real-time RT-PCR (qRT-PCR) was performed using a Bio Rad iQ5 Real Time

PCR machine and either iQ SYBR Green Supermix (Bio-Rad) or TaqMan probes.  For the

probes, the 5’ and 3’ ends of the probes were labeled with fluorescent dyes FAM (6-
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carboxyfluorescein) and TAMRA (6-carboxy-tetramethyl-rhodamine) (TaqMan technology).

Primer pairs were designed to flank their respective TaqMan probes.  Primer and probe

sequences used (5’ to 3’): Hes1 forward, GCC AAT TTG CCT TTC TCA TCC C; Hes1 reverse,

CCT AAC GCA GTG TCA CCT TCC; Hes1 probe, CAGCAACAGTGGGACCTCGGTGGG;

Deltex1 forward, GGC CAA  AAC AAC CTC AGT CG; Deltex1 reverse, GAA GAA CTT

GAA TGG CAC TGG C; Deltex probe, CAC AGA GGT CCA CCA GCG TCA GCG.  HPRT.

Primers used for SYBR green qPCR: Hes1 forward, GCC AAT TTG CCT TTC TCA TCC C;

Hes1 reverse, CCT AAC GCA GTG TCA CCT TCC; Deltex1 forward, GGC CAA AAC AAC

CTC AGT CG; Deltex1 reverse, GAA GAA CTT GAA TGG CAC TGG C; Hprt forward, TGG

GCT TAC CTG ACT GCT TTC; Hprt reverse, CCT GGT TCA TCA TCG CTA ATC AC.

Analyses of qRT-PCR were performed using the Pfaffl method.  Primers were designed using

Beacon Design software and synthesized by IDT DNA Technologies.

Cell cycle analysis and Pyronin Y staining

For cell cycle analysis, 106 successfully transduced cells were pelleted, washed in

phosphate-buffered saline, and fixed in cold 70% ethanol overnight. Cells were stained with

propidium iodide, followed by analysis on a FACSCalibur (BD Biosciences, Mountainview,

Calif.) flow cytometer. The ModFit Cell Cycle analysis program was used to determine the

percentages of cells at each stage of the cell cycle. Pyronin Y staining was performed as

previously described (43). Briefly, sorted GFP+ and GFP- cells were fixed in 70% ethanol. Cells

were incubated with 2 µg of Hoechst stain per ml and 4 µg of Pyronin Y per ml for 20 min prior

to running on the flow cytometer (Beckman Coulter Elite ESP).
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Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed using chromatin prepared from

H-2Kk positive JE131 cells infected with MSCV IRES H-2Kk or MSCV IRES Ik-1 H-2Kk

retroviruses at 24 hours postinfection using the ChIP Assay Kit (Upstate).  Briefly, 106 cells were

used per sample.  Proteins bound to DNA were cross-linked by treating cells with 1%

formaldehyde for 10 minutes at RT.  Cells were washed, lysed, and sonicated (Fisher Scientific

Sonic Dismembrator Model 100) to shear DNA.  Samples were precleared with Protein G or

Protein A Agarose/Salmon Sperm beads (Upstate).  Protein-DNA complexes were

immunoprecipitated using antibodies against Ikaros, RBP-J (Santa Cruz and Chemicon), anti-

acetylated histone H3 (Upstate) or a control IgG (Santa Cruz).  Complexes were collected with

Protein G or Protein A Agarose/Salmon Sperm beads and washed.  Protein-DNA complexes

were eluted off the beads and crosslinks were reversed by heating at 65 °C overnight.  DNA was

recovered by phenol:chloroform extraction and precipitated by ethanol.  Quantitative real-time

PCR (qPCR) analyses were performed on immunoprecipitated DNA and normalized to total

chromatin input using the Pfaffl method.  Primers were used with iQ SYBR Green Supermix

(Bio-Rad) and were as follows (5’ to 3’): Hes1 forward, CTG TGG GAA AGA AAG TTT GGG

AAG; Hes1 reverse, GCT CCA GAT CCT GTG TGA TCC; Upstream 1.2kb F, CTC CCT TGT

CCG CCG TCT ATC C; Upstream 1.2kb R, CGC TCG TTC CTC CGC CAC TCT C; Upstream

7kb F,  GAG AGG CAA CCA CGG ACT TG; Upstream 7kb R, ACA GGC TCC AGG CAC

CAC; Downstream 1.8kb F, GCG TGC GTC CCC TCT CTG; Downstream 1.8kb R, GCT GAA

TGC CTC TCA CAA CCG; Downstream 2.5kb F, GCG GCT CCC AAC TCA CTC C;
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Downstream 2.5kb R, ACA GAC AAA TGA AGG TCC CAA TGC; Deltex 1 forward, CTA

TGT ACC TAT GTC CTC AGA TGC; Deltex1 reverse, CTT CTC GGG CTT CCA ACC TC.

Chromatin Immunoprecipitation Western Blot

For ChIP-Western, chromatin immunoprecipitation was performed with anti-Ikaros

monoclonal antibodies or control IgG.  Chromatin utilized was derived from 5x106 magnetically

sorted H-2Kk positive JE131 cells infected with MSCV IRES H-2Kk or MSCV IRES Ik-1 H-

2Kk retroviruses.  Immunoprecipitated complexes were eluted from Protein G agarose/salmon

sperm DNA beads by incubation in Laemmli buffer at 95º C for 10 minutes and subjected to

Western blot analyses using antibodies against RBP-J (Chemicon) or Ikaros.
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Chapter III.

Ikaros induces quiescence and T cell differentiation in JE131 cells

Introduction

Targets of deregulation in cancer cells are often nuclear factors that have the ability to

change gene expression.  A well-characterized mutation often found in leukemia, cancer of cells

in the hematopoietic lineage, occurs in the RUNX1/AML1 gene.  RUNX1/AML1 mutations are

often translocations of different genes that disrupt the normal function of the transcription factor

and/or the other component of the translocation.  These mutations result in inactivation of

RUNX1/AML1, which is required for regulation of transcription, both through activation and

repression (93-95).  In addition to AML, evidence suggests that other transcription factors are

deregulated, which can result in leukemogenesis (96).

Ikaros, like AML, is a regulated nuclear factor that contains a DNA-binding domain (24,

25).  All reported cases of childhood acute lymphocytic leukemia (ALL) have defects in Ikaros

expression that decrease Ikaros activity and defects in Ikaros have been found in many other

types of leukemia (97-99).  Ikaros is a member of the Ikaros family of proteins, all of which

contain zinc-finger protein-protein interaction domains (24, 25).  There are six isoforms of

Ikaros, which differ in the number of exons by alternative splicing (25).  Isoforms Ik-1, Ik-2 and

Ik-3 contain a DNA binding domain, while Ik-4 though Ik-6 do not (26).  Ik-4, 5, 6 are often

overexpressed in leukemia and are believed to have a dominant negative effect on DNA binding
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competent isoforms though oligomerization  (29, 34, 100).  The absence of the DNA binding

domain reduces Ikaros’ ability to regulate transcription, because in the absence of a DNA

binding domain, Ikaros can no longer bind to DNA and recruit other components of the

chromatin remodeling complexes to targeted loci (26).  These data support the hypothesis that

loss of Ikaros is a key factor in the leukemic process.

In addition, genetically altered mice that are homozygous null for Ikaros develop

leukemia with 100% penetrance within six weeks of birth and Ikaros is highly conserved

between mice and humans (33, 34).  The early onset and totality at which the mice develop

leukemia when deficient for Ikaros further suggests a role for loss of Ikaros in development of

leukemia.

To define Ikaros as a tumor suppressor, it must fulfill two requirements.  Absence of

Ikaros must result in uncontrolled proliferation (33) and reintroduction of Ikaros to Ikaros null

cells must result in growth arrest.  This chapter provides evidence that Ikaros fulfills these

requirements.

Results

Reintroduction of Ikaros into the Ikaros null T cell line

An Ikaros null cell line was generated from thymocytes obtained from an Ikaros null mouse

with spontaneously arising leukemia.  The thymocytes were removed from the mouse, plated in

cell culture growth medium, and allowed to proliferate.  We named this cell line the JE131

Ikaros null T cell line.  These cell surface phenotype is Thy1+, CD4-, CD8-, TCR-, CD44-, CD25+,
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which resembles the surface marker expression in thymocytes at the DN3 stage of T cell

development.

