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Mouse lines

MOUSE LINES

Ikaros deficient mouse generated by the insertion of the LacZ
reporter into exon2 of the IKZF1 gene. The Ik""- mouse
express truncated but functional lkaros proteins (~10% of WT
levels). It is a germ-line mutation.

LiL
Ik

Mice bearing a T cell specific Notchl deletion starting from

L/L f/f
Ik Notchl™ CD4-Cre the DN4 stage in the Ik background

Ik”" Notch3 KO Mice bearing a Notch3 deletion in the Ik"" background

Mice bearing a T cell specific RBP-J deletion starting from

L/L f/f
JEE RS EIRCre the DN4 stage in the Ik”" background

The 1k” mice contain floxed Ikaros allele in which the last
exon encoding the dimerization domain was flanked by loxP

fif
1< sites. The deletion of the dimerization domain by Cre
recombinase results in a "null" allele
ff i Mice bearing a mature B cell specific Ikaros deletion under
LRI the control of the CD21 promotor
Ik CD19-Cre Mice bearing an immature B cell specific Ikaros deletion

under the control of the CD19 promotor

Mice bearing an inducible Ikaros deletion after the

Ik" Rosa26-CreERT2 UL ;
administration of tamoxifen




During my PhD studies, | was involved in three different projects related to the lkaros

L/L (IkL/L

function in T and B cells. | worked with the lkaros ) mouse line that was generated in

the lab, which expresses low levels of truncated but functional lkaros protein (to be

kL/L

described in detail in section I). Two of the projects involved the | tumor, the Notch

dependence for their development and the analysis of the leukemia initiating cells present

kL/L

in these tumors. In the third project | studied the link between | B cell activation and the

kL/L

auto-immune symptoms found in the | mice. Therefore, my dissertation is divided in 4

different sections:

1) General Introduction. To introduce you to the main subject, there is a brief summary

about Ikaros and its function.

2) The development of the Ik~ tumor is Notch dependent. This section will include an
introduction of acute lymphoblastic leukemia (ALL) and the lkaros mutations found
in human and mouse ALL, as well as in the Ik“" tumors. It includes also a brief
introduction of the Notch signaling pathway and its implication in ALL. Following this,
| show the published results: Oncogenic activation of the Notchl gene by deletion of
its promoter in lkaros-deficient T-ALL (Jeannet et al., 2010). To finish, | close with a

short discussion about our results.

3) Analysis of the leukemia initiating cells in a mouse model of T-ALL deficient for
lkaros.  With an introduction about the leukemia initiating cells and their
characteristics, | present the data obtained for this goal. To complete this section,
there is a discussion about these results.

kL/L

4) B cell activation and the auto-immune symptoms in the | mice. After an

introduction about the k"""

mature B cells, B cell receptor activation, B tolerance,
and the systemic lupus erythematosus, | show the results obtained for this project
with the manuscript: Ikaros deficiency promotes autoantibody production and
activation of the MAPK pathway in B cells. To conclude, a brief discussion will follow

the results obtained.
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Section I. GENERAL INTRODUCTION

[.1. Ikaros

1.1.1. The Ikaros Family
The lkaros transcription factor family, comprises 5 members, Ikaros (lkzfl), Helios (1kzf2),
Aiolos (Ikzf3), Eos (Ikzf4) and Pegasus (Ikzf5). They are characterized by two sets of highly
conserved zinc finger motifs that are involved in either protein-nucleic acid or protein-

protein interactions (Molnar et al., 1996; Rebollo and Schmitt, 2003).

The zinc finger motif located at the amino (N)-terminus plays a role in the binding to
specific DNA sequences (Rebollo and Schmitt, 2003). All family members, except Pegasus,
contain four DNA binding zinc fingers that recognize the canonical sequence “GGAAA”
(Molnar and Georgopoulos, 1994). Pegasus, with three DNA binding zinc fingers, recognizes the
sequence “GNNNGNNG” (Perdomo et al., 2000). The second zinc finger motif (composed of 2
zinc fingers) is found at the carboxy (C)-terminus and allows the protein to form
homodimers or heterodimers with the other members of the family (Georgopoulos et al., 1992;

Hahm et al., 1994).

Ikaros, the founding member was initially described as LyF-1. The study of the
transcriptional control of the murine terminal deoxynucleotidyltransferase (TdT) gene
identified LyF-1, a 50 kDa sequence-specific DNA-binding protein, that was enriched at
most stages of B and T cell differentiation (Lo et al., 1991). The amino acid sequences of this

protein revealed that LyF-1 and Ikaros are the same gene (Hahm et al., 1994).

Ikaros is expressed by all hematopoietic cells. The other family members are likewise
expressed mainly in hematopoietic cells such as Helios and Aiolos (Hahm et al., 1998; Wang et
al. 1996), or broadly expressed like Eos (brain, liver, myeloid, megakaryocytic and
monocytic cells) and Pegasus (mature hematopoietic cells, brain, heart, skeletal muscle,

kidney and liver) (Perdomo et al., 2000).
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1.1.2. Ikaros expression
Ikaros was initially described as a transcription factor expressed in early B and T cell
development (Lo et al., 1991; Georgopoulos et al., 1992). Ikaros is abundantly expressed during
early embryonic hematopoiesis in mice, including hematopoietic stem cells (HSCs) from
embryonic day 5 (E5) and in lymphoid precursors in the fetal thymus (E10.5) (Georgopoulos
et al., 1992; Molnar et al., 1996) Later, it was shown to be expressed in pluripotent HSC, in
multipotent progenitors with erythro-myeloid and lymphoid potential (Georgopoulos et al.,
1997), in erythroid precursors (Lopez et al., 2002) and in myeloid precursors (Georgopoulos et al.,

1994, Wang et al., 1996; Dumortier et al., 2003; Papathanasiou et al., 2003).

The Ikzf1l gene contains 7 exons which give rise to a 431 amino acid protein. By alternative
splicing, Ikaros pre-mRNA can generate at least 8 isoforms (Fig. 1.1) (Molnar and Georgopoulos,
1994; Hahm et al., 1994). They share the protein-interaction domain and differ in components
of the DNA-binding domain. lkaros isoforms with functional DNA binding domains (at least
three zinc fingers) can bind the motif “GGAAA” (Ik1-3). The Ik-4 isoform, with only two N-
terminal zinc fingers can bind to tandem recognitions sites that share this sequence,
indicating that isoforms may have both unique and common gene targets (Molnar and
Georgopoulos, 1994). In contrast, isoforms that lack a functional DNA binding domain (one or
no N-terminal zinc fingers) have dominant negative (dn) functions (Ik5-8), as they can
dimerize with other lkaros isoforms (and family members) and inhibit their DNA binding
(Georgopoulos et al.,, 1997). Thus, differential expression of Ikaros isoforms modulates the
DNA binding potential of its protein products and therefore may regulate the expression of

different lkaros target genes.

10
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Figure I.1. Structure of the lkaros proteins. Structure of the Ikaros proteins with 4 N-terminal zinc fingers (F1-
F4) that comprise the DNA binding domain and two C-terminal zinc fingers (F5-F6) for dimerization with other
Ikaros isoforms or other members of the Ikaros family. Alternative splicing of the 7 exons generates multiple
Ikaros isoforms, all of them conserve the dimerization domain and different components of the DNA-binding
domain. Blue boxes represent the exons, the zinc fingers are shown in purple.

1.1.3. lIkaros targeted mouse models
Different mouse models have been used to explore Ikaros function. Here, | give a brief
introduction of the lkaros targeted mouse models to describe the main effect of Ikaros
deficiency for B and T cell development as well as in the tumor development for these

k“" mouse is described in more detail as my work is based on this mouse

mice. The |
model. The description of the Ik“" tumor is in section Il. The Ik“" mature B cells is in

section IV. A summary of the mice models is depicted in table 1.1.

11
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1.1.3.1. Dominant negative lkaros mice (Ik® mice)
The deletion of exons 3 and 4 by homologous recombination generated mutant Ikaros
proteins with an altered DNA binding domain that function as dominant negative isoforms.

kdn/dn

The lkaros proteins in | mice cannot bind DNA but they retain their ability to homo and

heterodimerize with other family members. The 1k

mice display an early and complete
block in the development of all lymphoid lineages, including T cells, during both fetal and
adult hematopoiesis. The severe lymphoid cell defects results in death after 1-3 weeks

from severe infections (Georgopoulos et al., 1994). The heterozygote [+dn

mice develop clonal
T cell expansion after one to two months of age and are concomitant with the loss of the
wild type (WT) allele (winandy et al., 1995). Thus, the severe defects for lymphopoiesis in the
Ik mice demonstrate the key role of Ikaros for normal lymphocyte development and the

potential redundancy in function of the other Ikaros family members.

1.1.3.2. Ikaros null mice (Ik” mice)

The lkaros null mice harbor a mutation in the C-terminal region (deletion of exon 7). These
mice do not express Ikaros proteins, and lack B cells and their earliest precursors. T cell
precursors are absent during fetal hematopoiesis, however, the Ik’ mutant mice develop T
cells between 3 to 5 days after birth. All the k™ mice develop leukemia. The Ik” T cells
show skewed differentiation into the CD4" lineage and undergo clonal expansion in the
thymus around 4 weeks of age. These aberrant clonal T cell populations are detectable at
later timepoints in the spleens of older mutants. The analyses of this mutant mouse
suggest distinct roles of lkaros during the development of hematopoietic precursors in the
fetus and in the adult. Also, these analyses establish lkaros as a tumor suppressor gene
acting during thymocyte differentiation (wang et al., 1996; Chari et al., 2010).

kL/L

1.1.3.3. Hypomorphic lkaros mice (I mice)

The IK“" (“L” for LacZ) mouse bears a hypomorphic Ikaros mutation due to the insertion of

the LacZ reporter into exon 2 of Ikzfl (Ikaros gene) via homologous recombination in ES

+L kL/L

cells (Fig. 1.2A). The analysis of the lkaros protein expression in the WT, Ik ™~ and Ik~ mice

revealed that the major isoforms, Ik1 and k2, were detected in the WT, reduced in the k™"

and absent in the Ik”" bone marrow (BM), spleen or thymus. However, two smaller

12
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polypeptides (Ik1* and 1k2*) were weakly detected in the spleen and thymus from the Ik""*
mice (Fig. 1.2B). Cloning and sequence analyze showed that exon-1 sequences were
aberrantly spliced to those of exon-3, leading to the production of Ikaros isoforms lacking
exon-2-encoded amino acids. The expression of lower amounts of lkaros protein allows a
less severe defect in lymphopoiesis compared to the previous Ikaros mutant mice. The
Ik“ mice develop B cells after birth from a small number of precursors (Kirstetter et al., 2002).
In line with the Ik"" and Ik mice, the Ik“" mice develop T-lymphomas with 100%
penetrance (Dumortier et al., 2006). Ikaros* proteins are functional and show punctate nuclear
localization similar to WT Ikaros protein. They also, inhibit proliferation and rescue the
deregulated gene expression in Ik~ tumor-derived cell lines (Dumortier et al., 2006), as well as
the defect in class switch recombination (Sellars et al., 2009). In addition, Ikaros* proteins can

k L/L

bind to Ikaros motifs by gel shift. Thus, the I mutation results in the low expression

(~10-20% of WT levels) of truncated but functional Ikaros protein.

A I [ vV VvV Vi VIl
1kb I II I II
— A B
— —
WT locus ‘|3 'IE ‘T. B| 'IE '|<
(exon 2 region) T | N N B |
N
Targeted | N
locus [ BGEOpA K] neo]
%
B.
WT L/L
kL — -

S — truncated Ik1
1k2 — -

% — truncated Ik2

— loading control

Figure 1.2. The IK" mouse model. A. The LacZ reporter was introduced into exon 2 of Ikzfl (Kirstetter et al.,
2002). B. Ikaros expression in WT and Ik"”" CD43 spleen B cells by western blot. Truncated Ikaros (Ikaros*)
proteins are expressed at ~10-20% of WT levels.

13
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.1.3.4. Ikaros plastic mice (Ik”'S*P'S' mice)
Using the chemical mutagen N-ethyl-N-nitrosourea, Papathanasiou et al. (2003), generated
a point mutation in the 3" zinc finger that disrupts DNA binding but preserves efficient
assembly of the full length protein into higher order complexes. The homozygous mutation
in mice is embryonically lethal with several defects in terminal erythrocyte and granulocyte

differentiation, excessive macrophage formation, and blocked lymphocyte development.
+/plstc

The heterozygote Ik mice display a partial block in lymphocyte differentiation and

+/plstc

develop T cell ymphomas at high frequency. The Ik mice show, in the thymus, normal

mature T cells at 4 weeks post-natal, however, they contain increased numbers of T cells

+/plstc mice

in the spleen, cosistent with a preleukemic stage. In the B cell lineage, the Ik
display an accumulation of pro-B cells. Nevertheless, the cells overcame this block and a

normal mature B cell compartment is established in adult mice. (Papathanasiou et al., 2003).

Table I.1. Ikaros targeted mouse models.

Mouse line Mutation Genotype Phenotype
dn/dn |HSCs 100x
ad i Lack NK, B, T cellsand DCs
k* (Dominant | ;inc fingers 3-4 (DNA binding) oSS SE
negative) +/dn 1 TCR mediated proliferation

T cell malignancies

| HSCs 30-40x
tmyeloid, | v3-T cells and erythrocytes
A zine fingers 6-7 (dimerization " Lack NK, B and fetal T cells
domain; very little protein expression) Clonal T cell expansion

Delayed in embryonic to adult p-globing
switching

I (Null)

No fetal B cells, partial postnatal block
LacZ — Exon2

T cell malignancies
Ik~ (hypomorphic) | Exon 2 deletion (truncated protein at L/L : - -
10% WT levels) T and B cells hyper-proliferation

No mature pDCs

Embryonic lethal

IKPIstePIste (Pjastic: PP 1 myeloid, |erythroid (FL) cells
likely dominant H191R (Zinc finger 3) |DNA binding NoT, some B precursors cells
negative) No Fetal T or B cells
+/Plstc

Pro-B to pre-B block (adult)
T cell malignancies (65% penetrance)

NK, Natural Killer; DC, dendritic cells; TCR, T cell receptor; pDC, plasmatic dendritic cells. (Georgopoulos et
al., 1994; Winandy et al., 1995; Wang et al., 1996; Lopez et al., 2002; Kirstetter et al., 2002 ; Dumortier et al.,
2006 ; Allman et al., 2006 ; Papathanasiou et al., 2003)
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The analysis of the lkaros targeted mouse lines showed that Ikaros is crucial for long-term
HSC (LT-HSC) function (Nichogiannopoulou et al., 1999) and for lymphoid development (Wang et
al. 1996). Loss of Ikaros affects the postnatal development of T cells, as the Ik’ mice show
defects in pre-T cell receptor (TCR) and TCR checkpoints and CD4 vs. CD8 lineage choice
(Avitahl et al., 1999; Urban and Winandy, 2004; Winandy et al., 1999). Similarly, Ikaros controls the
activation threshold to antigen receptor stimulation in mature B cells (Kirstetter et al., 2002,
Results section 3). lkaros is also involved in the differentiation of conventional and
plasmacytoid dendritic cells, natural killer (NK) cells, neutrophils and erythrocytes (Allman et
al., 2006; Bogget al., 1998; Dumortier et al., 2003; Lopez et al., 2002; Wu et al., 1997). Thus, Ikaros is a
central regulator of the hematopoietic system, from HSCs to mature hematopoietic cells
(Fig. 1.3).