In order to examine the role of Ikaros in the Ikaros null JE131 cell line, a retroviral

transduction system was utilized to introduce Ikaros to the cells. Two different retroviral vectors,

MSCV IRES GFP and MSCV IRES H2K (Figure 1) were used.  The MSCV long terminal

repeat promoter and enhancer sequences give rise to high levels of expression of the genes

encoded by the vector in T cells (101). The internal ribosomal entry site (IRES), allows for

transcription of either the green fluorescent protein (GFP) or a truncated MHC class I protein, H-

2Kk (H2K).  Both GFP and H2K serve as markers for infection and allow for sorting of cells

based on GFP or H2K expression.  GFP sorting was performed on a high speed sorting flow

cytometer (R.H. Lurie Comprehensive Cancer Center).  H2K expressing cells were sorted using

anti-H2K antibodies conjugated to magnetic beads (Miltyni), as H2K is expressed on the cell

surface.  Both vectors were used interchangeably with similar results.

cDNAs encoding two Ikaros isoforms, Ik-1 and Ik-7 (Figure 1), were subcloned into the

MSCV retroviral vectors to generate MSCV Ik-1 IRES GFP or MSCV Ik-1 H-2K (Ik-1) and

MSCV Ik-7 IRES GFP or MSCV Ik-7 H-2K (Ik-7). Ik-1 was chosen as it is the full-length

isoform of Ikaros containing all exons and is most highly expressed in T cells.  Ik-7, a laboratory

engineered, non-DNA binding form of Ikaros that lacks exons 2 and 3 which encode 3 of the 4

N-terminal zinc fingers, was used as a control (26).  Without the necessary N-terminal zinc

fingers, Ik-7 cannot bind DNA, therefore, any differences observed between the activities of Ik-1

and Ik-7 implicate the DNA binding activity of Ikaros as the mediator of changes detected upon



39

reintroduction (26).  All experiments performed included use of the MSCV IRES H2K or GFP

(MSCV) as a negative control.

To generate virus for infection of T cells, the Phoenix packaging cell line was used (101)

(Figure 4).  This derivative line of 293T cells contains episomal gag, pol and env genes and are

easily transfected using a lipid transfection system (102).   The MSCV constructs were

transfected into the Phoenix cells using Lipofectamine.  Supernatants were harvested from the

cells and used to infect JE131 cells, the Ikaros null T cell line.  Twenty-four hours post-infection,

successfully transduced cells were sorted by cell surface expression of H2K or GFP expression.

Protein extracts were prepared from sorted cells and a Western blot for Ikaros expression was

performed.  Expression of Ikaros in transduced cells was compared to Ikaros expression in wild-

type thymocytes (Figure 5).  Importantly, levels of Ikaros approximate those observed in the

wild-type thymocytes.

Cell counts were also performed on sorted JE131 cells expressing Ikaros.  These counts

were carried out using a haemocytometer at 24-hour intervals for eight days. Trypan Blue was

used to stain the dead cells.  JE131 cells not expressing either Ikaros isoform have a similar

growth rate to that of JE131 cells transduced with Ik-7.  In cells transduced with Ik-1, however,

the growth rate is significantly decreased, indicating that Ik-1 transduced JE13 cells have a

reduced growth potential compared to cells transduced with the control viruses (Figure 6).

However, by day 8, the growth rate of JE131 cells expressing Ikaros increased.  Therefore,

expression levels of H2K were examined to determine if loss of Ikaros expression could account

for the increased growth rate of these JE131 cells.  To this end, expression of H2k was analyzed

over time in JE131 cells transduced with retroviruses containing one of the following constructs,
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Figure 4.  Phoenix cell retroviral transduction system.  MSCV proviral vector (MSCV Ikaros

H-2Kk is shown, MSCV Ikaros GFP was used interchangeably) was introduced by lipofection

into Phoenix cells.  Supernatants produced by Phoenix cells were harvested and used to infect

JE131 cells.
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Figure 5.  Retroviral expression levels of Ik-1 are comparable to expression levels of DNA-

binding Ikaros isoforms in wild-type thymocytes.  Whole cell extracts of wild-type

thymocytes (Thy) and purified JE131 cells successfully transduced with the MSCV Ik-1 H2K

(Ik-1) or the MSCV Ik-7 H2K (Ik-7) retroviruses were prepared.  10 µg of protein was subjected

to SDS/PAGE, and Western blotting was performed with an anti-Ikaros monoclonal antibody.

The two Ikaros bands visible in the wild-type thymus (Thy) correspond to the predominantly

expressed Ikaros isoforms, Ik-1 (top band), and Ik-2 and Ik-3, which co-migrate (bottom band).

The Ik-1 band in the retrovirally transduced cells is of slightly larger molecular weight due to the

flag epitope tag.  Densitometry readings are shown under each band.  Blot performed by Erin

Griffiths.



42

Figure 6.  Re-introduction of Ikaros into the JE131 cells has a profound effect on their

growth properties.  JE131 cells were infected with the MSCV H2K (Ik-), MSCV Ik-7 H2K (Ik-

7) or MSCV Ik-1 H2K (Ik-1) retroviruses.  Successfully transduced cells were purified and

plated at 1x106 cells/well in a 24-well plate.  Counts of viable cells were performed every 24

hours.
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Ik- (vector control), Ik-7 or Ik-1.  FACS analysis of H2K expression in these cells was performed

using an anti-H2K FITC antibody at 24-hour intervals.  Compared to Ik- and Ik-7, a decrease in

the percentage of Ik-1 infected JE131 cells expressing H2K was observed over time.  This

illustrates that Ik-1 transduced JE131 cells shut off expression of the H2K marker over time

(Figure 7a).

Ikaros expression in these cells was also analyzed to compare loss of H2K with loss of

Ikaros expression.  Whole cell extracts from JE131 cells expressing no Ikaros (Ik-), Ik-7 or Ik-1

were prepared and subjected to Western blotting.  Consistent with the decreased expression of

H2K, the small percentage of JE131 cells still expressing H2K on day 8 also have dramatically

decreased levels of Ik-1 expression.  This is compared to Ik-7 transduced cells at day 8 which

retain high levels of Ik-7 expression (FIGURE 7b).  These data suggest that in order for Ik-1

transduced cells to grow in culture they must significantly down-regulate or turn off Ik-1

expression.

Upon FACS analysis of JE131 cells infected with Ik-, Ik-7 and Ik-1 containing

retroviruses, a “small cell” population was observed in JE131 cells expressing Ik-1 (Figure 8,

R2).   This unique population was found to have low forward and side scatter and began to

appear at 48 hours post infection.  The population size peaks between 72 to 96 hours post

infection, then steadily decreases.  The absence of a “small cell” population in JE131 cells

expressing Ik-7 suggests that the DNA binding ability of Ikaros is essential for the formation of

this population.
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Figure 7.  Reintroduction of Ikaros to JE131 cells results in loss of H-2Kk and Ikaros

expression after 5 days in culture.  JE131 cells were infected with the MSCV H2K (Ik-),

MSCV Ik-7 H2K (Ik-7) or the MSCV Ik-1 H2K (Ik-1) retroviruses.  Successfully transduced

cells were purified and plated at 1x106 cells/well in a 24-well plate.  (A) H2K (H-2Kk)

expression as monitored every 24 hours in the purified cell populations by flow cytometry.  (B)

After 8 days in culture, cells were resorted for H-2K expression and whole cell protein extracts

were prepared from H2K+ and H2K- fractions.  10 µg of protein were loaded onto an

SDS/PAGE gel and Western blotting was performed with an anti-Ikaros monoclonal antibody.
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Figure 8. Appearance of a “small cell’ population in Ik-1 expressing JE131 cells.  Forty-

eight hours after infection, JE131 cells infected with the MSCV H2K (Ik-), the MSCV Ik-7 H2K

(Ik-7) or the MSCV Ik-1 H2K (Ik-1) retrovirus were stained with fluorochrome conjugated anti-

H2K, and flow cytometric analysis was performed. (A) A unique population of cells with low

forward and side scatter (R2) was observed in the Ik-1 transduced culture.  (B) This effect is

confined to successfully transduced cells, since the “small cell” population is almost uniformly

H2K+, and, therefore, Ik-1+.  The larger cell population (R1) is already beginning to lose H2K,

and therefore, Ik-1 expression.
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JE131 cells transduced with Ik-1 arrest in G0/G1

The reduced growth potential observed in Ik-1 transduced JE131 cells suggests that these

cells may be undergoing cell cycle arrest.  To examine this possibility, JE131 cells expressing Ik-

7, Ik-1 or not expressing Ikaros (Ik-) were fixed with 95% ethanol at 24 hour intervals and

stained with propidium idodide for analysis by flow cytometry.  Propidium iodide is a dye that

intercalates into DNA, allowing for measurement of DNA content, which correlates with cell

cycle status.  Cell cycle analyses of JE131 cells expressing Ik-1 showed the dramatic effects of

Ikaros reintroduction in these cells as early as 24 hours post infection (Figure 9a).  Cells

transduced with Ik-1 accumulate in the G0/G1 stage of cell cycle, while JE131 cells not

expressing Ikaros or transduced with Ik-7 display typical cell cycle profiles of proliferating cells.

To differentiate between G0 and G1, JE131 cells were stained with Pyronin Y, a cytoplasmic

RNA dye.  Cells in G1 stain positively with Pyronin Y, while G0 cells do not.  89% of Ik-1

infected JE131 cells fail to stain strongly with Pyronin Y, compared to 0.2% in the control

(Figure 9b).  This suggests the transcriptional shutdown in the Ik-1 transduced cells, indicating

that JE131 cells expressing Ik-1 undergo a cell cycle exit at the G0 phase of the cell cycle.

The cell cycle arrest and the appearance of a “small cell” population could suggest the Ik-

1 expressing JE131 cells were undergoing apoptosis.  In non-apoptotic cells, phosphatidylserine

(PS) faces the cytosolic side of the cell membrane.  However, a marker of apoptosis is the loss of

phospholipid symmetry in the outer cell membrane and involves the appearance of PS on the

surface of cells.  Annexin V is a protein that binds to negatively charged phospholipids,

such as PS (103).  When conjugated to a fluorescent marker, it can be used to detect the

appearance of PS on the surface of cells by FACS analysis, thereby indicating cells
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Figure 9. “Small cell” population of Ik-1 expressing cells are arrested at G0/G1.  (A) Three

days after infection of the JE131 cells with MSCV H2K (Ik-), MSCV Ik-7 H2K (Ik-7) or MSCV

Ik-1 H2K (Ik-1) retroviruses, DNA content was analyzed by propidium iodide staining as a

measure of cell cycle status.  Cells which fall into the R1 gate show similar cell cycle profiles in

all three transduced cultures.  However, the unique small cell population (“R2”) observed in the

Ik-1 transduced culture is blocked at the G0/G1 phase of the cell cycle.  (B) At day six post-

infection, successfully transduced cells were sorted from the cultures and Pyronin Y staining was

performed to measure cytoplasmic RNA content.  Pyronin Y negative cells are in G0 whereas

Pyronin Y positive cells are in G1, S or G2/M.  The majority of Ik-1 transduced cells fell into the

“small cell” population and failed to stain with Pyronin Y.
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undergoing apoptosis.  JE131 cells transduced with Ik-, Ik-7 or Ik-1 were stained with

annexin V-PE and analyzed by FACS.  All populations of JE131 cells stained negatively

for annexin, indicating that there is no increase in the amount of apoptosis in JE131 cells

expressing Ik-1 (Figure 10).

Cell Cycle Regulator as a Target for Ikaros

The reduced growth kinetics and cell cycle arrest observed in the JE131 cells expressing

Ikaros suggest that Ikaros could be functioning to alter expression of one or more cell cycle

regulators.  Given that the JE131 cells expressing Ikaros are at the G0/G1 phase of the cell cycle,

we focused our analyses on cell cycle inhibitors that function at that stage.  Two families of cell

cycle inhibitors, Kip/Cip and INK4, are possible targets for the changes in growth observed upon

reintroduction of Ikaros to JE131 cells.  The Kip/Cip family consists for p27kip1 (p27),

p21WAK/Cip-1 (p21) and p57kip2.   This family of inhibitors negatively regulates cyclin

dependent kinases (cdks) and their cyclin counterparts (104, 105).  The Ink4 family consists of

p15INK4B (p15), p16INK4a (p16), p18INK4c and p19INK4d.  These proteins inhibit cdk4 and

6 (106).

Using cDNA and whole cell extracts from JE131 cells not expressing Ikaros or

expressing Ik-1, expression levels of these genes were examined.  Cells were infected with Ik-

and Ik-1 retroviruses and sorted for H2K expression after 24 hours.  After sorting, mRNA was

prepared from the cells and reverse transcribed using random hexamers (Qiagen) to generate

cDNA.  The cDNA was then subjected to PCR with primers for different cell cycle genes to test

for changes in expression of cell cycle regulators in JE131 cells expressing Ikaros. Whole
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Figure 10.  Percent of cells undergoing apoptosis is equal among transduced JE131 cells.

JE131 cells were infected with MSCV H2K (Ik-), MSCV Ik-1 H2K (Ik-1) or MSCV Ik-7 H2K

(Ik-7) retroviruses and sorted for H2K expression.  Cells were stained with annexin V at 24 hour

intervals for 8 days.
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cell extracts were also prepared from sorted cells to analyze protein expression of cell cycle

regulators.

By RT-PCR, we observed no difference in expression levels of cyclin D1 or p21 between

JE131 cells transduced with Ik-1 and those transduced with the control virus that express no

Ikaros (Figure 11).  No difference in expression of p15 and p16 was detected by Western blot

(data not shown).  However, an increase in expression of p27 mRNA was observed between

JE131 cells transduced with vector and Ikaros retroviruses, suggesting a role for Ikaros in

regulation of p27 expression (Figure 11a).  Protein extracts from JE131 cells expressing Ikaros

also showed elevated levels of p27, indicating that increased levels of p27 mRNA led to

increased protein expression of p27 (Figure 11b).

To further examine the growth suppressive role of p27 in JE131 cells, cDNA encoding

p27 (ATCC) was subcloned into the MSCV IRES GFP vector.  This was used to compare

growth in JE131 cells transduced with Ikaros to those with an overexpression of p27.  If

upregulation of p27 contributed to growth arrest in Ik-1 transduced cells, it was expected that

expression of p27 in the Ikaros null JE131 cells would mimic the growth arrest seen in the cells

where Ikaros was reintroduced.  JE131 cells were infected with retroviruses containing p27, Ik-1,

or the control vector (Ik-), sorted and plated at equal numbers.  Cells were counted at 24-hour

intervals.  JE131 cells transduced with p27 display similar growth kinetics as those observed in

JE131 cells expressing Ikaros (Figure 12).  Upon cell cycle analysis of the JE131 cells

expressing p27, it was observed that expression of p27 also results in an accumulation in G0/G1,

similar to that observed in JE131 cells expressing Ikaros.  This was not unexpected, as
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Figure 11. Ik-1 transduced JE131 cells display an increase in p27kip1 expression JE131

cells with and without Ik-1 activity were analyzed for RNA and protein expression of p27kip1

(A) Twenty four hours after infection with the MSCV GFP (Ik-) or MSCV Ik-1 GFP (Ik-1)

retrovirus, successfully transduced JE131 cells were purified, and cDNA prepared.  RT-PCR was

performed using a range of cDNA amounts.  Shown here are the results of two-fold dilutions

(from 1:256 to 1:1024 for each sample).  (B) Twenty four hours after infection with Ik-1, MSCV

Ik-7 GFP (Ik-7) or Ik- retroviruses, successfully transduced JE131 cells were purified, and

protein extracts were prepared.  10 µg of protein was subjected to SDS/PAGE.  Blots were

probed with antibodies against p27kip1 or actin (as a loading control).  Results from two

representative experiments are shown.
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Figure 12.  Growth of JE131 cells can be slowed by retroviral transduction of p27kip1.

JE131 cells were infected with the MSCV H2K (Ik-),  MSCV Ik-7 H2K (Ik-7), MSCV Ik-1 H2K

(Ik-1) or MSCV p27kip1 H2K (p27) retroviruses. Successfully transduced cells were purified

and plated at 1x106 cells/well in a 24-well plate.  Counts of viable cells were performed every 24

hours.
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p27 is a cell cycle regulator that acts at the G0/G1 phase of the cell cycle.  However, it is

important to note the parallel growth curves and similar percentages of cells in G0/G1 between

JE131 cells expressing p27 and those expressing Ikaros.  However, the growth arrest observed in

JE131 cells expressing p27 occurred more rapidly than in Ikaros expressing JE131 cells.  This

could be the result of two steps required in JE131 cells expressing Ikaros; transcription and

translation of Ikaros, then transcription and translation of p27, whereas JE131 cells expressing

p27 need only transcription and translation of p27.

Next, we wanted to determine if Ikaros plays a direct role in regulation of p27.  To

address this possibility, we utilized two techniques, luciferase assays and chromatin

immunoprecipitation.  However, neither of these techniques suggested that Ikaros directly

regulates p27 expression (data not shown).  Therefore, we hypothesized that Ikaros must regulate

another unknown factor that contributes to the increase in p27 expression.

JE131 cells expressing Ikaros undergo a T cell differentiation program

Cell cycle arrest can serve as a marker for differentiation and expression of p27 has been

shown to correlate with differentiation (55).  Thus, we hypothesized that the appearance of a

“small cell” population and the cell cycle arrest observed in JE131 cells expressing Ikaros may

also indicate that these cells were undergoing differentiation (Figure 13a). To examine this

possibility, JE131 cells were transduced with Ik-7 or Ik-1 or no Ikaros and stained with

fluorochrome-conjugated antibodies for T cell differentiation markers 72-96 hours post-

infection.  The markers selected were CD4, CD8, CD25, CD5, CD69 and TCR.  These specific

markers were chosen as their expression changes upon transition from the DN to DP stage of T
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Figure 13.  Reintroduction of Ik-1 into JE131 cells induces a T cell differentiation program.

(A) Model depicting developmental progression of thymocytes.  Double negative thymocytes

can be broken down into four developmental stages based on cell surface expression of CD44

and CD25 as depicted here.  (B and C) JE131 cells were infected with the MSCV H2K (Ik-),

MSCV Ik-7 H2K (Ik-7), MSCV Ik-1 H2K (Ik-1) or the MSCV p27 GFP (p27) retroviruses.  Two

to three days post-infection, cells were stained with fluorochrome conjugated anti-H2K antibody,

to identify successfully transduced cells, together with antibodies against defined T cell

differentiation markers.
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cell development.  CD25 expression remained high in JE131 cells expressing Ik-7 or no Ikaros

(Ik-) and these cells showed no induction of CD4, CD8, CD5, CD69 or TCR expression.

However, in JE131 cells expressing Ik-1, CD25 expression dramatically decreased, and CD4,

CD8, CD5 CD69 and TCR were upregulated (Figure 13b, c).  These data suggest that

reintroduction of a DNA binding competent isoform of Ikaros (Ik-1) is sufficient to induce a T

cell differentiation program in JE131 cells.

To address the role of upregulation of p27 in differentiation of JE131 cells, these

experiments were also performed on JE131 cells expressing p27.  We found that expression of

p27 alone, in the absence of Ikaros, is not sufficient to induce a differentiation program (Figure

13b).