A A

Tcell® —po— @B cell @NKcell GMP@ ® ver

AN //\ 7N\

Th1 Th2Th17 Te Treg Mem Plasma g Grano Ery Mega
Osteo ¢
Mono/
Macro R
=
Platelet

Figure 1.3. Role of lkaros family proteins in hematopoietic cell-fate decisions. (John and Ward, 2011)
Representation of hematopoiesis highlighting the cell-fate decisions influenced by Ikaros family members,
Ikaros (Ik in red), Aiolos (Ai in green), Helios (He in blue) and Eos (Eo in brown). Abbreviations: HSC
hematopoietic stem cell, CLP common lymphoid precursors, CMP common myeloid precursors, NK natural
killer, GMP granulocyte/macrophage precursors, MEP megakaryocyte/erythoid precursors, Th T helper cell,
Tc cytotoxic T cell, Treg regulatory T cells, Mem memory B cells, Osteo osteoclasts, Mono/macro
monocyte/macrophages, Grano granulocytes, Ery erythroid and Mega megakaryocytes.
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In addition, Ikaros plays an important role as a tumor suppressor. Ikaros targeted mouse
lines develop T-lymphomas with high penetrance (65-100%, depending on the mutation)
(Dumortier et at., 2006; Papathanasiou et al., 2003; Winandy et al., 1995). Furthermore, Ikaros gene
mutations or over-expression of dominant negative lkaros isoforms have been found in
human B and T cell ymphomas and leukemias (Mullighan et al., 2008; Nakase et at., 2000; Olivero
et al., 2000). Thus, lkaros suppresses leukemogenesis and lymphomagenesis in mice and

humans.

I.1.4. Ikaros, the transcription factor
Regulation of gene expression by lkaros is complex as it can be involved in both the
activation and repression of genes. However, Ikaros has generally been considered a
transcriptional repressor. The molecular function of Ikaros remains unclear; however, there

are at least four possible mechanisms how lkaros may function.

1) Localizing genes to heterochromatin. The distribution analysis of Ikaros proteins in
the B cell nucleus, demonstrated that Ikaros is located at discrete foci in association
with centromeric heterochromatin and with transcriptionally inactive genes (Brown et
al., 1997). This suggests that Ikaros may contribute to the pericentromeric
repositioning and heritable inactivation of these genes (Brown et al., 1997). Ikaros and
inactive genes migrate with similar kinetics toward centromeric foci when resting B
cells are stimulated to enter the cell cycle (Brown et al., 1999). T cells, the lkaros target
gene TdT is also repositioned to centromeric foci upon activation (Brown et al., 1999),
suggesting that Ikaros binding to TdT may lead to pericentromeric repositioning.
Moreover, it was shown that the DNA binding domain of Ikaros is essential for its
pericentromeric localization (Cobbs et al., 2000). These results suggest that lkaros
might repress the expression of its target genes by binding the promoter/enhancer
of active genes and bringing them to the heterochromatin. However, this function
has not been demonstrated.

2) Competing with transcriptional activators. Ikaros modulates the expression of the

pre-B cell receptor component Iglll (A5) by competing with the transcription factor
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3)

4)

early B cell factor 1 (EBF1) (Thompson et al., 2007). In addition, lkaros represses the
Notchl target gene Hesl by competing with the RBP-J/Notchl complex (Kleinmann et
al., 2008). This mechanism seems to be dependent on the developmental stage of a
cell: Ikaros represses Hesl at the DN4 stage during T cell development, but not in
earlier stages, indicating that Ikaros target gene repertoire may vary depending on
cell type and differentiation state.

Recruiting co-repressors. Ikaros interacts with the C terminal binding protein (CtBP)
and CtBP interacting protein (CtIP) through the N- and C- terminal repression
domains. Each of these may in turn repress transcription by interacting directly with
the basal transcriptional machinery (TATA binding protein and transcription factor
[IB) (Koipally and Georgopoulos, 2002). However, it is unclear if this mechanism is
relevant in vivo, as all these data are derived from in vitro experiments.

Recruiting chromatin remodeling complexes. lkaros can interact with components of
various histone deacetylase complexes, like Sin3 and nucleosome-remodelling
deacetylase (NURD) complex (Koipally and Georgopoulos, 2002). It has been shown that
Ikaros associates predominantly with the NuRD complex in primary thymocytes
(Sridharan and Smale, 2007). Thus, lkaros may repress transcription by promoting
remodeling of chromatin to an inaccessible state, by the destruction of activating
epigenetic chromatin marks (e.g. histone deacetylation), and/or by the deposition of
repressive epigenetic marks (e.g. methylation). All these possible mechanism are

mediated by Ikaros via the recruitment of chromatin remodeling complexes.

In addition, Ikaros may also function as a transcriptional activator. lkaros appears to

directly activate cd8a transcription in developing T cells. It was shown that lkaros was part

of chromatin complexes formed in vivo on regulatory elements of the cd8a locus in CD8"

cells (Harker et al., 2002). The analysis of Ik thymocytes displayed an apparent increase in

CD4 populations with immature phenotype suggesting the fail to up-regulate CD8

expression (Harker et al., 2002). The Ikaros mediated cd8a regulation could be through the

recruitment of the SWI/SNF chromatin remodeling complex, which has histone

acetyltransferase and chromatin remodeling activities (wang, 2003) and interacts with Ikaros

in T cells (Kim et al., 1999). To support this, it has shown that Ikaros interact with SWI/SNF
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components in erythrocytes, where this interaction is required for the activation of adult
globin genes (Lopez et al., 2002). Thus, Ikaros can repress or activate transcription through a
variety of mechanisms (not all of them totally demonstrated in vivo) depending on cell type,

differentiation state, and target gene.

Ikaros function can be also regulated by post-translational modifications, such as
SUMOylation and phosphorylation. lkaros SUMOylation interferes with its ability to repress
transcription by disrupting its interactions with HDAC-dependent and -independent
corepressors like CtBP, Sin3, and Mi-23 of the NURD complex, but does not influence its
nuclear localization into pericentromeric heterochromatin. (Gomez del Arco et al., 2005). The
phosphorylation of lkaros by CK2 regulates the subcellular localization of Ikaros to
pericentromeric heterochromatin, and its DNA-binding affinity, such in cell cycle-specific

phosphorylation (Gomez del Arco et al., 2004; Dovat et al., 2002).

1.1.5. Ikaros as a tumor suppressor: potential mechanisms
As mentioned above, section | contains an introduction about Ikaros and its functions
including a description of the lkaros tumor suppressor function. In section I, the implication
of Ikaros mutations in B- and T-acute lymphoblastic leukemia (ALL) will be described more

in detail.

The development of tumors in the different lkaros targeted mouse models highlights the
role of Ikaros as a tumor suppressor. Several studies with human ALL have shown lkaros
mutations resulting in haploinsufficiency and/or the expression of small dn Ikaros isoforms
which also decrease the lkaros activity. Nevertheless, the mechanism by which lkaros
suppresses malignant transformation and the development of ALL remains unclear. The
discovery of several lkaros target genes has provided potential clues to its mechanism.
One of these proposed mechanisms is the lkaros-mediated downregulation of the Notch
pathway. The Notch pathway is necessary for T cell development. It has been shown that
mutations in Notchl are the most common mutation in human T-ALL (Weng et al., 2004) and
that leukemias derived from lkaros deficient mice have Notch pathway activation (Dumortier

et al., 2006; Mantha et al., 2007). Beverly and Capobianco (2003) suggested the synergism

18



Section | General Introduction Introduction

between Notch activation and the loss of lkaros function in T cell leukemogenesis, as the
consensus binding sequence of RBP-J, the Notch transcriptional activator, and lkaros were
highly similar. Ikaros competes with RBP-J for binding to the upstream regulator elements
of the Notch target genes Hes-1 (Kleinmann et al., 2008). Ikaros mediated transcriptional
repression of Notch target genes involves chromatin remodeling by decreasing histone H3
acetylation at the Hes-1 locus (Kathrein et al., 2008). Thus, the Notch activation is a common
feature in T-ALL, and its regulation by lkaros seems to be an important event for
leukemogenesis. In the section Il, | describe in more detail the Notch signaling pathway

and the mutations found in human T-ALL.

Ikaros can also function as a tumor suppressor because of its involvement in the negative
regulation of cellular proliferation. Ikaros binds to the c-Myc gene promoter and suppresses
its expression in pre-B cells. Repression of c-Myc by Ikaros in pre-B cells leads to induction
of p27 expression and the downregulation of Cyclin D3, resulting in the inhibition of pre-B
cell proliferation (Ma et al., 2010). In addition, Ikaros might have a role in the regulation of the
G1/S checkpoint. During the G1/S transition, lkaros is phosphorylated in a
serine/threonine-rich conserved region (pl) in exon 7. Mutations that prevent
phosphorylation in pl increase lkaros’ ability to impede cell cycle progression and its
affinity for DNA (Gomez del Arco et al., 2004). Further, lkaros could regulate apoptosis. Loss of
Ikaros function is associated with the up-regulation of the anti-apoptotic factor Bcl-x. in
human pituitary tumors (Ezzat et al., 2006). This leads to the hypothesis that Ikaros regulates
apoptosis and that decreased lkaros activity in leukemia cells would increase resistance to
chemotherapy (Payne and Dovat, 2012). However this remains speculative due to a lack of
supporting, mechanistic data. Thus, Ikaros deficiency could regulate cell proliferation and

protect the cells against apoptosis.

More recently, Ikaros defects have been linked to myeloproliferative neoplasm (Jager et al.,
2008; Tefferi 2010) and childhood acute myelogenous leukemia (AML) (Yagi et al, 2002), where
Ikaros activity is lost due to a deletion of the lkaros gene or expression of dn Ikaros
isoforms, respectively. These studies provide evidence that Ikaros tumor suppressor

activity extends also to the myeloid lineage. In conclusion, lkaros may function as a tumor
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suppressor by the regulation of genes or pathways involved in the normal development of
lymphocytes, as the Notch pathway, and by the regulation of genes involved in proliferation

and cell survival.

I.1.6. Ikaros as a key regulator for B cell development
1.1.6.1. B cell development

B cell development begins in the fetal liver and continues in the bone marrow after
birth by sequential steps that are characterized by gene expression programs, cell surface
markers and developmental checkpoints centered on antigen receptor rearrangement. To
track these developmental stages in murine BM, two methods have been proposed based
on phenotypic markers. 1) Rolink et al. (1994) used cell size and the expression of c-kit,
CD25 and the surrogate light chains (A5 and VpreB) and 2) Hardy et al. (1991) used CDA43,
CD24 and BP1 on B220" BM cells to divide developing B cells into 7 fractions (Fr), labeled
A-F (Fig. 1.4). Here, | used the Hardy classification. CD43"B220" cells represent the most
immature B lineage cells and can be subdivided using the expression of BP1 and CD24.
Fr. A, or pre-pro-B cells, is negative for CD24 and BP1 and includes the earliest B cell
progenitor, although these cells are not committed to the B cell lineage. Fr. A cells mature
into Fr. B cells where they express CD24 and begin immunoglobulin heavy chain (Igh)
rearrangements (Dy to Jy gene segments). In Fr. C, the cells express BP1 in addition to
CD24, and have initiated Vy-DJy rearrangements. Together, fractions B and C are referred
to as pro-B cells. Fr. C’ contains cells with slightly higher expression of CD24. These early
pre-B cells undergo several rounds of division if they express functional Ig heavy chains.
Early pre-B cells then down-regulate CD43 and become Fr. D or late pre-B cells, and begin
rearrangement of the Ig light chain (V\-J.). The cells that express functional B cell
receptors (BCR), consisting of Ig heavy and light chains, are then selected to become
immature B cells (Fr. E). These cells migrate to the spleen where they undergo further
maturation and selection into the peripheral B cell pool. Each of these steps includes

important developmental events and checkpoints, which will be described below.
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Pro-B Pre-B Immature Mature B

Cell size large small

t
surrogate IgM IgM
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' chain I checkpoint . checkpoint eripheral pool
— — — — — —
A B C c D E
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IgH germline D-J V-DJ V-DJ V-DJ
IgL germline germline germline germline V-J
CD43 + + + + - - -
CD24 - + + ++ ++ + +
BP1 - - + + + - -

Figure 1.4. B cell development according to Hardy nomenclature. B cell development in the BM is
characterized by the cell surface expression of B220, CD43, CD24 and BP-1, as well as the status of antigen
receptor rearrangements (Hardy et al., 1991). All the cells above express B220. Adapted from Miosge and
Goodnow, 2005.

HSC differentiate into lymphoid primed multi-potent progenitors (LMPP) and then into
common lymphoid progenitors (CLP) (Nutt and Kee, 2007). Signaling through FIt3 and IL-7R
induces CLPs to differentiate into pre-pro B cells. IL-7R signaling, in combination with the
E2A transcription factor, initiates B cell lineage specification by upregulating EBF1 (Sitnicka
et al., 2003). EBF1 allows further progression to the pro-B stage and induces the expression
of B cell lineage genes, acting as a lineage commitment factor by repressing alternative
lineage fates (Pongubala et al., 2008). One of the crucial roles of EBF1 in B lymphopoiesis is to
activate the expression of Pax5, a B cell lineage commitment factor, which shuts off
alternative cell fates (Nutt and Kee, 2007; Cobaleda et al., 2007). Pax5 plays important lineage
specification roles, as it reinforces Ebfl transcription and contributes to the expression of
components of the pre-BCR and BCR signaling pathways (e.g. CD19, A5, CD79a (Iga))
(Busslinger, 2004) and important B cell transcription factors (e.g. Aiolos, IRF4, IRF8, Lefl,
SpiB) (Nutt and Kee, 2007). At the pro-B stage, cells undergo Igh rearrangements with the

expression of recombination activating genes (Ragl and Rag2). The pro-B cells that

21



Section | General Introduction Introduction

correctly rearranged the heavy chain are able to pair them with the surrogate light chain
(SLC) proteins A5 and VpreB1/2, and thereafter, with the Iga/lgp signaling heterodimer to
form the pre-BCR (Kitamura et al., 1992 and Mundt et al., 2001, Miosge and Goodnow 2005). The pre-
BCR signals down-regulate the expression of Ragl/Rag2 to prevent rearrangements of the
other heavy chain locus (allelic exclusion) (Grawunder et al., 1995). The pro-B cells that passed
the pre-BCR checkpoint undergo several rounds of division and finally differentiate to pre-B
cells. The pre-B cells proceed with the rearrangement of the light chain gene loci (Miosge
and Goodnow 2005). Because of allelic exclusion, only one light chain isotype, A or x is
expressed on each B cell (Corcoran 2005). Those cells that express functional BCR,
consisting of Ig heavy and Ig light chains will become immature B cells (Hardy and Hayakawa,

2001) and migrate to the spleen to undergo final maturation steps.
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Figure 1.5 B cell development in the periphery. Cell surface markers for B cell subsets during differentiation
are indicated. Adapted from Cope and Feldmann, 2004.
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In the spleen, the immature B cells are called transitional (T) B cells (Fig. 1.5). A subset of
splenic B cells expresses low levels of CD21 and CD93/AA4, suggesting immaturity
(Allman et al., 2001). These cells can be further subdivided into three transitional
subpopulations based on IgM and CD23 expression (Allman et al., 2001). T1 B cells
(IgMMCD23) start to express a second class of BCR, the IgD, to later become T2 B cells
(IgMMCD23%) which express both CD21 and CD23. T3 B cells (IgM°“CD23") down-
regulate IgM and eventually recirculate as mature B cells in the periphery (Chung et al., 2003).
These cells have a short half-lives. The mature B cells can differentiate into plasma cells

(secreting antibodies cells) or into memory cells after antigen BCR activation.