Reintroduction of Ik-1 in JE131 cells results in changes in gene expression affecting the

cell cycle and upregulation of differentiation markers.  These effects could be the result of

Ikaros’ association with chromatin remodeling complexes, as Ikaros has previously been shown

to interact with the NuRD and SWI/SNF chromatin remodeling complexes (26).  To address this

possibility, acetylation status of histones H3 and H4 was compared in JE131 infected with Ik-1

or control retroviruses (Ik-) by Western blot.  Histones were acid extracted from JE131 cells and

equal amounts of protein were subjected to SDS-PAGE.  A global increase in acetylation was

observed on H3 in JE131 cells expressing Ik-1 compared to the control (Figure 14).  To examine

if expression of p27 would result in a similar increase, histones were prepared from JE131 cells

expressing p27 and compared to JE131 cells transduced with MSCV retroviruses.  We found that

the acetylation status of histone H3 in JE131 expressing p27 was lower than JE131 cells alone

(Figure 13), indicating that expression of p27 alone is not sufficient
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Figure 14.  Expression of Ik-1 in JE131 cells induces widespread changes in histone

acetylation.  JE131 cells were infected with (A) MSCV H2K (Ik-), MSCV Ik-1 H2K (Ik-1) or

(B) Ik- or MSCV p27 GFP (p27) retroviruses.  Three days post-infection, successfully

transduced cells were purified.  Histones were prepared using an acid extraction procedure.  10

µg of protein extract was subjected to SDS PAGE.   The blots in panel A and B are

representative of six and two independent experiments, respectively.  Panel A performed by

Angela Minniti Innes and Rachelle Lorenz.
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to induce a global increase in histone acetylation in JE131 cells.

Discussion

Tumor suppressor genes encode proteins that, when absent or mutated, result in

unregulated growth.  Reintroduction of these proteins to null cells often results in reduced

growth rates (3). This chapter provides evidence in support of defining Ikaros as a tumor

suppressor.  Expression of Ikaros in Ikaros null cells leads to growth suppression and cell cycle

arrest.  These data fulfill part of the definition of a tumor suppressor and, when combined with

previous data showing Ikaros deficient mice develop leukemia with 100% penetrance (33, 34),

demonstrate that Ikaros fulfills the requirements to be defined as a tumor suppressor.

These data resemble data shown for other tumor suppressors, namely p53 and Wilms

Tumor 1 (WT1).  In p53 null pre B cells, reintroduction of p53 expression results in growth

suppression (107).  Glioblastoma and osteosarcoma cell lines with forced p53 expression also

demonstrate reduced growth potential (9, 10).  The same effect is observed with WT1.  Various

cell lines undergo growth control and/or growth arrest upon reintroduction of wild type WT1

(19, 20, 108).  Our data show that Ikaros functions in the JE131 cells in a manner similar to other

tumor suppressors in its ability to repress growth and promote cell cycle arrest, providing

evidence that Ikaros is functioning as a tumor suppressor.

Hallmarks of tumor suppressor induced cell cycle arrest include downregulation of cell

cycle promoting genes and/or upregulation of cell cycle inhibitor expression.  Cyclin E, which

promotes cell cycle progression, has been shown to be negatively regulated by WT1 in a myeloid

progenitor cell line (18).   Reintroduction of p53 in a T cell lymphoma line results in increased
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expression of the cell cycle inhibitor, p21 (11).   Expression of Ikaros also results in altered

expression of an important cell cycle regulator, p27.  Expression of p27 increases at both the

mRNA and protein levels in JE131 cells expressing Ikaros.  We believe the expression of p27 in

JE131 cells contributes to the cell cycle arrest observed in these cells, which is supported by the

phenotype of the JE131 cells expressing p27, but not Ikaros.  These cells undergo a similar

reduction in growth potential and cell cycle arrest, suggesting that expression of p27 is important

for the observed growth changes in JE131 cells.

p27 expression is controlled at both the protein level, by ubiqutination (109) and

transcriptionally, as observed in JE131 cells expressing Ikaros.  In vascular endothelial cells, p27

expression was shown to increase upon Rac1 induction from cell-cell contact (110).  In human

dermal fibroblasts, repression of expression of the bHLH transcriptional repressor, Inhibitors of

Differentiation 3 (Id3), led to an increase in p27 expression (111).  In a mouse pro-B cell line,

the forkhead transcription factor FKHR-L1 was shown to transcriptionally regulate p27 in

response to IL-3 (112).  These data demonstrate that transcriptional regulation of p27 is an

important part of cell cycle control. It also suggests a role for Ikaros in the regulation of p27.

There are two possible mechanisms for this regulation.  First, Ikaros is a DNA binding

transcription factor and may function to directly regulate expression of p27.  However, luciferase

and ChIP assays failed to support this possibility.  Second, Ikaros may function further upstream

of p27 and may regulate expression of another factor that regulates p27 expression.

In addition to regulating the cell cycle, reintroduction of p53 and WT1 have also been

linked to differentiation.  Interference with p53 expression has been shown to inhibit muscle and

hematopoietic differentiation (113).  Reintroduction of p53 was also shown to promote
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differentiation in several acute and chronic leukemia lines (14, 107).  WT1 expression in null

cells also results in differentiation.  Retroviral reintroduction of WT1 to myeloid leukemia cell

lines led to cell cycle arrest and differentiation (21).  These results are similar to our observed

results upon reintroduction of Ikaros to Ikaros null cells.  Four days post-infection, T cell

differentiation markers were upregulated in JE131 cells expressing Ikaros.  These markers

suggest a progression by JE131 cells from the double negative (DN) stage to the double positive

(DP) stage of the T cell development pathway induced by Ikaros.

p27 expression has also been shown to be important in regulation of differentiation.

High expression levels of p27 have been found in primitive hematopoietic cells, suggesting that

p27 plays a role in maintaining these cells in a quiescent state (114-116).  Downregulation of p27

has been shown to be necessary for further development of T cells in stages that require

proliferation (55).  More specifically, analysis of p27 expression in T cell development has

shown that p27 expression is high in early DN thymocytes, then is reduced in late DN, and again

restored to high levels at the DP stage (55).  This pattern of expression is also observed in JE131

cells.  Without Ikaros, JE131 cells express low levels of p27, mirroring that observed in late DN

thymocytes.  Upon Ikaros reintroduction, p27 expression increases and is followed by

upregulation of T cell differentiation markers, mimicking progression to the DP stage.  The

inability of p27 expression alone to fully mimic Ikaros activity, however, indicates that changes

in p27 expression are not sufficient to induce differentiation of JE131 cells. This suggests that

lack of Ikaros, not reduced levels of p27, is necessary for the leukemic phenotype of the JE131

cells.
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Ikaros has previously been shown to interact with chromatin remodeling complexes (37).

Ikaros expression in JE131 cells results in a global increase of histone H3 acetylation.  We

observed no increase in histone H3 acetylation in JE131 cells expressing p27, as was seen in

JE131 cells expressing Ikaros.  This suggests that expression of p27 alone is not sufficient to

induce global changes in histone modifications and that provides evidence that Ikaros expression

is required for this to occur.

Overall, our data suggests that Ikaros functions as a tumor suppressor in JE131 cells.

Reintroduction of Ikaros in JE131 cells results in cell cycle arrest and upregulation of T cell

differentiation markers.  Ikaros expression also leads to a global increase in histone H3

acetylation.  These data show that Ikaros fulfills the definition of a tumor suppressor.
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Chapter IV.

Ikaros directly represses the Notch target gene Hes1 in JE131 cells

Introduction

In previous studies, we demonstrated that expression of Ikaros in Ikaros null JE131 cells

leads to upregulation of p27 (Figure 11).  In pursuit of a transcriptional regulator of p27, we

examined hairy enhancer of split 1, or Hes1, as it has been shown to regulate p27 expression

(124).  Hes1 is a basic helix-loop-helix transcription factor that binds to the N box sequence

(CACNAG) of its target gene regulatory regions.  This inhibits binding of other transcription

factors to the adjacent E box (CANNTG), thereby silencing transcription (117).  Hes1 has been

shown to be important for development of multiple systems including neuronal development

(118, 119), eye morphogenesis (119), expansion of hematopoietic stem cells (120) and T cell

development (86, 121).  In T cell development, Hes1 expression has been shown to be critical for

proper expansion of thymocytes at various stages of T cell development (86).  Hes1 expression

has been shown to be high at the DN3 stage of T cell development, the stage of development

where the JE131 cells are arrested, and reduced at the DP stage (122).  Hes1 has also been shown

to silence CD4 expression in T cells.  Overexpression of Hes1 in CD4+CD8- T cells leads to

downregulation of CD4 expression (123).   Transcriptional repression of p27 has also been

demonstrated in embryonic carcinoma cells and HeLa cells.  In these cells,  expression of Hes1

lead to reduced levels of p27 at the level of transcription.  In addition, p27 levels were increased

in mice lacking Hes1 (124).  These data are striking because we have shown that Ikaros
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expression in JE131 cells leads to upregulation of CD4 and p27 (Figures 13 and 11), suggesting

possible junction of pathways between Hes1 and Ikaros in regulation of CD4 and p27, perhaps

through Ikaros mediated repression of Hes1.

Hes1 has been shown to function downstream of the Notch receptor (125).  Notch is a

transmembrane protein involved in survival, proliferation and differentiation of many cell types.