1.1.6.2. Ikaros in immature B cells
Ikaros contributes to nearly every level of B cell differentiation and function. It is required
for the development of the earliest B cell progenitors and at later stages for VDJ
recombination and B cell receptor expression. The activation threshold for various stimuli
(Kirstetter et al., 2002) and the correct antibody isotype during class switch recombination is

also influenced by lkaros in mature B cells (Fig. 1.6) (Sellars et al., 2009).

Ikaros plays crucial roles in B lineage specification and commitment. Specification involves
the activation of lineage specific genes, and commitment consists of suppressing
alternative cell fates though the repression of alternative lineage genes. Ik’ mice lack
CLPs and pre-pro-B cells and exhibit a complete block in B lymphopoiesis (Wang et al., 1996),
suggesting that Ikaros is crucial for B lineage lymphopoiesis. This might be due to a role for
Ikaros in promoting FIt3 and/or IL-7R expression on early hematopoietic progenitors.
Indeed Ik LSK cells lack FIt3 mRNA expression and Ik LMPPs express reduced levels of
[I7r mMRNA (Nichogiannopoulou et al., 1999 and Yoshida et al., 2006). However, independent
retroviral expression of FIt3 and IL-7R in Ik’ LSKs, did not rescue B cell development,
indicating that it is the reduced expression of both receptors together which blocks Ik’ B
lymphopoiesis, and/or that Ikaros has other important functions in B lineage specification
such as the promotion of EBF expression (Reynaud et al., 2008). The EBF-induced Ik’ pro-B

cell lines exhibit promiscuous myeloid gene expression and even latent myeloid
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differentiation capacity. In addition, like Pax-5" pro-B lines, Ik” pro-B lines can be
differentiated into macrophages when cultured with M-CSF (Reynaud et al., 2008). Thus,
Ikaros plays an important role for the commitment of B cells by shutting off alternative cell

fates.

Ikaros performs important roles in B cell development. Ik mice exhibit a partial block in B
cell development between the pro-B and pre-B states (Kirstetter et al., 2002). In accordance,
EBF induced Ik” pro-B cells do not mature into pre-B cells, further demonstrating that

Ikaros contributes to developmental checkpoints in pro-B cells (Reynaud et al., 2008). Ik

pro-
B cells express low levels of Ragl/2 and Igll1l (A5), indicating that Ikaros could be important
for Igh rearrangement (Kirstetter et al., 2002). In support of this, 'S pro B cells lack Ragl and
Rag2 expression and lkaros was shown to bind directly to their promoters in these cells,
indicating that Ikaros is required for Ragl/2 expression (Reynaud et al., 2008). In addition to
Rag gene expression, lkaros also contributes to Igh locus condensation, a critical step
required for V-DJ recombination (Reynaud et al., 2008). Thus, lkaros is required for
differentiation beyond the pro-B cell stage, because it controls multiple aspects of Igh locus

rearrangement.

1.1.6.3. Ikaros in mature B cells
Activation of mature B cells produces high-affinity antibodies with various constant domains
that provide unique effector functions. Ikaros controls both the threshold at which B cells

respond, as well as the choice of antibody isotype they will express.

Ikaros regulates the activation threshold in response to BCR stimulation. Ik-" B cells exhibit
lower activation thresholds to stimulation than WT cells (e.g. proliferate in response to
lower concentrations of anti-IgM stimulation) (Kirstetter et al., 2002) and similar data were
obtained from mice bearing a B cell specific transgene encoding the dn lkaros 7 isoform
(hyper-responsive to stimulation by mitogens) (Wojcik et al., 2007). Thus, Ikaros sets B cell
activation thresholds for antigen and mitogen stimuli. However, the mechanism of how
Ikaros contributes to B cell activation thresholds remains unclear. Results section 3

addresses these questions.
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Ikaros is a central regulator of immunoglobulin isotype specification during class switch
recombination. k"
in 1gG3 (90%) and IgG; (50%) and increases in 1gG,, (50%) and 1gG24 (90%) (Kirstetter et al.,

2002). Sellars et al. (2009) showed that Ikaros deficiency results in increased and ectopic

mice exhibit skewed serum isotype titers, characterized by a reduction

class switch recombination (CSR) to IgG,, and lgG,, and reduced CSR to all other
isotypes, regardless of stimulation. Ikaros by binding directly to the Igh locus regulates
isotype gene transcription and suppresses active chromatin marks (Sellars et al., 2009). Also,
Ikaros—mediated repression of y2b and y2a transcription promotes switching to other
isotypes genes by allowing them to compete for activation-induced cytidine deaminase
(AID)-mediated recombination. Thus, Ikaros is a central regulator of Igh locus transcription

and a regulator of isotype specification during CSR.
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IgH, VpreB,

7R lambda5 $¢
IL-7, FIt3L BCR
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IgG
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Figure 1.6. Ikaros functions in B cells. (Sellars et al., 2011) A. Ikaros promotes the B cell lineage by inducing
the expression of the IL-7R and FIt3 in common lymphoid progenitors (CLPs) and the expression of the EBF
transcription factor in pre-pro-B cells. In pro-B cells, Ikaros regulates Igh recombination by activating Rag
gene expression. After the preBCR checkpoint, lkaros also downregulates the expression of the preBCR
component A5. B. In mature B cells, Ikaros sets the B cell activation threshold to antigen and inhibits the
hyper-proliferation of activated B cells. Finally during class switch recombination, lkaros controls isotype
choice by inhibiting switching to IgG2b and IgG2a and promoting switching to all other isotypes.
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Section Il. THE DEVELOPMENT OF THE IKAROS-DEFICIENT
TUMOR IS NOTCH DEPENDENT

INTRODUCTION

[I.1. Acute lymphoblastic leukemia

ALL is a malignant heterogeneous disease of lymphoid precursor cells arrested at different
stages of T- and B-cell development. It is characterized by recurring chromosomal
abnormalities including translocations, trisomies and deletions. Clinically, it is described by
high white blood cell counts, increased numbers of blast cells and enlarged mediastinal
lymph nodes. ALL affects people of every age. In the case of T-cell ALL (T-ALL), it
represents 15% of pediatric and 25% of adult ALL cases. Prognosis is variable, highlighting
the heterogeneity of this disease and the potentially different molecular mechanisms
involved in tumor initiation and progression. Treatment involves long-term and intensive
combination of chemotherapy associated with severe side effects. Relapse is still frequent
with very poor outcome. Hence, it is important to understand the initiation and progression
of leukemia, the mechanism of how normal cells can be transformed, as well as the
identification of the cells that are able to re-initiate the disease, to provide tools for the

development of better treatments that target these mechanisms or cells, respectively.

[1.1.1. Ikaros in human B-ALL

The Ikaros gene is mutated in 20-30% of B-ALL, mostly by genomic deletions (Mullighan et
al., 2008; Kuiper et al., 2010) that lead to the production of dn Ikaros isoforms or
haploinsuficient mutations. One B-ALL subtype with an especially poor prognosis is
characterized by the Philadelphia chromosome (Ph) arising from the t(9;22) (934;q12)
translocation which encodes the constitutively activated BCR/ABL1 tyrosine kinase. Ph
positive B-ALLs represent 5% of pediatric B-progenitor ALL and 40% of adult ALL.
Expression of BCR/ABL1 is also the major pathological lesion underlying chronic
myelogenous leukemia (CML).
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IKZF1 mutations occur frequently in human leukemias that express the BCR/ABLL.
Mullighan et al. (2008) have found that the most frequent somatic copy number alteration
present in BCR/ABL1 B cell-progenitor ALLs was deletion of IKZF1. This was the case in
80% of BCR/ABL1 ALL cases (76% of pediatric and 90% of adults). These deletions were
confined to a subset of internal IKZF1 exons, most commonly exons 3-6, generating a dn
Ikaros isoform. This study demonstrated that the expression of dn Ikaros isoforms was due
to IKZF1 genomic abnormalities, and not aberrant post-transcriptional splicing induced by
BCR/ABL1 fusion protein. Finally, the lack of dn Ikaros isoforms in CML samples suggests
that this is an exclusive event for BCR/ABL1 B cell-progenitor ALLS (Mullighan et al, 2008). In
addition to the BCR/ABL1 B-ALL studies, it was shown that 15% of pediatric B-ALLs have

a deletion of single IKZF1 allele or mutation of a single copy of IKZF1 (Mullighan et al., 2007).

In addition, lkaros deletions are significantly associated with poor relapse-free and overall
survival rates (Kuiper et al., 2010). Relapsing B-ALL harbor twice more genomic abnormalities
at diagnosis as compared with non-relapsing ALL. The deletion or mutations in IKZF1 were
highly enriched in relapse-prone diagnosis samples. In contrast to other lesions, like
CDKNZ2A, IKZF1 lesions were found to be preserved at relapse in all paired samples (Kuiper
et al., 2010). Recently, it was shown that about 20% of B-ALL patients with IKZF1 mutations
present two distinct deletions: biallelic and biclonal deletions. The biallelic deletions lead a
complete loss of Ikaros function by the loss of the second IKZF1 allele and thus, providing
a selective oncogenic advantage to leukemic cells that had already lost one allele. The
biclonal deletions were found in patients displaying exons deletions and haploinsuficient
mutations but that still exhibited Ikaros mMRNA and protein suggesting that these mutations
occurred in different clones as secondary events during leukemogenesis. (Dupuis et al., 2012)
Thus, lkaros loss-of-function mutations are a common and complex event in B-ALL
particularly in high risk B-ALL. These genomic deletions could result in the production of dn
Ikaros isoforms or haploinsufficiency, where the initiating codon was deleted. Importantly,

these mutations can be secondary events during leukemogenesis.
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[1.1.2. Ikaros in human T-ALL
Although, Ikaros is strongly associated with B-ALL leukemias expressing the BCR/ABL1

fusion protein, it still remains unclear if Ikaros functions as tumor suppressor in human T-
ALL. Sun et al. (1999) reported a high prevalence of aberrant, dominant-negative lkaros
isoforms in all 18 pediatric T-ALL cases in which lkaros proteins were localized in the
cytoplasm of the leukemic cells. Later studies, however, have not confirmed these initial
results and failed to detect dominant-negative Ikaros (Nakase et al., 2000; Ruiz et al., 2004).
Recently, using more sensitive techniques such as high resolution comparative genomic
hybridization (CGH) arrays, low frequencies of genomic lkaros deletions were
demonstrated (6 out of 120 reported cases) (Maser et al., 2007; Kuiper et al., 2007; Meleshko et al.,
2008; Mullighan et al., 2008; Marcais et al., 2010). Besides direct genetic inactivation, lkaros can
also be inactivated at the functional level as suggested by the localization of Ikaros proteins
in the cytoplasm (Sun et at., 1995; Margais et al., 2010). In a study of 25 cases of human T-ALL,
only one sample had inactivation of lkaros. One allele was lost by genomic deletion. The
intact allele produced an lkaros protein that was delocalized. It exhibited an association
with an abnormal cytoplasmic structure and a loss of nuclear localization. These results
suggest that Ikaros is inactivated via two mechanisms: genomic deletion of one allele and
cytoplasmic retention of the protein synthesized from the second allele (Marcais et al., 2010).
Recently, the study of early T cell precursor (ETP) ALL, have shown that 58% of the
samples have alterations in genes with roles in hematopoietic and lymphoid development,
including RUNX1, IKZF1, ETV6, GATA3, and EP300. The IKZF1 gene was deleted or
mutated in its sequence in 15% of the ETP-ALL samples. Furthermore, reconstruction of
the transcriptional network of ETP-ALL using the algorithm for the reconstruction of
accurate cellular networks (ARACNE), identified IKZF1 and RUNX1 as the hub genes for
30 gene networks, suggesting that these transcription factors are key determinants of the
transcriptional profile of ETP-ALL (zhang et al., 2012). Thus, lkaros loss-of-function mutations

seem to be a recurrent anormaly in human T-ALL principally in the ETP-ALL subtype.
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[1.1.3. Ikaros in mouse T-ALL

The studies of lkaros targeted mouse models show that Ikaros play a role in the
development and function of almost all hematopoietic cell types and that it is a tumor
suppressor in T cells. The k™" kP ™ 1k and 1k”" mice develop T-ALL with a rapid
onset. Thus, all mice carrying mutations in lkaros develop T-cell leukemias with high

incidence demonstrating a strong tumor suppressor function for Ikaros in murine T cells.

Importantly, the implication of Ikaros in T-ALL was not only seen in the genetically modified
Ikaros mice. Frequent loss-of-function lkaros mutations can been found in murine thymic
lymphomas induced by irradiation, mutagens or deficiency in DNA repair pathways (Shimada
et al, 2000; Kakinuma et al., 2002; Beverly and Capobianco, 2003; Kakinuma et al., 2007; Uren et al., 2008).
These mutations, present in 20-85% of the tumors, show two types of defects: 1) focal
genomic deletion in the proximal part of chromosome 11 where Ikaros is located or 2) point
mutations in the coding regions (missense mutations) or mutations leading to premature
stop codons which probably behave as null allele mutations. Thus, the inactivation of
Ikaros function as tumor suppressor gene could be generated by several mechanisms such
as genomic deletions or loss-of-function mutations which result in the development of
murine T-ALL.

11.1.3.1. Ik"" tumors
The deficiency of lkaros in T cells leads to the development of aggressive T-lymphoma. All

homozygote Ik""

mice develop thymic lymphomas between 12-20 weeks of age and
rapidly die from an enlarged thymus or general organ failure due to metastasis in the bone
marrow, spleen, kidneys or liver (Fig. Il.1A) (Dumortier et al.,2006). “Early” thymic tumors, 10-12
weeks of age, were defined as slightly enlarged thymus, exhibiting a heterogeneous CD4,
CD8 expression profile and no detectable metastasis. “Late” thymic tumors, 18-22 weeks
of age, exhibit a varied phenotype where most were CD4"CD8" double positive (DP) with
some CD8+ single positive (SP) cells (Fig. 11.1B and data not shown). Most tumors appear to be
monoclonal, although some showed two or more TCR [ rearrangements (Dumortier et al.,

2006).
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Figure Il.1. Ikaros™" thymic lymphoma. A. Photography of WT thymus (4 weeks old) and Ik~ tumor (22
weeks old) with metastases in the spleen. Th, thymus; Lu, lung; H, heart; Li, liver. B. Flow cytometry analysis
of CD4 and CD8 expression on thymocytes from WT and Ik"" thymi.

Ik tumors appear to start in the thymus. Thymectomized Ik~" mice (surgery at 5 weeks of
age) remain healthy and tumor free 1.5 years after the surgery (Dumortier et al., 2006). Thus,
the IkY* tumor development seems to have a strong dependence on signals received from

k""" tumors (18-20 weeks old)

the thymus environment. The transcriptome analysis of |
compared with WT thymic (3 weeks old) and premalignant Ik"" thymus (3 weeks old)
revealed the over-expression of a group of genes, that included Notchl and the Notch
target genes Deltex-1, Hes-1 and pTa, as well as Notch3. These genes were also over-
expressed in “early” Ik tumors (Dumortier et al., 2006). Thus, an activated Notch pathway is

a prominent and early feature in Ik"* tumors.