The Notch receptor is expressed on the cell surface and undergoes two cleavage events upon

ligand binding (77).  These cleavage events, in part mediated by a presenilin containing γ-

secretase complex (78), results in the formation of intracellular Notch, or ICN.  ICN then

translocates to the nucleus and forms an activation complex with the DNA binding factor, RBP-

Jκ (RBP-J) and other co-activators (79, 80).  This complex activates Notch targets genes through

direct DNA binding of RBP-J to the consensus sequence GGGAA (83).  Surprisingly, RBP-J

shares its DNA binding consensus sequence with Ikaros (25).

Not only do Ikaros and Notch share a DNA binding consensus sequence, they have also

been shown to cooperate in leukemogenesis (89, 90, 126).  In Notch induced leukemia, proviral

insertion in the Ikaros locus was shown to promote a more aggressive disease (89).  In mice with

a hypomorphic Ikaros mutation in exon 2, inappropriate expression of ICN is observed in

leukemic cells (126).  Leukemia arising under Notch overexpression resembles that observed

upon loss of Ikaros because in both cases, leukemia is specific for the T cell lineage, arises

within thymocyte population, and requires pre-TCR or TCR signaling (33, 34, 91).  Notch (53,

73) and Ikaros (62, 64, 127) have also been shown, albeit separately, to be critical for proper T

cell development.  When taken together, these data suggest a role for Ikaros in regulation of

Notch signaling.
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Results

Restoration of Ikaros results in down-regulation of Hes1 expression

The bHLH transcription factor, Hes1, has previously been shown to repress expression of

the T cell differentiation marker, CD4, and the cell cycle regulator, p27kip1 (p27) (123, 124,

128).  Interestingly, we showed that reintroduction of Ikaros to the JE131 Ikaros null T leukemia

cell line leads to upregulation of both CD4 and p27 (Figures 13 and 11).  Therefore, we

postulated that in JE131 cells that lack expression of Ikaros, Hes1 expression levels in JE131

cells would be elevated.  We hypothesized that the up-regulation of CD4 and p27kip1 in JE131

cells transduced with Ikaros may be the result of reduced expression of Hes1 in the presence of

Ikaros.  Reduction in Hes1 expression would relieve Hes1-induced repression of CD4 and p27.

To begin to address this possibility, Hes1 expression was analyzed in JE131 cells transduced

with the Ikaros isoform, Ik-1 (Ik-1) or the negative control retrovirus (Ik-).  RNA was prepared

from JE131 cells not expressing Ikaros and those expressing Ik-1 and subjected to semi-

quantitative RT-PCR with primers for HPRT and Hes1.  p27 was used as a positive control, since

we have previously shown changes in its expression in the presence of Ikaros (Figure 11).  RT-

PCR results showed that JE131 cells without Ikaros have high expression levels of Hes1.  JE131

cells transduced with Ik-1, however, displayed a dramatic down-regulation of Hes1 expression

(Figure 15).
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Figure 15.  The Notch target gene, Hes1, is repressed upon reintroduction of Ik-1 to JE131

cells.  Twenty-four hours post-infection, JE131 cells successfully infected with MSCV H2K (Ik-)

or MSCV Ik-1 H2K (Ik-1) retroviruses were purified using H2K as a marker of successful

transduction.  cDNA was prepared and analyzed by semi-quantitative RT-PCR.  Expression of

Hes1, p27kip1, and the housekeeping gene HPRT in each population is shown.  The shaded

triangle above the blots indicates decreasing amounts of cDNA.
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Treatment with γ-secretase inhibitor has minimal effect on proliferation of JE131 cells

Hes1 has previously been identified as a Notch target gene and Notch signaling up-

regulates Hes1 expression (129).  By Western blot, we found that the activated form of Notch,

ICN, was present in the JE131 cells (Figure 16).  This suggests that the high Hes1 expression in

JE131 cells may result from activated Notch signaling in these cells.  These results led us to

examine the role of ICN in the JE131 cells.

To determine if generation of ICN was essential for viability and/or proliferation of

JE131 cells, the pharmacological γ-secretase inhibitor (GSI), N-[N-(3,5-difluorophenacetyl)-L-

alanyl]-S-phenylglycine t-butyl ester (DAPT) was utilized.  DAPT blocks the γ-secretase

mediated cleavage of Notch through binding to the C terminal fragment of presenilin, thus

preventing formation of ICN and its translocation to the nucleus (130).  Previous studies have

shown that addition of GSI to rapidly growing mouse leukemia cell lines that express ICN

frequently can result in G0/G1 arrest and apoptosis (126, 131).   In particular, 5 µM DAPT has

been shown to be sufficient to induce cell cycle arrest and apoptosis in murine T-ALL cell lines

with activating Notch1 mutations (131).  However, in the JE131 cells, addition of 5µM or 1 µM

DAPT to the culture medium resulted in only a minimal effect on the cells’ ability to proliferate

compared to the DMSO control populations (Figure 17a).

To confirm the efficiency of DAPT treatment in preventing ICN cleavage, ICN levels

were measured by Western blot analyses using protein extracts prepared from JE131 cells after

five days in culture with DAPT or DMSO.  An antibody that specifically recognizes Notch

cleaved at valine 744 was utilized to detect ICN and not all forms of Notch.  In DAPT treated

cells, a decrease in levels of ICN was observed compared to the DMSO treated controls
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Figure 16.  JE131 cells contain intracellular Notch (ICN). Western blot analysis of JE131

whole cell extracts.  Blots were probed with antibodies directed against intracellular Notch1

(ICN) that has been properly cleaved at val1744.  Blots were also probed with anti-actin

antibodies as a loading control.  Blot performed by Sheila Chari.
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Figure 17.  The γ-secretase inhibitor, DAPT, has minimal effects on growth of JE131 cells,

but leads to upregulation of CD4.  (A) 2.5x105 JE131 cells were cultured with 5µM DAPT,

1µM DAPT, 5µl DMSO or 1µM DMSO in a 24 well plate.  Counts of viable cells were

performed every 24 hours.  Graphs depict results of two experiments with error bars (+/-

standard deviation).  (B) Western blot analysis of 30µg/lane of protein extracts prepared from

JE131 cells treated with 5µM DAPT, 1µM DAPT, 5µl DMSO or 1µM DMSO for 4 days.  Blots

were probed with antibodies directed against intracellular Notch1 (ICN) that has been properly

cleaved at val1744.  Blots were also probed with anti-actin antibodies as a loading control.  (C)

qRT-PCR analyses of Hes1 expression were performed using cDNA prepared from JE131 cells

treated with 5µM DAPT, 1µM DAPT, 5µl DMSO or 1µl DMSO. Y-axis shows gene expression

normalized to expression of the housekeeping gene, HPRT.  Values were determined by the

Pfaffl method and are shown as ratios (2-∆CT target:2-∆CT reference).  Target = gene of interest; reference

= HPRT.  Bar graph depicts results of two experiments performed in duplicate with error bars

(+/- standard deviation).  (D) JE131 cells treated with 5µM DAPT, 1µM DAPT, 5µl DMSO or

1µl DMSO for 4 days were stained with fluorochrome-conjugated antibodies against CD4 and

CD8.  Representative flow cytometric dot plots are shown. Bar graph depicts results of three

experiments with error bars (+/- standard deviation).
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(Figure 17b).  Therefore, high levels of ICN are not required for viability and proliferation of

JE131 cells.  This is in contrast to JE131 cells transduced with Ikaros, which undergo rapid cell

cycle arrest (Figure 6), suggesting that the proliferative capacity of JE131 cells is primarily

dependent upon lack of Ikaros rather than generation of ICN.

Reduction of ICN levels leads to reduced expression of Hes1 and up-regulation of the T cell

differentiation marker, CD4

To verify that the reduction observed in levels of ICN in JE131 cells was sufficient to

affect Notch target gene expression, Hes1 expression was analyzed in the presence and absence

of DAPT in JE131 cells.  Quantitative RT-PCR (qRT-PCR) was performed on cDNA generated

from JE131 cells treated with DAPT or DMSO (negative control).  Treatment of JE131 cells

with DAPT led to a decrease in Hes1 expression compared to that observed in cells treated with

DMSO (Figure 17c).  Therefore, the DAPT induced reduction in ICN levels was sufficient to

diminish Hes1 expression in JE131 cells, even though proliferation was unaffected.

The phenotype of the JE131 cells, CD4-CD8-TCR-CD44-CD25+, places them at the

DN3 stage of T cell development.  Reintroduction of Ikaros in these cells induces a T cell

specific program of gene expression in which expression of T cell differentiation markers such as

CD4 and CD8 are upregulated (Figure 13).  Since Hes1 has been implicated in repression of

CD4 (123, 128) and DAPT reduces Hes1 levels, we hypothesized that JE131 cells grown in the

presence of DAPT may up-regulate CD4 in a manner similar to JE131 cells expressing Ikaros.

To test this, JE131 cells were cultured in the presence of 5µM or 1µM DAPT or the equivalent

amount of DMSO and stained with antibodies against CD4 and CD8 after 4 days in culture.  We
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found that JE131 cells treated with DAPT up-regulate CD4, but not CD8 (Figure 17d).  These

data suggest that inactivation of Notch signaling is sufficient to induce CD4 expression in JE131

cells, even in the absence of Ikaros.  Note that this is not the case for CD8 (Figure 17d).