Ik Y tumors

WT T100 T57 T64 T28 T71 T41 T37 TS50
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Figure 11.2. IK-" tumors over-express Notchl protein of variable size. (Dumortier et al., 2006) Nuclear extracts
from WT and Ik“" tumors were analyzed with an anti-cleaved Notch1 antibody. 75% the Ik“" tumors showed
variability in size of cleaved intracellular Notch1l proteins.

The majority of the Ik“" tumors express Notchl proteins with deletions in the PEST

domain. The analysis of the intracellular Notchl protein (the active form) revealed that the
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majority of Ik""

tumors tested expressed high amount of intracellular Notchl protein with
smaller size than expected (120kDa) (Fig. 11.2). The sequencing of these Notchl transcripts
showed frameshift mutations leading to the PEST domain deletions (Dumortier et al.,2006).

kL/L

Thus, Notchl mutations are a common feature in | tumors.

Notch activation is required for tumor cell proliferation in vitro. Cell lines derived from k"
tumors were cultured in presence of a y-secretase inhibitor (GSI), which blocks the
cleavage of surface Notch and the subsequent translocation of the active Notch into the
nucleus. The GSI treatment stopped the proliferation of the 1k"" cell lines. However, the
proliferation can be restored with the ectopically expression of intracellular Notchl. Thus,
Ik-" cell line proliferation is dependent on Notch activation.

In summary, the Ik“" mice develop a thymus-dependent aggressive leukemia with strong
Notch signaling activation. These tumors harbor Notchl mutations in the PEST domain and
their proliferation in vitro depends on Notch activation. However it remained unclear how
Notch signaling contributes to T-cell transformation in vivo. Results in section 1l address the

kL/L

Notch dependence for the Ik~ tumor development.

[I.2. Notch signaling pathway

The Notch signaling pathway is a highly conserved cell-cell communication mechanism
though the interaction of Notch receptors and their ligands (Fig. 11.3). This pathway is
implicated in cell differentiation processes during embryonic and adult life. Mammals have
four Notch receptors (Notch1-Notch4), and five ligands (Jagged 1 and Jagged 2 and Delta-
like 1(Dll1), DII3 and DII4). During transport to the cell surface, Notch receptors are
modified by Fringe-type glycosylases and are cleaved by a furin-like protease at the S1
site, a site just external to the transmembrane subunit, resulting in mature heterodimeric
receptors consisting of non-covalently-associated extracellular (EC) and transmembrane
(TM) domains. Ligand-receptor engagement results in two successive proteolytic
cleavages of Notch. The first cleavage mediated by the metalloprotease tumor necrosis

factor-a-converting enzyme (TACE) occurs at the S2 site in the EC domain and creates a
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short-lived membrane bound form of the TM domain. The second cleavage occurs at the
S3 site in the TM domain, and is catalyzed by a multiprotein protease complex commonly
known as y-secretase that consists of presenilin, nicastrin, APH1 and PEN2 proteins. y-
secretase cleavage releases the intracellular domain of Notch (ICN), and allows its
translocation to the nucleus where it binds to its downstream transcription factor RBP-J.
ICN also binds Mastermind-like-1-3 that recruit coactivators with histone acetyl transferase
activity. ICN is short-lived and is targeted for proteasome-mediated degradation (Radtke et

al., 2005).
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Figure 11.3. The Notch signaling pathway. (Radtke et al., 2005). Notch receptors are synthesized as single
precursor proteins that are cleaved at S1 in the Golgi by a Furin-like convertase during their transport to the
cell surface where they are expressed as heterodimers. Ligand-receptor interaction induces two sequential
proteolytic cleavages. The first one at S2 mediated by the metalloprotease TACE. The cleaved extracellular
(EC) domain of the receptor is trans-endocytosed by the neighboring ligand-expressing cell. The second
cleavage occurs at S3 mediated by the y-secretase complex. The liberated intracellular domain of Notch
(ICN) translocates into the nucleus and binds to the transcription factor RBP-J. This interaction leads to
transcriptional activation by displacement of corepressors (CoR) and simultaneous recruitment of
coactivators (CoA), including mastermind-like proteins (MAML1).
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[1.2.1. Structure of Notch receptor
The Notch receptors are heterodimeric transmembrane proteins composed of EC and TM
domains. The EC domain of Notchl-4 contains 29-36 tandem EGF-like repeats that bind
their ligands, followed by 3 Notch/Lin-12 repeats (LNR), and a conserved
heterodimerization domain (~100 amino acid region) that maintains stable EC-TM
association. The TM domain, contains a RAM domain, 7 tandem ankyrin repeats and a C-
terminal PEST domain. Between the ankyrin repeats and PEST domain lays a region with

considerable sequence variation between Notchl and Notch 4 (Fig. 11.4).

r 1 NTM
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Figure Il.4. Structure of the Notch receptor. (Roy et al., 2007). Cleavage at S1 by furin-like protease creates
two non-covalently associated subunits (N° and N™). The negative regulatory region (NRR) that prevent
Notch proteolytic cleavage and activation in the absence of ligands, is composed of three LIN12-Notch
repeats (LNRs) and the heterodimerization (HD) domain with the N- (DN) and C-terminal (HDC) regions.
Ligand-receptor interaction through the EGF-like repeats induces the cleavage at site S2 by
metalloproteases, creating a short-lived intermediate N™. The y-secretase cleavage at S3 releases the
intracellular domain of Notch (ICN). Abbreviations: ANK, ankyrin-like repeats; PEST, degron sequence rich
in the amino acids proline, glutamate, serine and threonine; RAM, RAM domain; TAD, transcriptional
activation domain.

[1.2.2. Notch in T cell development
T cells originate from pluripotent precursors in the BM or fetal liver, which migrate to the
thymus (Fig. 11.5). The earliest T cell progenitors (ETP) in the thymus are found in the CD4"
CD8" double-negative 1 (DN1) population and display a lack of lineage markers (CD2,
CD3, CD4, CD5, CD8, NK1.1, B220, Ter-119, Gr-1) (Lin) and a Scal’c-kit"'CD24"°*CD25
CD44*IL-Ra™ surface phenotype. DN1 cells differentiate to the DN2 (CD25*CD44") stage.

ETPs and DN2 cells proliferate extensively while acquiring their first T cell characteristics
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and initiate the TCR rearrangements (Allman et al., 2003). After the T cell reaches the DN3
(CD25'CD44) stage, they stop proliferating, greatly increase the TCR gene rearrangement
and generate the first fully rearranged TCR loci (TCRB, TCRy and/or TCRJ) (Taghon et al.,
2006). DN3 cells are blocked at this stage until they correctly rearrange their locus, then
they re-start the proliferation. The DN3 cells that successfully rearrange TCRy and 3-chains
are selected as yoT cells. Otherwise, the expression of TCRp qualifies the cells to undergo
B-selection. The B-chains in DN3 cells bind with an auxiliary chain called pTa (pre-T-cell ).
The pre-TCR is expressed at the surface in complex with CD3 molecules. The pre-
TCR:CD3 complex induce proliferation, stop the  chains rearrangements, and promote the
expression of CD4 and CD8 to continue with the T cell maturation. During the transition
DN-DP, the DN3 evolve to DN4 due to the loss of CD25 expression and go through an
iImmature simple positive stage (ISP) that expresses initially CD8 and then CD4 to become
DP cells. The DN4 cells initiate the rearrangement of the a-chain locus which culminates at
DP. The DP cells represent the majority (75-80%) of the thymocytes and are not
proliferating cells. The formation of the TCRaB complexes allows them to undergo positive
and negative selection to generate mature CD4" or CD8" TCRap™ T cells (CD4+SP or

CD8"SP, respectively) (Rothenberg et al., 2008).

Notch signaling is essential for the early steps of T-cell development. The thymic
epithelium provides a combination of receptor ligands and growth factors to trigger and
support T cell differentiation, proliferation and survival. The most important of these
receptor ligands are ligands for the Notch cell-surface receptors, delta-like ligand 1 (DLL1)
and DLL4 (Maillard et al., 2005). Loss-of-function experiments have shown that Notch plays a
crucial role in determining T versus B lymphoid lineage decision. Deletion of Notchl prior to
T cell commitment ablates T cell development and causes the accumulation of ectopic
immature B cells in the thymus (Han et al., 2002; Radtke et al., 1999; Wilson et al., 2001).
Conversely, gain-of-function analysis involving over-expression of constitutively active
Notchl in BM lineage negative progenitors indicate that activated Notchl results in thymic-
independent T cell development at the expense of B cell development in the BM (Pui et al.,
1999). Transplantation experiments have shown that Notch activity is important for T or B

cell lineage commitment. Low Notch activity is sufficient to inhibit ectopic B cell
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differentiation, whereas ETP generation requires higher Notch activity (Schmitt et al., 2004; Tan
et al., 2005). It remains unclear in which organ the commitment takes place. However,
Varnum-Finney et al. (2008) have demonstrated the importance of the thymic environment
for the expression of Notch target genes like Hes5 to commit for the T lineage. Thus, the
Notch signaling plays an important role for the commitment of lymphoid precursors to the T

lineage.
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Figure 11.5. T cell development. Early T cell progenitors (ETP) migrate and differentiate in the thymus from
double negative to double positive and then to single positives. Surface markers for the classification of the

DN1-DN4 population are indicated. The stages where the TCR rearrangements take place are also indicated.

Notch signaling is not only required for the generation of the earliest intrathymic ETP. It is
also necessary for the generation and maintenance of DN1 cells, where Hes-1 expression
is induced (Tan et al., 2005). At DN2 and DN3 stages, Notch activation induces the
expression of characteristic markers for these stages like Ptcra (pTa) and the DN2-DN3
stage specific marker Cd25 in addition to Deltex-1, Notchl, Notch3 expression (Taghon et al.,
2005) DNB3 cells need the Notch signaling for the transition to DN4. Notch and E2A induce
the expression of pTa to form the pre-TCR. Then Notch signaling collaborates with the pre-

TCR and suppresses E2A activity, which induces the proliferation of the TCR[B-selected
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DN4 cells (Engel and Murre, 2002; Nie et al., 2003; Talora et al., 2003). Also, Notch supports the
DN3-DN4 transition by the induction of Tcrb expression (Hoflinger et al., 2004) and promoting
survival of DN3 by Akt activation (Ciofani and Zuniga-Pflucker, 2005). However, the DN4 cells
appear less dependent on Notch signaling for maturation into the DP population (Kleinmann
et al., 2008). Notch signaling might influence ap versus y6 T cell lineage commitment.
Lethally irradiated mice reconstituted with Notch1™* and Notch1*" BM cells showed that

+/+

Notch *" cells develop more efficiently into 10 T cells than Notch ™" BM cells (washburn et al.,
1997). However, the mice lacking the Notch ligand Jagged2 show fewer yd T cells (Jiang et
al., 1998). By using the OP9-DL1 stromal cell culture system, Ciofani et al. (2006)
demonstrated a complex Notch regulation for yd T cell development. The absence of Notch
signaling impairs y6 T cell development from DN2 cells, but leaves a normal y6 T cell
development from DN3 cells. These results provide unclear data about the real Notch
function in af versus yo T cell lineage commitment. Taken together, these findings
demonstrate the essential role of Notchl signaling to induce and promote survival and

proliferation throughout the early stages of intrathymic T cell development.

Notch activation is also important for the peripheral T cell differentiation. Notch signaling
enhances T cell proliferation in the presence of antigen presenting cells and induces
polarization toward the T helper type 2 (Tu2) lineage (Amsen D, et al., 2004). To support this, it
was shown that a sequence called the conserved noncoding sequence 2 (CNS2) in the 3’
enhancer of the interleukin-4 (IL-4) gene promoter, contains RBP-J binding sites,
suggesting that the regulation of IL-4 expression by Notch signaling may influence Tyl
versus Ty2 differentiation (Tanaka S, et al., 2006). Thus, Notch signaling might influence the T

cell mediated immune responses.

[1.2.3. Notch implication in human T-ALL
The Notch signaling pathway was first implicated in a rare case of T-ALL exhibiting a t(7;9)
(934,;34.3) translocation present in 1% of T-ALL cases. This fusion protein is composed of
the TCRB promoter/enhancer region and the C-terminal region of EGF repeat 34 of the

human Notchl gene, resulting in the expression of an N-terminal truncated, dominant
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active, and ligand-independent human Notchl receptor (Ellisen et al., 1991; Reynolds at al.,
1987). The oncogenic potential of this fusion protein was shown with mice transplanted with
BM progenitors expressing this fusion protein. These mice developed T cell neoplasms as
early as 2 weeks after BM transplantation (Pear et al., 1996). Later, other truncated Notch
isoforms as well as Notch2 and Notch3 were shown to induce T cell leukemias when over-
expressed in BM progenitors or immature thymocytes (Bellavia et al., 2000; Rohn et al., 1996).
Originally, it was thought that Notch played a minor role in the molecular pathogenesis of
human T-ALL due to the rare frequency of this translocation. This changed after Aster and
colleagues (Weng et al., 2004) showed that Notchl mutations are the most common mutation
in T-ALL. A functional screening of human T-ALL cell lines showed two set of mutations
either in the heterodomain (HD) or in the PEST domain. In addition, the analysis of 96
pediatric T-ALL samples revealed that 55% of these T-ALLs had at least one mutation in
the HD domain or the PEST domain of the Notchl gene, with 17% of the tumors having
mutations in both domains (Fig. 11.6) (Weng et al., 2004). Mutations in the HD domain (around
S2 and S3 sites) favor the generation of intracellular, constitutively active Notchl proteins
(ligand-independent S2 cleavage). In other hand, the mutations in the PEST domain were
predicted to preserve the Notchl protein stability, because essential recognition sequences

for ubiquitin ligases that ensure a rapid turnover of the protein are lost.

Moreover, Notchl mutations can indirectly lead to the development of leukemia by the
oncogenic effect of its downstream effectors. One of these effectors is MYC. The analysis
of Notch dependent murine T-ALL cell lines revealed MYC as a direct target of Notchl
(Weng et al., 2006; Palomero et al., 2006). Bonnet et al. (2011) have shown that T-ALL patients
with Notchl mutations are associated with high MYC and low PTEN protein levels, even in
absence of PTEN mutations. The Notch mutations in these patients contribute to
leukemogenesis by activating MYC transcription and stabilizing MYC protein via PTEN
repression (Bonnet et al., 2011). Thus, Notchl mutations are an important feature for T-ALL in
different ways.
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Figure 11.6. Distribution of Notchl mutations in human T-ALL.(Weng et al. 2004) The positions of mutations in

Notch T-ALL cell lines (filled triangles) and primary human T-ALL samples (empty triangles).