Forced expression of Hes1 in the presence of Ikaros interferes with high-levels of induced CD4

expression

In JE131 cells, reintroduction of Ikaros and treatment with DAPT both result in up-

regulation of CD4 (Figure 13d and 17d) and down-regulation of Hes1 (Figures 15 and 17c),

indicating that in Ikaros transduced JE131 cells, CD4 up-regulation may result from repression

of Hes1 by Ikaros.  We hypothesized that expression of Hes1 in the presence of Ikaros would

obscure the effect of Ikaros on Hes1 expression, thereby preventing the downstream effects of

repression of Hes1.  To address this possibility, JE131 cells were co-transduced with Hes1 and

Ikaros (Ik-1) to force continued high-level expression of Hes1 in the presence of Ikaros, where it

would normally be down-regulated.  In co-transduced JE131 cells, altered expression levels of

CD4 were observed compared to JE131 cells transduced with Ikaros alone.  More specifically,

co-transduction with Hes1 decreased Ikaros’ ability to induce high-level expression of CD4

(Figure 18a).  These data provide evidence that up-regulation of CD4 observed in Ikaros-

transduced JE131 cells is partially induced by Ikaros-driven repression of Hes1.

Hes1 has been implicated as a repressor of p27kip1, and p27kip1 levels increase upon

expression of Ikaros in the Ikaros null JE131 cells (Figure 11).  Therefore, Ikaros-induced up-

regulation of Hes1 may be the mechanism behind up-regulation of p27kip1 in Ikaros-transduced

JE131 cells.  To examine this possibility, expression levels of p27kip1 were analyzed in JE131
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Figure 18.  Preventing down-regulation of Hes1 decreases Ikaros’ ability to induce high-

level expression of CD4.  (A) JE131 cells were infected with MSCV GFP and MSCV Ik-1 H2K

(Ik-1) or MSCV Hes-1 GFP and MSCV Ik-1 H2K (Hes1/Ik-1) retroviruses, and sorted for H2K

expression using magnetic beads.  Four days post-infection, cells were stained with

fluorochrome-conjugated antibodies against CD4 and CD8.  Flow cytometric dot plots depict

CD4 and CD8 staining for GFP positive cells in each culture.  “High” CD4 expression appears in

the upper right and upper left quadrants of each plot.  Percentages of cells that fall into each

quadrant are shown.  Bar graph depicts results of two experiments with error bars (+/- standard

deviation).  (B) Semi-quantitative RT-PCR analysis of p27kip1 expression was performed using

cDNA from JE131 transduced with Ik-, Ik-1 or Ik-1 and Hes1 retroviruses.  Twenty-four hours

post infection, JE131 cells were purified using H-2Kk and GFP as markers of successful

transduction.  cDNA was prepared and analyzed.  Expression of p27kip1 and the housekeeping

gene, HPRT, are shown for each population.  The shaded triangle above the blots indicates

decreasing amounts of cDNA.
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cells transduced with Ikaros and Hes1 retroviruses by semi-quantitative RT-PCR using primers

for p27kip1 and HPRT as the control housekeeping gene.  p27kip1 expression levels were

unaffected in the presence of Ikaros and Hes1 compared to Ikaros alone (Figure 18b).  Thus,

Hes1 repression by Ikaros does not contribute to the up-regulation of p27kip1 in JE131 cells

transduced with Ikaros.

Repression of Hes1 expression requires Ikaros’ sequence-specific DNA binding ability

Four mutations in the F2 and F3 zinc fingers in Ikaros were generated to address the

requirement for DNA binding ability of Ikaros in repression of Hes1 and upregulation of

differentiation markers.  First, point mutations were generated in the F2 (IkF2M) and F3

(IkF3M) zinc fingers.  These mutations prevent Zn binding, so zinc finger formation is

completely disrupted.  The second set of mutations does not disrupt zinc finger formation, but

abrogates Ikaros' ability to bind at its sequence-specific DNA binding site, as the mutations alter

one of the DNA binding amino acids in each finger, (F2, Ik Q to R; F3, Ik R to Q) (Figure 19a)

(46).  These subtle mutations preserve Ikaros' tertiary structure and, therefore, would be highly

unlikely to affect its ability to interact with other proteins, but disrupt Ikaros’ ability to bind to

the sequence GGGAA (46) (Figure 19a).  MSCV Ik-1 H2K was subjected to site directed

mutagenesis by overlap extension (SOE) with primers that included the desired mutation in

either the F2 or F3 zinc finger (132).  These mutant Ikaros constructs were then used to generate

retroviruses to infect JE131 cells and cells were stained with antibodies against CD4 and CD8.

All four mutations prevented Ikaros-induced up-regulation of CD4 and CD8 (Figure 19b).

Furthermore, the two DNA binding region specific mutations rendered Ikaros completely unable
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Figure 19.  DNA binding specificity is required for Ikaros’ ability to repress Hes1.  (A)

Point mutations that abrogate Ikaros’ ability to bind to its consensus DNA binding site, GGGAA,

were generated by site-directed PCR mutagenesis.  The mutated DNA bases within the second

and third N-terminal zinc fingers (F2 and F3) are underlined.  (B) JE131 cells were transduced

with Ikaros DNA binding deficient mutants (Ik-1 Q to R, Ik-1 R to Q, Ik-1 F2M, and Ik-1 F3M)

and stained with fluorochrome-conjugated antibodies against H2K, CD4 and CD8 four days

post- infection.  (C) Hes1 expression was analyzed in JE131 cells transduced with Ikaros DNA

binding deficient mutants by qRT-PCR.  Twenty-four hours post-infection, H-2Kk positive

JE131 cells were purified and cDNA prepared.  Expression level for each population is

normalized to HPRT expression.  Bar graph depicts results of two experiments with error bars

(+/- standard deviation).
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to repress Hes1 expression, as shown by qRT-PCR performed on cDNA generated from JE131

cells expressing the mutant Ikaros proteins (Figure 19c). These data indicate that the F2 and F3

zinc fingers are critical for Ikaros to function in inducing differentiation markers and that down-

regulation of Hes1 expression in JE131 cells transduced with Ikaros occurs through sequence-

specific DNA binding of Ikaros.

Hes1 promoter region is deacetylated in the presence of Ikaros

Ikaros participates in chromatin remodeling as a component of both activating and

repressing chromatin remodeling complexes.  These complexes facilitate chromatin

modification, thereby altering accessibility of DNA to transcription factors.  Some of these

complexes are associated with enzymes, histone acetyltransferases (HATs) and histone

deacetyltransferases (HDACs), which alter chromatin formation by addition or removal of acetyl

groups, respectively.  Ikaros is believed to target these complexes to specific gene loci (37).

Repression of Hes1 expression in JE131 cells transduced with Ikaros may occur though Ikaros’

ability to target chromatin remodeling complexes to the Hes1 promoter.  To determine the

chromatin state of the Hes1 promoter, chromatin immunoprecipitation (ChIP) assays were

performed on chromatin prepared from JE131 cells transduced with the control retrovirus (Ik-) or

Ikaros (Ik-1) using an antibody against acetylated histone H3 (AcH3).  AcH3 was chosen

because Ikaros has previously been shown to cause a widespread change in histone H3

acetylation in JE131 cells (Figure 14).  Using real-time quantitative PCR (qPCR) analysis of

ChIP DNA, a decrease in acetylation of histone H3 at the Hes1 promoter was observed in Ikaros

transduced JE131 cells as compared to those not expressing Ikaros (Figure 20b). These
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Figure 20.  Ikaros and RBP-Jκ bind to the regulatory region of Hes1.  (A) Hes1 promoter

region with RBP-Jκ/Ikaros binding sites are shown in blue boxes.  (B, C, D)  Chromatin

immunoprecipitations (ChIP) with antibodies against acetylated histone H3 (anti-AcH3) (B),

Ikaros (anti-Ikaros) (C) or RBP-Jκ (anti-RBP-J) (D) were performed on chromatin prepared from

populations of JE131 cells successfully transduced with the MSCV retrovirus (Ik-) or the MSCV

Ik-1 H2K (Ik-1) retrovirus twenty-four hours post-infection.  Analyses of ChIP DNA were

performed using qPCR with primers surrounding Ikaros and/or RBP-Jκ (RBP-J) binding sites in

the upstream regulatory region of Hes1.  All ChIP analyses were performed with two

independent chromatin preparations with at least two immunoprecipitations per chromatin prep.

Bar graphs depict results of these two experiments with error bars (+/- standard deviation).  (E)

ChIP was performed using chromatin prepared from H2K positive JE131 cells that had been

infected with Ik- or Ik-1 retroviruses.  Control IgG or anti-Ikaros monoclonal antibodies were

utilized for immunoprecipitation of the chromatin.  Complexes were eluted from beads using

Laemmli buffer and Western blot analyses performed using anti-RBP-J (top blot) or anti-Ikaros

(bottom blot) antibodies.  Stars indicate specific bands.  Experiment was performed twice and

representative experiment is shown.
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data suggest that the presence of Ikaros in JE131 cells represses Hes1 expression by facilitating

changes in histone acetylation at the Hes1 locus.

Ikaros binds to Hes1 regulatory regions in vivo

To demonstrate direct Ikaros regulation of Hes1, Ikaros ChIP experiments were performed.