Thus, the most common Notchl mutations found in human T-ALL are located in the HD

domain, allowing for ligand-independent cleavage. In contrast, within the murine T-ALL

models (T-ALL murine models deficient for E2A, p53 or Ikaros),

the most common

mutations are truncations of the PEST domain that enhance the stability of the truncated

protein (Reschly et al., 2006; O’Neil et al., 2006; Dumortier et al., 2006), not mutations in the HD

domain. Due to the different mutations between human T-ALL and murine T-ALL, the

guestion of how ligand-independent Notchl activation is initiated in the T-ALL tumors

remained unclear. The following results provide an answer to this question.
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Section Il. THE DEVELOPMENT OF THE IKAROS-DEFICIENT
TUMOR IS NOTCH DEPENDENT

RESULTS

After | arrived to the IGBMC | began to study the Ik leukemias. It had already been
shown that the proliferation of Ik~ tumor-derived cell lines were Notch dependent but it

remained unclear if the Notch pathway was required for the development of the tumor.

kL/L kL/L

To investigate the Notch dependence in the development of Ik~ tumors, we crossed |
mice with mice carrying a null mutation of Notch3, or floxed alleles for RBP-J (the
transcription factor of the Notch pathway) or Notchl. The deletion of the floxed alleles was
driven by the CD4-Cre transgene. The deletion of RBP-J delayed the onset of leukemia
from 18 weeks in Ik”" mice to 30 weeks in double mutant mice. The absence of Notch3
had no effect on the development of the Ik tumor; the mice died with similar kinetics and
the tumors displayed similar CD4/CD8 profiles. Surprisingly the T-cell specific deletion of
floxed Notchl promoter/exonl sequences accelerated leukemogenesis. The Ik"" Notch1™
CD4-Cre* (INC+) tumors exhibited a similar CD4/CD8/CD3 profile as the Ik"" tumors but
they lacked Notchl expression as measured by flow cytometry. We also found that Notch
target genes were strongly up-regulated in INC+ tumors. These results and the high
expression of CD25, a Notch target gene, suggested the activation of the Notch pathway.
We found that the deletion of the Notchl promoter is oncogenic in T cells, since it leads to
the activation of a cryptic intragenic promoter in the 3’ region that generates transcripts

encoding a constitutively active Notchl protein.

The results of this work were published in Blood as a Plenary paper, “Oncogenic

activation of the Notchl gene by deletion of its promoter in Ikaros—deficient T-ALL.”

My principal contribution to this work was the analysis of tumor-derived cell lines and
primary tumors from the different mouse lines. | demonstrated that full-length RBP-J

protein and the intracellular Notchl protein of variable sizes were expressed in the RBP-J-
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deleted tumors, suggesting that the tumor cells escaped the RBP-J deletion mediated by
the CD4-Cre transgene (Fig. 1C). The analysis of the INC+ primary tumors that | performed
by surface marker staining, had shown the lack of extracellular Notchl but high CD25
expression. The expression of CD25, which is a Notch target gene, supports the idea that
Notch pathway remains active in these tumors. Using western blot, | demonstrated that the
INC+ tumors expressed intracellular Notchl proteins with variable molecular weights
indicating mutations in the Notchl gene (Fig. 3D, G). | characterized the INC+ and INC-
tumor-derived cell lines in terms of CD4/CD8 surface expression and the intracellular
Notchl expression. In addition, my results showed that the inhibition of the y-secretase
cleavage by GSI decreased the amount of intracellular Notchl protein (supplementary Fig. 2).
Since the sequencing of INC+ 5’RACE products predicted the lack of the extracellular
domain but the presence of the y-secretase cleavage site, | analyzed the Notchl proteins
from INC+ and INC- tumor-derived cell lines treated or not with GSI and showed that the
INC+ proteins contain the y-secretase cleavage site (Fig. 5F). To validate if the 5’promoter
deletion could induce transcription initiation from 3’sites, we established an inducible cell
line to delete the floxed Notchl sequences by Cre-ERT2. | treated the cells with 4-OH
tamoxifen for 24hrs and showed the deletion of the floxed allele by PCR (Fig. 6E). Finally, |

kL/L

analyzed the spontaneous deletions of 5’ genomic sequences in several Ik~ tumors (Fig. 7).
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The Notch pathway is frequently acti-
vated in T-cell acute lymphoblastic leuke-
mias (T-ALLs). Of the Notch receptors,
Notch1 is a recurrent target of gain-of-
function mutations and Notch3 is ex-
pressed in all T-ALLs, but it is currently
unclear how these receptors contribute
to T-cell transformation in vivo. We inves-
tigated the role of Notch1 and Notch3 in
T-ALL progression by a genetic approach,
in mice bearing a knockdown mutation in
the lkaros gene that spontaneously de-
velop Notch-dependent T-ALL. While dele-

tion of Notch3 has little effect, T cell-
specific deletion of floxed Notchi
promoter/exon 1 sequences significantly
accelerates leukemogenesis. Notch1-
deleted tumors lack surface Notch1 but
express y-secretase—cleaved intracellu-
lar Notch1 proteins. In addition, these
tumors accumulate high levels of trun-
cated Notch1 transcripts that are caused
by aberrant transcription from cryptic ini-
tiation sites in the 3’ part of the gene.
Deletion of the floxed sequences directly
reprograms the Noich1 locus to begin

transcription from these 3’ promoters and
is accompanied by an epigenetic reorga-
nization of the Notch1locus that is consis-
tent with transcriptional activation. Fur-
ther, spontaneous deletion of 5° Notch1
sequences occurs in approximately 75%
of Ikaros-deficient T-ALLs. These results
reveal a novel mechanism for the onco-
genic activation of the Notch1 gene after
deletion of its main promoter. (Blood.
2010;116(25):5443-5454)

Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is a heterogeneous
disease that is characterized by multiple subtypes. T-ALL affects
both children and adults and results from the accumulation of blasts
blocked at specific stages of T-cell differentiation. Treatment
involves long-term and intensive combination chemotherapy, which
are associated with severe side effects. Relapse is frequent in adult
T-ALL with very unfavorable outcome. Less than 60% of patients
survive longer than 5 years.!

T-ALL is associated with recurrent genetic and epigenetic
abnormalities. Chief among them is the activation of the Notch
pathway.? The oncogenic effects of the Notch pathway are probably
linked to its pleiotropic influence on T lymphocytes. Notch
receptors are expressed on the surface of T cells, and upon binding
to ligands expressed by neighboring cells, the heterodimeric
receptor is cleaved by metalloproteases (at the S2 site) and
y-secretase (at the S3 site) to release an activated, intracellular
form of Notch (ICN). Cleaved Notch then translocates to the
nucleus where it binds to its downstream transcriptional mediator,
recombination signal binding protein for immunoglobulin kappa J
region (RBP-J), and coactivators to activate the transcription of
Notch-dependent target genes.>¢

Of the 4 Notch receptors (Notch1-4), Notchl appears to be the
most important in human T-ALL. This was first demonstrated by
the finding of a rare translocation in approximately 1% of T-ALL

that fuses the sequences encoding the C-terminal portion of Notchl
downstream of the promoter of the 3 chain of the T-cell receptor
(TCR), resulting in the expression of a constitutively active
intracellular Notchl protein that acts as a powerful oncogene.’
More recently, Aster and colleagues® found that the Notchl gene
contains point mutations or deletions in approximately 70% of
T-ALL cases, which are situated in the heterodimerization domain
and the 3" PEST domain. These mutations lead to increased
cleavage of Notchl as well as stabilization of the intracellular
protein. Collectively, these studies suggest that Notchl is the
crucial receptor for oncogenic mutations. On the other hand,
Notch3 mRNA expression is up-regulated in all T-ALL cases
studied, also suggesting a role for this receptor in T-ALL
development.”-10

A variety of murine T-ALL models have addressed the onco-
genic role of Notch proteins carrying different mutations or
deletions, usually by overexpressing them in retroviral systems or
by transgenesis.!"!> These have provided valuable information
about the potential of activated proteins to induce transformation,
but they also come with caveats, as overexpression studies do not
always resemble the physiologic disease. For example, overexpres-
sion of intracellular Notchl-3 are equally capable of inducing
leukemia in the retroviral bone marrow transfer model,'® yet
Notch2 does not appear to be affected in human T-ALL. Thus, the
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individual roles played by the specific Notch receptors in T-ALL
progression remain poorly understood.

We recently described a spontaneous model of T-ALL in mice
bearing a knockdown mutation of the Ikaros gene (IkM/F).!7 These
mice develop clonal T-cell lymphomas in the thymus with an early
and reproducible time of onset, between 10-12 weeks of age, and
they die at a median age of 18 weeks. Disease incidence is 100%.
The tumor phenotype is predictable and shows an accumulation of
blasts at the CD4*CDS8* (DP) and CD4-CD8* (CD8 SP) stage of
differentiation; a3 TCR/CD3 expression levels vary from low to
intermediate. Interestingly, all tumors show high up-regulation of
Notch target gene expression at the mRNA level. This is accompa-
nied by the accumulation of intracellular Notch1 proteins that show
point mutations or deletions in the PEST domain of the Notchl
gene. Tumor cell proliferation is strictly dependent on Notch
signaling. IkMt mice therefore develop a Notch-dependent T-ALL
that is highly reminiscent of the human disease. Importantly, the
Notch pathway genes were unmanipulated in this system.

Thus, the IkME mouse line is a relevant model for studying the
role of Notch activation and the function of specific Notch
receptors in the pathogenesis of T-ALL. Here, we deleted RBP-J,
Notch3, and Notchl in Ik mice and evaluated their genetic
contribution to T-ALL initiation and progression. We show that
Notchl is the critical receptor in T-ALL and uncover a novel
mechanism for the generation of oncogenic Notchl proteins that
involves deletion of its 5" promoter.

Methods

Methods are available on the Blood Web site (see the Supplemental
Materials link at the top of the online article). Research on mice at the
IGBMC was approved by the Direction des Services Vétérinaires du
Bas-Rhin. All microarray data are available on the Gene Expression
Omnibus (National Center for Biotechnology Information) public database
under accession number GSE23972.

Results

Genetic contribution of RBP-J, Notch3, and Notch1 to tumor
progression in a spontaneous model of T-ALL

To determine the significance of Notch activation and to define the
role of Notch receptors in T-ALL progression, we crossed Ikaros™/
mice with animals carrying null mutations or floxed alleles for
RBP-J, Notch3, and Notchl.'®2° To delete the floxed alleles, the
CD4-Cre tg,”! which excises floxed sequences at the DN4
(CD4-CD8 CD44-CD25") to DP stage of thymocyte differentia-
tion, was chosen for 3 reasons: (1) because the constitutive null
mutation is embryonic-lethal (eg, with RBP-J and Notchl),
(2) because deletion at an earlier time point (eg, using lck-Cre)
impairs T-cell differentiation and might introduce unnecessary side
effects to our interpretation of the results,?> and (3) because the
IKME tumors consistently express a a3 TCR and display a DP to
CDS8 SP cell-surface phenotype, suggesting that most tumor cells
undergo some differentiation and will activate the CD4 promoter.
The effect of RBP-J inactivation was therefore studied in
RBP-J-expressing Ik/“RBP-J"'CD4-Cre~ (IRC™) and RBP-J—
deleted IkLRBP-J#fCD4-Cre™ (IRC™) mice. In agreement with
published results,”> CD4-Cre-mediated deletion of RBP-J in Ik
mice did not affect T-cell differentiation and thymic cellularity
(data not shown). In contrast, loss of RBP-J significantly pushed
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T-ALL-related death from a median of 18 weeks to 30 weeks
(Figure 1A; P = 2 X 10719). To determine whether this was due to
a delay in tumor initiation or tumor growth, we analyzed the
thymus of IRC* and IRC™ mice at 18 weeks of age. At this age,
IRC™ mice were either dead or showed pronounced thymic
lymphomas with an abnormal CD4/CD8 phenotype (Figure 1B). In
contrast, IRC* mice were healthy and exhibited a normal thymic
phenotype, similar to wild-type (WT). Nevertheless, IRC™ mice
eventually died from T-ALL. IRC* tumors expressed full-length
RBP-J and intracellular, y-secretase—cleaved Notchl polypeptides
(ICN1) of variable size (Figure 1C), suggesting a selection of PEST
mutations in the Notchl gene. These tumors showed low levels of
deletion of the floxed sequences (Figure 1D), indicating that the
CD4-Cre transgene had not been activated in most of the cells.
Indeed, some IRC* tumors were composed mostly of CD4-CD8~
or CD4-CD8* cells (see T99 and T96 in Figure 1E). Other tumors
expressed CD4 but may have acquired resistance to the Cre-
mediated deletion through another mechanism. Collectively, these
results demonstrate that Notch activation is required for T-ALL
initiation in Ik mice.

Notch3 is highly expressed in human T-ALL and in IKME
tumors.®!%17 We therefore evaluated the role of Notch3 in tumor
progression by crossing IkMt mice with Notch3-null animals. Tk
mice died from T-ALL with similar kinetics and similar tumor
profiles (DP/CDS8 phenotype, low levels of a3 TCR) in the
presence or absence of Notch3 (Figure 2 and not shown), indicating
that Notch3 has minimal impact on T-ALL induced by Ikaros
deficiency.

To investigate the role of Notchl, Ik mice were crossed with
animals expressing floxed Notchl alleles and CD4-Cre to generate
Ik“Notch17'CD4-Cre* (IN1C*) and Ik““Notchl1”CD4-Cre~
(IN1C~) mice. Unexpectedly, Notchl-deleted INIC* mice died
significantly faster and developed T-ALL earlier than their IN1C™
littermates (11 weeks for INIC* vs 20 weeks for IN1C~; Figure
3A,C). Furthermore, there was no detectable difference in tumor
phenotype: both INIC* and INIC~ tumors exhibited similar
CD4/CD8/CD3 profiles, showed biased TCR 3 chain rearrange-
ment, and could transfer disease with similar kinetics in irradiated
primary and secondary recipients (supplemental Figure 1 and not
shown). In addition, the acceleration in tumor development was
strictly dependent on the presence of both the floxed Notchl alleles
and the CD4-Cre tg, as Ik'/“Notchl1™*CD4-Cre™ mice also died
near 20 weeks of age (Figure 3A blue curve). These results suggest
that deletion of the Notchl floxed alleles is an oncogenic event.

Notch1 activation in Notch1-deleted tumors

Tumor development in INIC* mice could mean that the Notchl
alleles of the tumor cells had escaped deletion by the CD4-Cre tg.
We evaluated the deletion efficiency of the floxed alleles in a panel
of primary tumors from IkM:, INIC~, and INICT mice by
polymerase chain reaction (PCR) analysis (Figure 3B) and found
that the INIC™ tumors showed high levels of deletion, suggesting
that most IN1C* tumor cells had efficiently deleted both Notchli
alleles. We also evaluated the cell-surface expression of Notchl on
primary INIC* tumors by flow cytometry. In these experiments,
IN1C~ tumors uniformly expressed high levels of CD25, a putative
Notch target gene, and surface Notchl (Figure 3D). In contrast,
INIC* tumors still expressed CD25 but not Notchl (Figure 3D),
indicating that Notchl was no longer expressed on the surface of
INIC* tumor cells.