Since it has been shown that Ikaros and RBP-J, the Notch inducible transcriptional activator, can

bind the same DNA sequences in electrophoretic mobility shift assays (EMSAs) (126) primers

were generated to the Hes1 regulatory region containing the identified RBP-J binding site

(Figure 20a).  Interestingly, this region contains two consensus Ikaros/RBP-J binding sites

(GGGAA) in a head-to-tail configuration. Chromatin was prepared from JE131 cells that had

been transduced with Ikaros (Ik-1) as well as those transduced with the control retrovirus (Ik-),

and ChIP was performed with anti-Ikaros antibodies.  In this way, it was determined that Ikaros

binds directly within the Hes1 regulatory region that has been shown to bind RBP-J (Figure

20c).

Although the binding site for RBP-J within Hes1 has been firmly established by EMSA

(125), ChIP (with ICN) (133) and reporter assays (134), this is not the case for Ikaros.

Therefore, we tested two additional primer pairs on each side of the Ikaros binding region within

Hes1 (Figure 20a).  A peak of Ikaros binding was observed within the regulatory region that

also contains the RBP-J binding site (Figure 20c).
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Ikaros and RBP-J bind to DNA simultaneously, not antagonistically

It has been hypothesized that since Ikaros and RBP-J share the same DNA binding consensus

sequence, they bind competitively (Beverly, 2003).  If RBP-J and Ikaros compete for binding

within Hes1 regulatory sequences, then RBP-J binding within these sequences should be reduced

in the presence of Ikaros.  To test this hypothesis, RBP-J binding was examined by ChIP

analyses with anti-RBP-J antibodies using chromatin prepared from JE131 cells transduced with

Ikaros (Ik-1) or the control retrovirus (Ik-).  We surveyed the same consensus Ikaros/RBP-J sites

in the regulatory region of Hes1 as described above to determine if the presence of Ikaros

negatively affected levels of RBP-J binding.  RBP-J and Ikaros were both detected bound to the

Hes1 regulatory region in JE131 cells transduced with Ik-1 (Figure 20d).  Surprisingly, RBP-J

binding to the Hes1 promoter did not decrease, but actually increased in the presence of Ikaros.

In fact, RBP-J binding was undetectable unless Ikaros was also expressed (Figure 20d).

As a further test to determine if Ikaros and RBP-J bind DNA concomitantly, ChIP was

performed followed by Western blot analyses.   Chromatin prepared from Ikaros-transduced

JE131 cells was immunoprecipitated with anti-Ikaros antibodies, followed by Western blot

analyses of the protein component of the immunoprecipitate using anti-RBP-J and anti-Ikaros

antibodies.  Anti-Ikaros antibodies precipitated chromatin fragments that contained both Ikaros

and RBP-J (Figure 20e).  Thus, these data confirm that Ikaros and RBP-J can bind together

within small regions of chromatin, supporting our model of concurrent and not antagonistic

binding.
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Ikaros’ role as a direct repressor of Notch target genes extends to Deltex1

To determine if this mode of regulation extends to other Notch target genes, we investigated

whether Ikaros could bind within potential regulatory sequences of the Notch target gene,

Deltex1. Deltex1 encodes a putative E3-ubiquitin ligase whose expression is highly induced by

Notch signals in thymocytes (135).

Expression levels of Deltex1 were compared by qRT-PCR in JE131 cells transduced with

Ikaros (Ik-1) or control retroviruses (Ik-).  Compared to JE131 cells not expressing Ikaros,

Deltex1 expression decreased upon reintroduction of Ikaros to JE131 cells (Figure 21a).

Although Deltex1 expression is frequently used as a marker for Notch activation, its regulatory

elements have not been well defined.  Therefore, we scanned sequences upstream of the Deltex1

transcriptional start site for potential RBP-J/Ikaros binding sites using the UCSC Genome

Browser.  Two such sites were defined, within region –1782 to -1491 relative to the start site of

transcription (Figure 21b).

ChIP was performed with anti-Ikaros antibodies and chromatin prepared from JE131 cells

transduced with Ikaros (Ik-1) or the control retrovirus (Ik-).  Binding of Ikaros to Deltex1 was

observed in the proposed Ikaros binding region of the Deltex1 gene, suggesting that Ikaros

directly represses Deltex1 expression by binding to its regulatory regions (Figure 21c).   ChIP

was also performed with anti-RBP-J antibodies on chromatin from JE131 cells transduced with

Ik-1 or Ik-.  As with the Hes1 promoter region, RBP-J was detected within the Deltex1

regulatory region only in presence of Ikaros (Figure 21c).  These data suggest a global role for

Ikaros in the repression of Notch target gene expression.
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Figure 21.  Ikaros and RBP-Jκ bind to the regulatory regions of Deltex1.  (A) qRT-PCR

analysis of Deltex1 expression in sorted JE131 cells transduced with MSCV H2K (Ik-) or MSCV

Ik-1 H2K (Ik-1).  Bar graph depicts results of two experiments performed in duplicate with error

bars (+/- standard deviation).  (B) Deltex1 sequences with RBP-J/Ikaros binding sites shown in

boxes.  (C) Chromatin immunoprecipitations (ChIP) were performed on H2K positive JE131

cells twenty-four hours post-infection with the Ik- or Ik-1 retrovirus using antibodies against

Ikaros (anti-Ikaros) or RBP-Jκ (anti-RBP-J).  qPCR analyses of ChIP DNA were performed with

primers surrounding Ikaros and/or RBP-Jκ (RBP-J) binding sites in upstream regulatory regions

of Deltex1.  ChIP analyses were performed with two independent chromatin preparations with at

least two immunoprecipitations per chromatin prep.  Bar graph depicts results of these two

experiments with error bars (+/- standard deviation).
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 Discussion

 Cooperative mutations in proto-oncogene and tumor suppressor genes occur in many

forms of cancer (e.g. colon cancer, pancreatic cancer, melanoma, acute leukemia (136-139).

Strong evidence indicates that loss of Ikaros, a tumor suppressor gene, and constitutive activation

of Notch1, a proto-oncogene, fits this paradigm in the genesis of T-acute lymphoblastic leukemia

(T-ALL) (89, 90, 126, 140).  It is likely, therefore, that Ikaros and Notch signaling also intersect

in regulation of normal T cell development.  Here, we provide evidence for a unique role for

Ikaros in direct repression of Notch target genes, by focusing our studies on the role of Ikaros in

repression of the canonical Notch target gene, Hes1.

In the JE131 T cell line, Ikaros is required for repression of Hes1 .  Notably,

downregulation of Hes1 has been shown to be important for progression of T cell development,

specifically at the DN3 stage (86).  Our data suggest a role for Ikaros in the progression of T cell

development though downregulation of Hes1 expression.  JE131 cells are arrested at the DN3

stage and express high levels of Hes1.  Ikaros reintroduction results in Hes1 downregulation,

ultimately resulting in a T cell differentiation program resembling the DP stage.  This transitional

change in gene expression pattern is similar to that observed in thymocytes transitioning from

DN to DP cells (86).  Deltex1 and Notch1 expression also decrease upon transition from DN to

DP (122), which observe in the JE131 cells transduced with Ikaros. Taken together, these data

suggest that regulation of Notch target genes by Ikaros is essential for proper transition from the

DN to DP stages in T cell development.

Three explanations for the downregulation of Notch target genes were evaluated.  The first

possibility was that Ikaros might interact with a factor necessary for induction of Notch target
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gene expression (i.e. Mastermind-like), thereby sequestering it from interacting with RBP-J until

Notch/Notch-ligand interactions occur.  To test this possibility, point mutations were introduced

that would alter Ikaros’ sequence-specific DNA binding ability without affecting its tertiary

structure.  These point mutations abrogated Ikaros’ ability to downregulate Hes1, suggesting that

DNA binding is necessary for downregulation of Hes1, making this possibility unlikely.

Secondly, Ikaros may compete for binding with RBP-J and function as a more efficient repressor

of Notch target genes.  However, evidence was provided that Ikaros and RBP-J are both bound to

regulatory elements of Hes1 and Deltex1 when these genes are repressed.  In addition, Ikaros and

RBP-J co-immunoprecipitated, as shown in the ChIP western.  These data suggest that the

competitive binding mechanism is also incorrect.  The third, and we suggest the correct

mechanism, is that Ikaros and RBP-J bind simultaneously to the regulatory regions of Hes1 and

Deltex1.  These data provide evidence, for the first time, that RBP-J may require the presence of

another DNA binding factor, in this case Ikaros, in order to efficiently repress gene expression.

A precedent exists for functional interaction of RBP-J and zinc finger DNA binding proteins in

Notch gene regulation, albeit in gene activation, not repression as we show here.  It has been

suggested that the Notch protein, Notch 3, requires binding of a zinc finger DNA binding protein

in conjunction with RBP-J for Notch gene activation (141), although it is unknown, to date, how

these two proteins function together.