That INIC* tumor cells expressed CD25 suggested that the
Notch pathway was still active in these tumors. To test this
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Figure 1. RBP-J deletion delays T-ALL development. (A) Survival curves of IK"'RBP-J""CD4-Cre* (IRC*) mice and IKY-RBP-J¥CD4-Cre~ (IRC~) mice. The statistical
significance was calculated by log-rank test. Note that the 2 IRC* mice killed at 52 weeks did not show signs of disease. (B) Thymocyte CD4/CD8 profiles as determined by flow
cytometry (top) and photos of the thoracic cavity (bottom) from 18-week-old IRC* and IRC~ mice and a 7-week-old WT mouse. (C) Western blot of RBP-J and ICN1 (Val1744
antibody) expression in a panel of thymic tumors from IRC* mice. Control samples are an IRC~ tumor and sorted CD4"CD8* (DP) cells from 4-week-old IRC* and WT mice.
«-Tubulin was used as a loading control. The variable sizes of the ICN1 proteins are likely due to C-terminal truncations. Note that the deletion of the RBP-J floxed sequences
effectively leads to loss of RBP-J proteins in nontransformed IRC* DP cells. (D) PCR analysis of the deletion of the floxed sequences in the samples shown in C. The left panel
shows amplification of control samples consisting of mixes of DNA from IRC* and IRC~ thymocytes, at the indicated ratio. (E) CD4/CD8 profiles of samples shown in panel C,

except for T22 where the FACS profile was not available.

possibility and to determine whether additional cooperative onco-
genic pathways were activated in INIC* tumors, we analyzed the
transcriptome profiles of 3 INIC* and 3 INIC~ tumors, and
compared them with those of Tel-Jak2—induced T-cell tumors (that
exhibit low levels of Notch target gene expression'”), as well as
with WT DN3 (CD4-CD8 CD44-CD25"), DN4, and DP thymo-
cytes. Notch target genes were strongly up-regulated in both
INIC* and IN1C~ tumors (Figure 3E), suggesting Notch activa-
tion in both cases. In addition, INIC* tumors did not show a
deregulation of genes associated with other known oncogenic
pathways (data not shown). To determine whether INIC* tumors
were dependent on Notch signaling for proliferation, cell lines

generated from IN1C* and INIC™ tumors were cultured in the
presence of a y-secretase inhibitor (GSI) (see supplemental Figure
2 for characterization of the cell lines). In all cases, GSI treatment
arrested cell proliferation (Figure 3F). Together, these results
indicate that the Notch pathway remains a dominant oncogenic
pathway in Notch1-deleted T cells.

Finally, we asked whether activated Notch1 proteins were still
expressed in INICT tumors, using an antibody specific for
y-secretase—cleaved Notchl (Vall744). Strikingly, all INIC™ tu-
mors expressed ICN1 (Figure 3G). These proteins varied in size,
were shorter than the expected 120 kDa in 60%-70% of the cases,
and were similar to the truncated ICN1 proteins in IkM" tumors, !’
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Figure 2. Notch3 is dispensible for leukemogenesis
in IkYt mice. (A) Survival curves of Ik“'Notch3*/+ and
Ik“-Notch3~/~ mice. (B) Representative CD4/CD8 profiles of
thymic lymphomas from 1k“*Notch3*/* and Ik““Notch3~/~
mice.
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suggesting the presence of PEST domain mutations at the DNA
level. This was confirmed by sequencing the Notchl transcripts in 8
IN1C* tumors, which revealed heterozygous frame-shift mutations
in the 3’ Notchl sequence that would result in the production of
truncated Notchl proteins lacking the PEST domain in 5 cases
(Figure 3H). Thus, the Notchl gene is still a target of oncogenic
mutations despite the deletion of floxed sequences and the absence
of surface Notchl in INIC* T cells.

Deletion of the Notch1 promoter/exon 1 is oncogenic in
Ikaros-deficient T cells

In the course of this study, we came across intriguing results from
Aster and colleagues, who discovered a panel of murine T-cell lines
that did not express surface Notchl, were sensitive to GSI for
growth, and exhibited 5’ deletions in the Notchl gene (see
companion paper by Ashworth et al?). Their results, as well as
those from Tsuji et al,?® suggested that Notch1 could be transcribed
from cryptic intragenic promoters if the conserved 5’ promoter is
lost and that the resulting proteins may be oncogenic. We therefore
revisited the Notchl floxed mutation. In this mutation, the loxP
sites were placed around a 3.5-kb sequence encompassing the
conserved promoter and exon 1, which encodes the leader peptide
responsable for surface Notchl expression.?? Previous analyses
have shown that Cre-mediated deletion of the floxed sequence
leads to the loss of Notch1 proteins in thymocytes,?! indicating that
the floxed mutation is null.

To determine whether deletion of the Notch1 floxed sequences
leads to a null allele or an oncogenic allele on an Ikaros-deficient

background, we generated IkM™ mice heterozygote for the floxed
allele. Floxed Notchl mice were bred with cytomegalovirus-Cre tg
mice to delete the floxed sequences in the germline (the
germline-deleted allele was designated N14f). Notch1™ Af mice were
then crossed with Ik animals to obtain Ik““Notchl*/ Af (IN1*/ Af)
mice. Strikingly, IN1™ 2f mice died from T-ALL at a median age of
11 weeks, while Ik““Notchl ™" littermates died near 20 weeks
(Figure 4A). Thus, deletion of the Notchl promoter/exon 1 on a
single allele significantly accelerates tumorigenesis.

Like IN1C* tumors, IN1*/ Af tumors expressed truncated ICN1
proteins (Figure 4B), suggesting a selection of oncogenic PEST
mutations. To determine whether the PEST mutations occurred on
the WT allele, or the deleted one, we exploited the observation that
these alleles differed by a single nucleotide polymorphism at
position 5179 in exon 26 (numbering according to the Notchl
reference sequence NM_008714). The deleted allele, derived from
the 129/Sv strain (the parental strain of the GS-1 embryonic stem
cell line used to engineer the mutation), had an “A” at this position,
while the WT allele (derived from the CS57Bl/6 strain; see
“Methods”) had a “G” (Figure 4C). We amplified cDNA fragments
spanning exons 26-34 (that comprises both the single nucleotide
polymorphism and the PEST domain sequences) from 3 IN1+/ Af
tumors, subcloned, and sequenced the amplification products. All
3 tumors showed PEST mutations in the 129/Sv allele, while the
C57Bl/6 allele showed no mutations (Figure 4D). These data
suggest that the PEST mutations are strongly selected for on the
N12f allele compared with the WT allele. Thus, our results indicate
that loss of the Notchl promoter/exon 1 is oncogenic on an
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Figure 3. Deletion of Notch1 accelerates T-ALL development. (A) Survival curves of Ik“"“Notch1#CD4-Cre* (IN1C+), Ik““Notch1#CD4-Cre~ (IN1C~), and Ik“*Notch1+/+*CD4-
Cret (IC*) mice. The P value corresponds to the statistical difference between the survival of INIC* and IN1C~ mice by log-rank test. (B) PCR analysis of the deletion of the floxed
sequences in a panel of IN1C* tumors. (C) Thymocyte CD4/CDS8 profiles (top) and photos of the thoracic cavity (bottom) from 7-week-old WT, IN1C—, and IN1C* mice. (D) Surface Notch1
and CD25 expression of IN1C* and IN1C~ tumor cells and WT thymocytes. The immunoglobulin G isotype control is shown in the left panels. Similar results were observed in all
IK“IN1C~ and IN1C* mice analyzed (n > 10). (E) Transcriptome profiling of Notch target genes in 3 IN1C* and 3 IN1C~ tumors using Affymetrix 430 2.0 arrays. The data were
normalized with those from leukemic T cells of Tel-Jak2 tg mice®* and from WT DN3, DN4, and DP thymocytes using the Robust Microarray Analysis algorithm. Red and green colors
indicate high and low expression, respectively. (F) Proliferation of INTC* and IN1C~ cell lines in the absence or presence of y-secretase inhibitor over 6 days. Representative of
3independent experiments. (G) Western blot of ICN1 expression in IN1C* tumors using the Val1744 antibody. B-actin was used as a loading control. T99 is a IRC* tumor that expresses
ICN1 proteins of the normal 120 kDa size. The asterisk in the right panel points to likely degradation products. (H) PEST region sequences of IN1C* tumors. The bold nucleotides
correspond to insertions in the WT sequence. ICN1 proteins from samples T34, T6, and T49 are shown in supplemental Figure 1C; T51, T70 and T110 are shown in Figure 3G; T1 and T2
correspond to IN1C* cell lines described in supplemental Figure 2. Numbering according to the Notch1 reference sequence NM_008714.
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Ikaros-deficient background and that the deleted allele is sensitive
to subsequent PEST mutations.

Truncated transcripts encoding constitutively active Notch1
proteins are expressed in IN1IC* tumors

To investigate how oncogenic Notchl proteins are generated after
deletion of the main promoter, we compared the Notch1 transcripts
in INIC* tumors with those in IN1C™ or Ik tumors and WT

thymocytes by Northern blot using a probe corresponding to exon
34. As expected, this probe revealed full-length approximately 9-kb
transcripts in WT thymocytes, kL, and IN1C~ tumor cells (Figure
5A). In contrast, the majority of the transcripts in the INIC* tumors
were between 4-6 kb. Some 9-kb transcripts were still detected in
INIC™ tumors; these may have initiated from the cryptic 5’ la and
Ib promoters upstream of the main promoter,”® with subsequent
splicing to 5" exons, as detected by reverse-transcription (RT)-PCR
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amplify exons 23-24 (encoding the extracellular EGF repeats 33/34) and exons 30-31 (encoding the first intracellular ankyrin repeat). Results were normalized to hypoxanthine-guanine
phosphoribosyltransferase levels and to those of WT thymocytes, for which the exon 23-24 mRNA level was arbitrarily fixed at 1. Data represent the mean of 2 experiments. (C) Scheme
summarizing the results of the 5'-RACE experiments performed on the T1 and T34 IN1C* cell lines. The organization of the Notch1 transcript in the region of interest is shown, with the
position of the S1, S2, and S3 cleavage sites, and the putative methionines that could be used for translation initiation. cDNAs identified by 5'-RACE are shown (see supplemental Figure 5
for sequence details). (D) Northern blot of Notch1 transcripts in poly(A)* RNA (1.5 pg each) from the T1 cell line, hybridized with probes from the indicated exons/introns. E25(5')
corresponds to nt 4279-4741; E25(3')/26 corresponds to nt 4758-5246; E30/31 corresponds to nt 5715-6179 (reference sequence NM_008714). E27b corresponds to a 628 nt region from
intron 27 that includes the 113 nt sequence of exon 27b (see supplemental Figure 5). Autoradiograms for E25(3')/26 and E30/31 were exposed for 18 hours; those for E25(5') and E27b
were exposed for 44 hours. Asterisks indicate transcripts initiating from 5’ promoters; black arrowheads indicate transcripts initiating from exon 25; white arrowheads indicate transcripts
initiating downstream of exon 26 (likely in exon 27); white asterisks indicate transcripts containing exon 27b. (E) RT-PCR of exon 27b—containing transcripts in the indicated samples. cDNA
was amplified using a forward primer located within exon 27b and a reverse primer from exon 31. The arrowhead indicates the correctly spliced transcripts; the asterisk indicates likely
splicing intermediates that had not excised intron 27. (F) Western blot of Notch1 expression in total cell extracts from the T1 IN1C* and T7 IN1C~ cell lines, cultured in the presence or
absence of GSl for 3 days. The membrane was first analyzed with the Val1744 antibody, and then with the mN1AAb. a-tubulin was used as a loading control. Long (10 minutes) and short
(30 seconds) exposures are shown for the mMN1AAb. The lines between the top 2 panels indicate the positions of the molecular weight markers used to align the blots. Asterisks indicate the
y-secretase—cleaved proteins from the T7 cell line; arrowheads indicate the y-secretase—cleaved proteins from the T1 cell line. Note that the ICN1 proteins in the T7 line do not completely
disappear after GSI treatment, probably due to the increased stability of the truncated proteins in this cell line. All data are representative of > 2 independent experiments.

(supplemental Figure 3). We further analyzed the relative levels of  ric RT-quantitative PCR assay, using primers to amplify exons
Notchl transcripts containing 5" and/or 3’ sequences in a ratiomet- ~ 23-24 (which encodes part of the extracellular domain) or exons
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30-31 (which encodes part of the cytoplasmic domain). These
assays showed that the ratio of 5" to 3’ transcripts were similar in
the Ik or IN1C~ cell lines (Figure 5B). In contrast, there was a
clear bias toward the 3’ transcripts in the IN1C* cell lines. Thus,
deletion of the proximal promoter results in the transcription of
truncated 3’ Notch1 transcripts in INIC™ cells.

To map the 5" ends of the truncated transcripts, we performed
5'-RACE on INIC* tumor cells, using an assay that specifically
detects full-length capped mRNA. A sequence in exon 31 was used
as the 3’ anchor. Distinct 5'-RACE products were amplified from
2 IN1C* cell lines ranging from 700-1200 bp (supplemental Figure
4 and data not shown). Sequencing of the subclones revealed a
variety of 5" ends that started from the end of exon 25 all the way to
exon 29 (Figure 5C and see supplemental Figure 5 for sequence
information). Several clones began in intron 27 and contained a
113 bp segment of this intron (hereafter named exon 27b) spliced to
exon 28 and downstream exons (Figure 5C and supplemental
Figure 5). To determine whether these sequences corresponded to
the truncated transcripts identified in the Northern blot, we
performed further Northern blots on poly(A)* RNA from a INIC*
cell line and used a series of probes covering exons 25-31 (Figure
5D). No transcripts were detected with a probe from the 5’ end of
exon 25. Two major transcripts (approximately 4.5 and 6 kb) were
detected with a probe from the 3" end of exon 25 and exon 26
(black arrowheads). Three additional transcripts (approximately 4,
5.5, and 5.7 kb) were detected with a probe from exons 30-31
(white arrowhead and asterisk). Finally, a weak transcript was
detected with an exon 27b probe (white asterisk). These results
suggest that INIC* tumors predominantly express transcripts that
start in exons 25-27, with a minor transcript starting in exon 27b.
Interestingly, transcripts of different sizes were detected with 2 of
the probes, suggesting that they also use different polyadenylation
signals (see companion paper by Ashworth et al).

The exon 27b—containing transcript was intriguing in that it
includes intronic sequences not found in the normal full-length
Notchl mRNA. RT-PCR analyses readily amplified this product
from all INIC* cell lines tested but not from lines with intact
Notchl 5" sequences (Figure SE arrowhead). In addition, screening
of > 40 RNA samples from a wide range of normal tissues, as well
as from embryos and embryonic stem cell lines, did not reveal the
presence of this transcript (data not shown). These results suggest
that the exon 27b-containing transcripts may be specific to
leukemic cells with 5" promoter deletions.

We next evaluated the Notchl proteins synthesized from the
truncated transcripts. Three methionines (aa 1616, 1659, 1727) are
present between exons 26-28 (Figure 5C). Proteins initiating from
these methionines would be predicted to lack the extracellular
domain and the negative regulatory region but retain the S3
cleavage site, thereby creating a protein susceptible to y-secretase
cleavage in the absence of ligand. To test this hypothesis, we
analyzed the Notchl proteins from T1 INIC* and T7 IN1C™ cells,
treated or not with GSI, by Western blot (Figure SF). Two
anti-Notchl antibodies were sequentially used: the Vall744 anti-
body that specifically detects y-secretase—cleaved Notchl and the
mN1A antibody that detects the cdc10/ankyrin repeat domain of all
Notchl proteins before and after cleavage but which appears to
detect +y-secretase—cleaved Notchl with lower intensity in our
hands. As expected, the untreated IN1C~ sample contained mainly
uncleaved Notchl proteins (left panel, the larger size bands above
the asterisk; see lower panel for a short exposure of the same
membrane) and some vy-secretase—cleaved proteins (right panel,
asterisk). Interestingly, less proteins were detected by the mN1A
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antibody from INIC* cells compared with INIC~ samples (left
panel), suggesting that the truncated Notchl transcripts are not
efficiently translated. Nevertheless, cleaved Notchl proteins were
readily detected by the Vall744 antibody in the untreated IN1C*
sample (right panel, arrowheads), and similar size proteins were
detected by both antibodies (left and right panels, arrowheads),
suggesting that most of the truncated Notchl proteins are rapidly
cleaved. Proteins of slightly larger size were detected by the mN1A
antibody in GSI-treated IN1C™ cells, indicating that these proteins
contain the y-secretase cleavage site. Together, our analyses at the
RNA and protein levels indicate that INIC* tumors express
novel transcripts that encode proteins constitutively activated by
y-secretase cleavage.

Loss of the Notch1 promoter induces transcription initiation in
the 3’ region of the Notch1 locus and chromatin remodeling

Our results suggest that transcription of the Notchl gene is reorganized
in Tkaros-deficient cells after deletion of the 5’ promoter. To map these
changes, we evaluated the distribution of acetylated histone H3
(H3ac), a chromatin mark associated with active promoters, in the
Notchl locus of INIC* versus INIC™ tumor cells, by chromatin
immunoprecipitation-sequence analysis (Figure 6A top 2 histo-
grams). In IN1C™ cells, where the main promoter is intact, we
detected a broad approximately 15-kb region of H3 acetylation
in the 5" end of the Notchl gene. In IN1C™ cells, this region of
H3 acetylation was still present, indicating that the deleted
floxed sequences are not required to target active epigenetic
marks to the proximal Notchl region. Strikingly, INIC* cells
showed a novel domain of high H3 acetylation over a 10-kb region
in the 3’ portion of the gene between exons 25-34. These results
indicate a major reorganization of the epigenetic landscape in the
Notchl gene of INIC™ tumor cells after deletion of the 5" promoter,
where de novo marks of transcriptional activation accumulate in
the 3’ part of the gene.

We then asked whether H3 acetylation was specific to tumor
cells, and whether Ikaros deficiency was required for the transcrip-
tional reorganization. To address these questions, we analyzed the H3ac
distribution in the Notchl locus between WT and Ikaros-expressing
Ik**Notch1”fCD4-Cre™ (N1C*) thymocytes (Figure 6A bottom
2 histograms). N1C* cells showed low but distinct enrichment of
H3ac between exons 25-34 compared with WT (Figure 6A, see
arrowheads and inset). Using the “statistical model for identifica-
tion of chip-enriched regions” algorithm,?” which predicts islands
of enriched tag frequency, we identified 2 islands of H3ac
enrichment in the 3’ region of the Notchl gene in N1C* thymo-
cytes that were not present in WT cells (labeled I1 and 12 in Figure
6A; see Table 1 for relevant parameters). Although H3 acetylation
in these regions was reduced compared with INIC™ leukemic cells,
the enrichment over WT or input was significant (P < 10~'9; Table
1) and was confirmed by real-time PCR for island I1 (Figure 6B;
enrichment was not confirmed for 12, which probably reflects the
smaller increase of H3 acetylation at this island). Thus, deletion of
the 5’ promoter appears to initiate chromatin reorganization in the
Notchl locus and promote the acquisition of activation marks in the
3’ region of the gene. Importantly, this occurs in the presence of
WT levels of Ikaros and in the absence of transformation.

Chromatin reorganization in the 3’ region of the Notchl gene in
NI1C™" thymocytes was accompanied by low levels of transcription
from that region. Transcripts of 4.5 and 6 kb, similar to the major
transcripts in IN1IC™* tumor cells, were detected by Northern blot in
NIC* cells (Figure 6C). In addition, exon 27b—containing tran-
scripts were detected by RT-PCR in N1C™* and nontransformed
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Figure 6. Transcriptional reprogramming of the Notch1 locus after deletion of proximal promoter sequences. (A) Chromatin immunoprecipitation-sequence analysis of
histone H3 acetylation in the Notch1 locus of T7 IN1C~ and the T2 IN1C* cells and WT and Notch1#CD4-Cre* (N1C*) thymocytes. Top 4 histograms have a vertical scale of
150. The enlarged histograms in the inset have a vertical scale of 50. The regions identified as |1 and 12 correspond to islands of enriched tag density in the IN1C* thymocytes,
which were predicted by the “statistical model for identification of chip-enriched regions” algorithm in the N1C*, but not in the WT or input samples (see also Table 1).27 The gap
inthe T2 IN1C* sample corresponds to the location of the floxed deletion. (B) Real-time PCR measurement of H3 acetylation in the WT and N1C* samples shown in panel A at
several positions along the Notch1 locus. Amplicons in intron 2 and islands 1 and 12 were located, respectively, at 29.3, 36.5, and 41.7 kb downstream of the transcription start
site. (C) Northern blot of Notch1 transcripts in WT and N1C* thymocytes and inthe T1 IN1C* cell line. An amount of 2 g of poly(A)* RNA was loaded for each sample, and the
blots were hybridized with the E30/31 probe (see Figure 6D). The left panel shows a 42-hour exposure; the right panel shows a 7-day exposure of the WT and N1C™* lanes.
Arrowheads indicate transcripts likely to have initiated from 3' promoters in the N1C* sample. A photo of the methylene blue staining of the membrane is shown as a loading
control in the bottom panel. (D) RT-PCR of exon 27b—containing transcripts in nontransformed thymocytes from 3- to 4-week-old mice with the indicated genotypes. See Figure
5E for details. Samples were defined as nontransformed according to their CD4/CD8 profile and normal CD25 expression. (E) RT-PCR of exon 27b—containing transcripts in
the T7.D5 Cre-ERT2* clone cultured in the presence of 4OHT or vehicle for the indicated times (bottom). Cells were also analyzed for the deletion of floxed Notch1 sequences
by PCR (top). T2 corresponds to a IN1C* leukemic cell line. Similar results were obtained in 4 independent experiments. In panels D and E, the arrowhead indicates the specific
product from a correctly spliced transcript; the asterisk indicates products that may correspond to splicing intermediates of transcripts initiated at upstream locations.
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Table 1. Detection of enriched histone H3 acetylation islands in the
3’ region of the Notch1 gene in N1C* thymocytes

Island 1 (1) Island 2 (12)
Coordinates (chromosome 2) 26320200-26328599 26313600-26319199
Island score (range, 30-15 000) 245 138
Input tag number 66 46
WT tag number 80 83
N1C* tag number 231 145
P (vs input) 9.8 X 10757 3.7 x 10781
P (vs wild-type) 9.9 X 10743 1.6 X 101

Chromatin immunoprecipitation sequence data were analyzed with the “statisti-
cal model for identification of chip-enriched regions” algorithm to detect islands of
enriched H3ac. Two islands (I1 and 12, see Figure 6A for positions) were predicted in
the Notch1 gene in N1C™ cells but not in wild-type thymocytes or input. Tag numbers
were calculated by multiplying the raw data with a correction factor that corresponds
to the total sequence tags in the N1C* sample divided by the combined total
sequenced tags in all samples (9.3 x 106, 14.8 X 10%, and 12.8 x 108 for input,
wild-type, and N1C*, respectively). The coordinates were obtained from the Mm9
build of the mouse genome.

IN1C* cells but not in WT or Ik thymocytes (Figure 6D). As
NIC* animals do not develop T-ALL, these results suggest that
transcription from 3’ cryptic promoters is initiated in nontrans-
formed T cells. Transcription from 3’ promoters appears to be
T-cell specific, as analysis of Notchl-expressing tissues from
N1*/Af mice (with a heterozygous germline deletion of the floxed
sequences) revealed exon 27b—containing transcripts only in the
thymus (supplemental Figure 6).

To determine whether deletion of the 5" promoter could directly
induce transcription initiation from 3’ sites, we established an inducible
system to delete the floxed Notch1 sequences in vitro. The IN1C~
cell line, T7, in which the Notchl promoter/exon 1 sequences are
floxed but not deleted, was transduced with a retroviral vector
encoding green fluorescent protein and Cre-ERT2, a tamoxifen-
inducible fusion protein between the Cre recombinase and the
ligand binding domain of the estrogen receptor. Green fluorescent
protein—positive cells were cloned and expanded. The T7.D5 clone,
which did not show detectable levels of deletion before tamoxifen
(4-hydroxytamoxifen [4OHT]) treatment but showed efficient
deletion after 24 hours in 4OHT-supplemented medium (> 90%
deletion; Figure 6E), was chosen for further study. T7.D5 cells
were cultured in the presence of 4OHT, or vehicle, for 24 or
48 hours. We analyzed exon 27b—containing transcripts by RT-
PCR, the ratio of 5’ to 3" Notchl transcripts by RT-quantitative
PCR, and H3 acetylation by chromatin immunoprecipitation.
Although the 5’ to 3’ transcript ratio and the H3 acetylation levels
did not vary significantly in 4OHT-treated cells (not shown), exon
27b—containing transcripts were detected as early as 24 hours after
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4OHT treatment. Thus, deletion of the 5" promoter directly reprograms
the Notchl locus to begin transcription from 3’ promoters.

Spontaneous deletions of 5’ genomic sequences in
Ikaros-deficient primary tumors

Intriguingly, our analysis of primary IkY or IN1C~ tumors
revealed low levels of approximately 4-kb transcripts (Figure SA).
To determine whether transcription from 3’ sites was common in
Ikaros-deficient T-ALL, we analyzed 8 primary Ik or IN1C~
tumors using the exon 27b—specific RT-PCR assay. Strikingly, exon
27b—containing transcripts were detected in 7 of the tumors (Figure
7). As RAG-mediated deletion of the sequences between the
2 cryptic recombination signal sequences at —8191 and +3575 bp
of the transcription initiation site is always associated with
transcription from 3’ sites (see companion paper by Ashworth et
al®), we tested if similar deletions occurred in the endogenous
Notchl locus of Ik/I tumors by PCR (P1 and P2 in Figure 7). An
approximately 500-bp fragment was amplified from 6 of 7 tumors
that expressed the exon 27b—containing transcripts but not from
premalignant IkM™ thymocytes, the T135 primary T-ALL, or the
T29 and T7 cell lines (Figure 7). These results indicate that
5" deletions and 3’ Notchl transcripts occur spontaneously in
approximately 75% of Ikaros-deficient T-ALL.

Discussion

Ikaros-deficient Ikt mice represent an important model to study
the natural evolution of Notch-dependent T-ALL, as they develop a
disease highly reminiscent of the human condition. Although
induced Notch-dependent models have been described, based on
the overexpression of activated Notch1 or Notch3, their capacity to
recapitulate the progressive activation of this pathway is limited.
Few spontaneous models have been reported or studied exten-
sively. In this study, we demonstrate by a genetic approach that
activation of the Notch pathway is key to tumor initiation in Ik
mice. Our results show that Notch activation is dependent on
RBP-J, thereby implicating the transcription of Notch target genes
in the leukemic process.

Our results also reveal that novel Notchl transcripts are
transcribed upon deletion of the 5’ main promoter to generate
truncated proteins lacking the extracellular domain. Importantly,
the truncated Notch proteins are predicted to lack the negative
regulatory region but retain the S3 +y-secretase cleavage site,
suggesting that they are membrane bound and <y-secretase sensi-
tive. Indeed, INIC™ tumor cells require -y-secretase activity for

P1 > P2
- T
8k ' 43bk ex4
RSS RSS
Figure 7. Presence of 3’ Notch1 transcripts and 5’ genomic deletions
T |kL/L primary tumors in primary IkYt tumors. The indicated RNA or DNA samples were
(&) analyzed for the presence of exon 27b—containing transcripts by RT-PCR
2 & o (top) and genomic deletion of sequences between 2 recombination signal
j j e D OO TWHNO O™ sequences (RSS) present in the 5’ region of the Notch1 locus by PCR
S xrC t E ]‘_T 2 Q E = 28 h (bottom). RAG-mediated deletion of the sequences between the RSS
3 sites moves the sequences of the PCR primers P1 and P2 closer together,
RT-PCR ex27b-ex31 " SRR == == |w - 1200 bp allowing amplification of a 500-bp fragment. The Ik“: sample was
extracted from premalignant thymocytes of a 7-week-old mouse; T7 and
Bractin /- - . - 1000 T29 are cell lines derived from IN1C~ and Ik“t tumors, respectively;
T49 and T90 are the primary tumors from Figure 5A. B-Actin and exon 34
. (P1,P2) - epeseses-— - 500 of Notch1 served as control RT-PCR and PCR reactions, respectively.
genomic PCR *Products that may correspond to splicing intermediates of transcripts
ex 34 [N ————— - 600

initiated upstream.
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proliferation. The oncogenic effect of the promoter deletion is
therefore similar to that of mutations targeting the negative
regulatory region (which decreases ligand dependency) or chromo-
somal translocations where the breakpoint occurs in intron 24.7 All
lead to the synthesis of constitutively active, y-secretase—sensitive
Notchl proteins.

Surprisingly, Notch3 is not required for tumorigenesis in kMt
mice. The role of this receptor in T-ALL is controversial, and it is
currently unclear how Notch3 contributes in leukemogenesis. Our
results suggest that Notch3 is dispensable for the initiation and
progression of IkME tumors. Notch3 is expressed in all cases of
human T-ALL and has been shown to modulate the splicing of
Ikaros transcripts to favor those encoding dominant-negative
Tkaros isoforms.>?8 However, we were unable to detect dominant-
negative Ikaros isoforms in a group of human T-ALL samples,
suggesting that Notch3 may be not sufficiently active in these
leukemias to influence Ikaros splicing.?

We demonstrate that deletion of the main Notchl promoter is an
oncogenic event that accelerates T-ALL. Our data also indicate that
5" deletions of the Notchl promoter occur spontaneously and are
common in IkY" leukemias as well as in other murine T-ALL
models (companion paper by Ashworth et al,” Tsuji et al*®).
Promoter deletion reprograms the epigenetic landscape around the
Notchl locus and leads to the accumulation of active chromatin
marks in the 3’ part of the gene. Importantly, this occurs in
nontransformed thymocytes. Thus, transcriptional reprogramming
predates leukemia initiation. Although deletion of the Notchl
promoter strongly promotes tumorigenesis, it is not sufficient for
tumor initiation, as N1C* mice or animals carrying one deleted
allele in the germline do not develop T-ALL. Other events, such as
PEST mutations, are likely to synergize with the promoter deletion
to increase Notch1 activation. It is also likely that Ikaros deficiency
facilitates Notchl transcription, as Ikaros silences Notch target
gene transcription at the molecular level.!73%3! Thus, strong
activation of Notch1 appears to require multiple hits.

How 3’ cryptic promoters are activated remains to be eluci-
dated. In yeast, aberrant transcription from cryptic initiation sites
within the coding region has been linked to defects in reforming the
nucleosome structure during transcription elongation. Moreover,
histone deacetylation during transcription appears to be important
for correct nucleosome positioning and prevention of cryptic
initiation.3>37 Our results show that aberrant transcription from the
Notchl coding region is accompanied by a significant increase in
H3 acetylation along the 3" part of the gene, suggesting a loss of
deacetylation dynamics in the absence of the 5’ promoter. Interest-
ingly, Ikaros binds to a region of exon 25 in the Notchl gene of WT
thymocytes (supplemental Figure 8). Ikaros has been shown to
associate with Sin3 and the NuRD histone deacetylase complex
and specifically with histone deacetylase complex 1 and 2.3%3
Thus, Ikaros may function to recruit deacetylase complexes to the
Notchl coding region during transcription to prevent intragenic
initiation.