We hypothesize that the role of Ikaros in Notch target gene repression may be to stabilize

interaction of components of the co-repressor complex (i.e. histone deacetylase activity) to

regulatory elements bound by RBP-J or to facilitate changes in DNA structure which allow more

efficient RBP-J DNA binding.  Both Ikaros and RBP-J have been shown to interact with
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components of chromatin remodeling complexes, including HDAC and CtBP, providing a

potential mechanism for this interaction (46, 49, 81, 82).  Within the Hes1 promoter, there are

two RBP-J/Ikaros sites in close proximity.  Therefore, Ikaros and RBP-J may each bind to one of

these sites where the associated chromatin remodeling complexes form a bridge between the

Ikaros and RBP-J (Figure 22).  It is also possible that only Ikaros binds to the sites and RBP-J

may be a component of the repressive complex or that Ikaros may bind first and remodel the

chromatin so that RBP-J can then bind (Figure 22).

We hypothesize that this is also the case for the two consensus Ikaros/RBP-J binding sites in

Deltex.  In the case of Deltex, however, the two sites are farther apart than those observed in

Hes1.  Interestingly, the distance separating them, 291 bp, corresponds almost exactly with two

turns of the DNA around the nucleosome (146 bp/turn x 2=292 bp), which places them in closer

vicinity in three-dimensional space than would be expected from the linear DNA sequence.

It cannot yet be explained why robust RBP-J binding to Hes1 and Deltex1 regulatory regions

was only observed when Ikaros was present.  One possibility is that when RBP-J is in the context

of a co-activator complex in T lymphocytes, the epitopes for the immunoprecipitating antibodies

are not accessible.  Nevertheless, it is evident from the data presented here that Ikaros and RBP-J

bind together to facilitate repression of Hes1.   This cooperation extends to another Notch target

gene, Deltex1, suggesting it may be a more universal mechanism for Notch target gene

repression in developing T cells.

Previous data (Figure 14) showed that expression of Ik-1 in JE131 cells led to a global

increase in histone acetylation on histone H3.  However, Ikaros regulation of Hes1 defines a role

for Ikaros in repression through deacetylation (Figure 20b).  Interestingly, though, both direct
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Figure 22. Two hypotheses for cooperative DNA binding of Ikaros and RBP-Jκ during gene

repression.  (A) Ikaros binding is required to alter chromatin structure, thereby facilitating RBP-

Jκ (RBP-J) binding to DNA.  (B) Ikaros (or its interacting proteins) interacts directly with RBP-

Jκ (or its interacting proteins) on the DNA, thereby stabilizing interactions of RBP-Jκ with the

DNA.
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targets of Ikaros, Hes1 and Deltex1, have been shown to function, at least in part, as repressors

(75).  It is intriguing to hypothesize that Ikaros may be repressing the activity of multiple

proteins that function as repressors.  De-repression of target genes could then lead to expression

of these genes.  Ikaros repression of Hes1, for example, leads to CD4 expression.  Ikaros

repression of the repressor Hes1 results in gene expression of CD4.  Ikaros mediated repression

of repressor proteins could then result in an increase in expression of downstream targets and

would explain the increase in acetylation.

We contend that lack of Ikaros results in de-repression, as opposed to activation, of Notch

target genes.  Therefore, constitutive generation of ICN in Ikaros deficient cells may further

increase expression of de-repressed Notch target genes.   This is likely the mechanism behind

cooperative Ikaros loss-of-function mutations that were identified in ICN-induced leukemia in

mice, which significantly accelerated disease course (89).  Interestingly, both activating

mutations in Notch1 and aberrant Ikaros expression have been described in human T-ALL (142,

143).  The importance of high level ICN expression to viability of human leukemia cells has

been demonstrated through the use of γ-secretase inhibitors (GSIs).  Some, but not all, T-ALL

with activating Notch mutations are sensitive to treatment with GSIs, displaying apoptosis and/or

growth arrest (87).  A recent report has demonstrated that GSI decreases growth of a leukemia

cell line arising in a mouse with a hypomorphic Ikaros allele (126).  However, we demonstrate

that the JE131 cell line is refractory to treatment with GSI, showing that it is not dependent on

ICN for viability and proliferation.  It could be suggested that this is the result of cumulative

mutations that have arisen in these cells over time in culture.  However, it must be emphasized

that growth of JE131 cells can still be dramatically and consistently slowed through restoration
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of Ikaros by retroviral transduction (Figure 6).  These data suggest that viability and

proliferative capacity of JE131 cells is driven predominantly by their lack of Ikaros rather than

constitutive generation of ICN.  It is likely that the relative contribution of lack of Ikaros and

constitutive ICN generation to viability will differ from leukemia to leukemia.

These studies began with the observation that re-introduction of Ikaros into JE131 Ikaros null

leukemia cells promotes up-regulation of the T cell differentiation marker, CD4 and the cell

cycle regulator, p27. We initially hypothesized that down-regulation of Hes1 may underlie up-

regulation of CD4 and p27 in Ikaros transduced JE131 cells, since Hes1 is a common factor

reported to be involved in their regulation (123, 124, 128).  We demonstrate that forced

expression of Hes1 in Ikaros-transduced cells can interfere with the ability of Ikaros to induce

high-level expression of CD4, suggesting that Hes1 down-regulation by Ikaros does indeed

contribute to Ikaros’ ability to initiate high-level CD4 expression in these cells.  These data also

provide evidence for a role for Hes1 in fine-tuning levels of CD4 gene expression in developing

thymocytes.  The Runx1 and Runx3 transcriptional repressors, known to be critically important

for CD4 silencing, are also Notch target genes (144-146) and could also contribute to the

mechanism behind Ikaros’ positive role in regulation of CD4 expression.  We did not observe

any changes in p27 expression in JE131 cells transduced with both Hes1 and Ikaros, suggesting

that Hes1 by Ikaros does not contribute to the upregulation of p27 observed in these cells.

In conclusion, these data demonstrate an important role for Ikaros in T cell development and

leukemogenesis.  The cooperation observed between Ikaros and RBP-J proposes that Ikaros can

alter Notch target gene expression, thereby facilitating T cell development.  It also suggests that

loss of Ikaros in leukemogenesis results in a more severe phenotype, as Ikaros could, at least in
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part, regulate aberrant Notch activity observed in Notch induced leukemia.  In our model,

aberrant Notch expression contributes to the leukemic phenotype, however, it is not the cause.

Loss of Ikaros alone results in a proliferative defect that cannot be corrected by loss of ICN

expression.
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Chapter V.

Summary

Cancer development results from cellular events that disrupt signaling, differentiation,

apoptosis, and/or proliferation.  Disruption of genes classified as oncogenes and tumor

suppressors is a common event in cancer as these genes encode regulators that maintain normal

cellular function.  Disruption of their function can accelerate onset of cancer.  Our lab studies

Ikaros, a lymphocytic differentiation regulator that has the properties of a tumor suppressor.

Ikaros is a hematopoietic specific zinc finger DNA binding protein that has been linked to

control of gene expression.  It carries out this function as a component of chromatin remodeling

complexes, which serve to regulate the conformation of DNA, thereby facilitating or preventing

gene expression.

To examine Ikaros as a tumor suppressor for T cells, we utilized an ex vivo system to

restore Ikaros activity to an Ikaros null leukemia line.  This T cell line, JE131, was generated

from the thymus of an Ikaros null mouse with T cell leukemia.  A retroviral transduction system

was used to express Ikaros in these cells. Restoration of Ikaros has dramatic effects on growth

rate and cell cycle progression, reducing growth and arresting the cells in GO/G1.  In addition, a

potential target of Ikaros regulation has been identified.  Upon reintroduction of Ikaros, JE131

cells increase expression of p27Kip1 (p27), a cell cycle regulator.  JE131 cells where Ikaros has

been restored also initiate a T cell development program of gene expression.  JE131 cells

expressing Ikaros upregulate markers of DN to DP transition in T cell development, including
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CD4, CD8, TCR and CD69.  JE131 cells also show a global increase in acetylation of histone H3

upon reintroduction of Ikaros.

In pursuit of a transcriptional regulator of p27 that may be involved in Ikaros mediated

upregulation of p27, we examined hairy enhancer of split 1, or Hes1.  Hes1 is a basic helix-loop-

helix transcription factor that has been shown to be important for development in multiple

lineages.  Hes1 expression is high in JE131 cells, but rapidly decreases upon restoration of Ikaros

expression.  Chromatin immunoprecipitation studies show that H3 acetylation decreases at the

Hes1 locus upon Ikaros reintroduction and Ikaros itself binds directly to the Hes1 promoter.

Interestingly, Hes1 is a Notch target gene.  Another canonical Notch target gene, Deltex1, was

examined and similar results were found.  Recent data have linked loss of Ikaros and Notch gain

of function as cooperating mutations in leukemogenesis.  Our studies establish a mechanism for

this cooperation, through Ikaros regulation of Notch target genes.  Loss of Ikaros, however, is

essential for the leukemic phenotype observed in JE131 cells.  The cleaved form of Notch1,

intracellular notch (ICN), is expressed aberrantly in the JE131 Ikaros null T cell line.  However,

addition of a γ-secretase inhibitor, which prevents cleavage of the Notch1 receptor to generate

ICN, fails to potently inhibit growth.  This demonstrates that loss of Ikaros alone, not expression

of a Notch oncogene, is required for the aberrant growth observed in Ikaros null cells.  These

data suggest that Ikaros functions as a tumor suppressor in part through regulation of Notch

target gene expression.

The changes that occur in Ikaros null cells transduced with Ikaros demonstrate the

important role that Ikaros plays in the regulation of T cell growth control and development.  It

also defines Ikaros as a tumor suppressor.
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