Why does deletion of the Notch1 promoter stimulate 3" transcription
if initiation from cryptic sites is linked to ongoing transcription?
Transcription may still occur from the alternative 5" promoters la
or 1b, both of which are active in IN1C* tumor cells (supplemental
Figure 3). Deletion of the main promoter may also change the
topology of the Notchl locus and facilitate the nucleation of new
transcription initiation complexes at the 3’ sites. It will be
important to determine whether the complexes normally involved
in Notchl transcription are required for 3’ promoter activation.
Indeed, the —5-kb and +1.4-kb ICN1 binding sites are not deleted
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in INIC* cells.*? Thus, stimulation by RBP-J/ICN1 complexes at
these sites could establish a forward feeding mechanism that leads
to high levels of 3’ transcription in INIC™ cells. The deletion of the
5’ ICN1 binding sites in some Ik primary tumors might explain
why 3’ transcription is lower in these tumors (Figure 5A). Other
events, as yet undefined, may also contribute. Indeed, chromatin
acetylation and 3’ transcriptional activity are higher in INIC™*
leukemic cells than in premalignant INIC* thymocytes or in
nontransformed N1C™ cells. Further, 4OHT-induced deletion of the
5" Notch1 promoter triggers the expression of exon 27b—containing
transcripts but not robust chromatin reorganization. Identification
of the mechanism behind the strong activation of the 3’ Notchl
promoter will be important for understanding T-ALL progression.

In conclusion, the Notch pathway appears to be subject to
multiple checkpoints in developing T cells. In the WT situation,
Notch is activated after ligand interaction, cleaved Notch proteins
are rapidly degraded by the proteasome, and transcriptional repres-
sors such as Ikaros can silence Notch target gene transcription,
even in the presence of Notch signals (Kleinmann et al*® and our
unpublished data). In the scenario described here, the Notch
pathway is subject to multiple hits. First, when Ikaros function is
diminished, Notch target genes are less efficiently silenced. In
addition, when the 5’ promoter is deleted, truncated proteins are
generated that do not require ligand interaction for cleavage,
resulting in constitutive Notch activation. Finally, somatic muta-
tions in the PEST domain prevent the rapid degradation of these
oncogenic proteins in the cytoplasm. The end result is that the
Notch pathway becomes the driver of the transformation process
during T-ALL.
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Mice

The lines used in this study were described previously: Ik™" (1); Notch3™ (2); Notch1™" (3);
RBP-J"" (4); CD4-Cre" (5). To generate the Notchl" allele, Notch1”" mice were bred with a
CMV-Cre" deleter strain, and the resulting germline Notchl'' allele was subsequently
+HL

segregated from the CMV-Cre tg. Ik"“Notchl™ mice were obtained by mating with Ik

mice which were on a C57Bl/6 background (>10th generation backcross; see Fig. 4C).

Cell lines and culture

Cell lines derived from primary tumors were grown in RPMI 1640, 10% FCS, 1 mM sodium
pyruvate, 2 mM L-glutamine and 1% antibiotics. Cells were frozen at an early passage
(usually after 2 or 3 weeks of amplification), and were thawed and used for a 1-month period.
The y-secretase inhibitor XVIII (Compound E; Calbiochem) was used at a final concentration
of 5 uM; 40HT (Sigma-Aldrich) was used at a final concentration of 100 nM. For these
experiments, the cells were plated at 1x10%ml and the medium was changed every day. To

generate Cre-ERT2-expressing T7 cells, we first cloned the Cre-ERT2 ¢cDNA (provided by D.



Metzger (6)) into the MigR1 retroviral vector (provided by W. Pear) and produced high titer
retroviral supernatant after transfecion in the Eco-Phoenix packaging cell line (provided by G.
Nolan). T7 cells were transduced according to standard protocols. After 24 h, the GFP+ cells

were cloned and expanded.

Antibodies and flow cytometry

The following reagents were used: anti-CD8a conjugated to FITC, PerCP, Cy5.5 or biotin
(BD Biosciences); anti-CD4 conjugated to FITC, PE or APC (BD Biosciences or Caltag),
anti-CD25-PE or -APC (BD Biosciences), anti-CD3-FITC or -Cy5 (clone KT3; conjugated
in-house), Streptavidin-PerCP (BD Biosciences) or -PE (Jackson ImmunoResearch), surface
anti-Notchl (provided by A. Gurney, OncoMed Pharmaceuticals Inc.), anti-human IgG biotin
(Jackson ImmunoResearch), mouse IgGl isotype control PE (eBioscience) and purified
CD16/CD32 (Fc block; eBioscience). To detect surface Notchl, the cells were first incubated
with anti-Notchl, then with anti-human IgG biotin, and finally with Streptavidin-PE. Cells
were analyzed on a FACSCalibur (BD BioSciences) or sorted on a FACSVantage SE option
DiVa (BD Biosciences). Sort purity was >98%. Results were analyzed using the FlowJo

software (TreeStar).

Western blot

Total extracts from 1x10° cells were separated on a 6% SDS-PAGE gel, transferred to
nitrocellulose, and blotted overnight with antibodies specific for y-secretase-cleaved Notchl
(Vall1744; Cell Signaling), total Notchl (mN1A; eBioscience), RPB-J (T6719; Institute of
Immunology, Japan) and a -tubulin (in-house preparation). All secondary antibodies were
horse-radish conjugated (Santa Cruz, Jackson ImmunoResearch). The blots were revealed

with the Enhanced Chemiluminescence SuperSignal Substrate (Pierce) and exposed to film.

Total and poly(A)” RNA isolation
Total RNA was isolated using the RNeasy Midi Kit (Qiagen) according the manufacturer's
instructions (including on-column DNase digestion). Poly(A)" mRNA was subsequently

selected using Dynabeads oligo(dT),s (Invitrogen).

RT-PCR, PCR and gPCR
Reverse transcription was performed on 500 ng of total RNA using oligo(dT);s and

Superscript II (Invitrogen) in a total volume of 20 pl. To amplify the fragment used for the



combined detection of the exon 26 SNP and PEST domain sequences, PFU DNA polymerase
(in-house) was used with the following primers: 5'-~AACAGTGCCGAATGTGAGTG and 5'-
TTAAAAGGCTCCTTTGGTCG. PCR conditions were: 94°C for 5 min, followed by 35
cycles of 94°C for 30 s, 60°C for 30 s and 68°C for 6 min, with a final step at 68°C for 7 min.
PCR products were cloned with the Zero Blunt PCR Cloning Kit (Invitrogen). For detection
of exon 27b-, exon la- or exon 1b-containing transcripts, Taq DNA polymerase (Roche) was
used with the following conditions: 94°C for 5 min, followed by 35-40 cycles of 94°C for 30
s, 60°C for 30 s and 72°C for 45 s, with a final step of 72°C for 5 min. The primers for exon
276 were: 5'-CTCTTCAGGGATGGGTTCAT (exon 27b; Figs. 6E and 7C), 5'-
TGTGGCTAGTGGGAGCCGTG (exon 27b, with a 3 nt overhang at the 3' end which
corresponds to the first 3 nt of exon 28; Fig. 7D) and 5-TGTTCTGCATGTCCTTGTTG
(exon 31). Primers used to amplify sequences between exon 32 and exon 34 were: 5'-
GATGGCACAACTCCACTGAT (forward, exon 32) and 5'-
TTAAAAGGCTCCTTTGGTCG (reverse, exon 34). The primers for exon 1a and 1b were: 5'-
CTCAGTCCTGGCCTCTTCC (forward, exon la), 5'-CAAATACACTGACCAACAAATGG
(forward, exon 1b) and 5'-TCACAGTTCTGTCCAGCAAA (reverse, exon 5). Analysis of
TCRb  rearrangement was  performed with the following  primers: 5'-
GTAGGCACCTGTGGGGAAGAAACT (DB2.1) and 5'-
TGAGAGCTGTCTCCTACTATCGATT (JB2.7). The PCR conditions were: 94°C for 5 min,
followed by 35 cycles of 94°C for 1 min, 63°C for 2 min and 72°C for 2 min, with a final step
of 72°C for 10 min. The primers to analyze the deletion of the Notchl floxed alleles were: 5'-
CTGACTTAGTAGGGGGAAAAC, 5-AGTGGTCCAGGGTGTGAGTGT and  5'-
TAAAAAGCGACAGCTGCGGAG. The PCR conditions were: 5 min at 94°C, followed by
40 cycles of 94°C for 15 s, 60°C for 30 s and 72°C for 30 s, with a final step of 72°C for 5
min. The primers to analyze the deletion of the RBP-J floxed alleles were: 5'-
CTTGATAATTCTGTAAAGAGA (forward); 5'-ACATTGCATTTTCACATAAAAAAGC
(reverse); 5'-CCACAGCAGGCAACAATTGAG (reverse). The PCR conditions were: 5 min
at 94°C, followed by 33 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 45 s. Primers
used to analyze the occurrence of spontaneous 5' genomic deletions in Ik™" tumors were: 5'-
ATGGTGGAATGCCTACTTTGTA (forward, nucleotide -8388 to -8366 from exon 1) and
5'-CGTTTGGGTAGAAGAGATGCTTTAC (reverse, nucleotide 3929 to 3942). PCR
conditions were 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 58°C for 30 s and
72°C for 45 s.



Real-time qPCR was performed in duplicate with the SYBR Green JumpStart Taq
ReadyMix (Sigma-Aldrich) and the LightCycler 480 Real-time PCR System (Roche). PCRs
were analyzed with the LightCycler 480 basic software and the concentration of amplified
cDNA was calculated relative to a standard curve obtained with serial dilutions of a control
cDNA from WT thymocytes. PCR conditions were 95°C for 10 s, 60°C for 30 s and 72°C for
15 s. The primers were: 5-TGTGCAGCGTGTTAATGACT (exon 23) and 5'-
CAGGGCACCTACAGATGAAT (exon 24); 5'-GGATGTCAATGTTCGAGGAC (exon 30)
and 5'-CAGCAGGTGCATCTTCTTCT (exon 31); 5'-
GTTGGATACAGGCCAGACTTTGTTG and 5-GATTCAACTTGCGCTCATCTTAGGC
for hypoxanthine phosphoribosyltransferase (HPRT). PCR analysis of H3Ac was carried out
with the following primers: Notchl -1kb: 5-AGCATGAGAGGCTGTGTTGA and 5'-
AGGGAACTCCCCAAGGACTA; Notchl intron 2: 5'-CCTCTAAATGCCCATAACCC and
5'-GTAAGAGTGTATGCAGAAGGAG; Notchl island I1: 5'-
ACCAGCTACGGAACAACTC and 5'-GTACCAGGAAGCAGTGAAG; Notchl island 12:
5'-GAGGTTTAAGAGTGTCTGGG and 5-AGGCTCAAGTAACCGTGAC. Data were
normalized to H3Ac levels at the CD8a gene (+1kb relative to the TSS) within the same
samples, as H3 acetylation was similar between the WT and N1C+ samples in the ChIP-seq
data. CD8a sequences were amplified with the primers 5'-

CTTCTTGGGTAAAGGCTAAGTGG and 5'-CGACAATCTTCTGGTCTCTGG.

Northern blot

Total RNA (10 pg) or poly(A)" RNA (1.5-2 ug) were separated on 1% agarose/formaldehyde
gels. After electrophoresis, alkaline-treated (0.05 M NaOH, 15 min) gels were blotted with
Hybond-N membrane (Amersham Biosciences). For total RNA, the membrane was then
stained with a sodium acetate 0.5M methylene blue solution after a 15 min pre-treatment with
5% acetic acid. Hybridizations were performed using standard conditions (7). The exon 34
probe was purified from a plasmid containing sequences of this exon, while other probes were
amplified by PCR from a plasmid containing the full-length Notchl cDNA, or from genomic
DNA (for exon 27b). 50 ng of probe were radiolabeled with **P a-dCTP by random priming
and purified.

Rapid amplification of cDNA ends (5'-RACE)
250 ng of poly(A)" RNA from the T1 and T34 cell lines were used. 5'-RACE was performed
with the FirstChoice RLM-RACE Kit (Ambion). The exon 31-derived nested 3' primers were



5'-TGTTCTGCATGTCCTTGTTG for the first step and 5-CAGCAGGTGCATCTTCTTCT
for the second step. The PCRs were performed using PFU DNA polymerase: 94°C for 5 min,
followed by 35 cycles of 94°C for 30 s, 60°C for 30 s, 68°C for 4 min, with a final step of
68°C for 7 min. The PCR products were cloned with the Zero Blunt PCR Cloning Kit.

Microarray analysis
RNA from IN1C+ and IN1C- tumors were extracted with the RNeasy kit (Qiagen), and used

for transcriptome analysis with Affymetrix 430 2.0 arrays, according to standard procedures.

ChlP-sequencing

For the H3ac ChIP-seq, 45x10° T2 or T7 cells, or 12x10° N1C+ or N1C- (labeled as WT in
Fig. 7A) total thymocytes, were used. For the Ikaros ChIP-seq, 160x10° thymocytes enriched
for CD4'CD8" cells (~95% purity) were isolated using the MACS Column Technology
(Miltenyi Biotech). Briefly, total thymocytes were labeled with a biotinylated anti-CD8c.
antibody (Caltag), and streptavidin-coupled microbeads (Miltenyi Biotech). Labeled cells
were isolated on LS columns (Miltenyi Biotech). The ChIP protocol was adapted from

Millipore  (http://www.millipore.com/techpublications/techl/mcproto407), as described

previously (25). Cells were cross-linked with 1% ultra-pure formaldehyde (Electron
Microscopy Sciences) in PBS/0.5% BSA at 37°C for 10 min, and quenched with 125 mM
Glycine. After 2 washes with ice-cold PBS containing protease inhibitor cocktail (PIC;
Roche), cells were lysed on ice for 10 min in 0.5 ml 1% SDS in 50 mM Tris pH 8.1 and 10
mM EDTA containing PIC, and sonicated using a Bioruptor 200 sonicator (Diagenode) to
obtain 200-500 bp fragmented genomic DNA. Chromatin samples were diluted 10x in ChIP
buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI pH 8.1, 167 mM
NaCl) and pre-cleared by rotating for 1 h at 4°C with 100 pl of a 50% protein A slurry (0.5
mg/ml BSA, 50% protein A Sepharose; Sigma). 1% of the pre-cleared samples was saved as
input, the rest was incubated overnight at 4°C with anti-AcH3 (06-599; Millipore) (10 pg for
T2 and T7 cells, 5 pg for total thymocytes) or 2 pg anti-Ikaros (rabbit anti-mouse produced
in-house) antibodies. ChIPs were recovered with 100 pl of a 50% protein A slurry overnight,
beads were washed once each with low-salt buffer (20 mM Tris-HCI pH 8.1, 150 mM NaCl, 2
mM EDTA, 1% Triton X-100, 0.1% SDS), high-salt buffer (same as low salt buffer but with
500 mM NaCl), LiCl buffer (10 mM Tris-HCI1 pH 8.1, 1 mM EDTA, 1% deoxycholate, 1%
NP40, 0.25 M LiCl), and twice with Tris-EDTA (TE). Protein-DNA complexes were eluted in
200 pl of 1% SDS, 0.1 M NaHCOs for 30 min, and cross-linking was reversed by adding



NaCl to 0.2 M for 4-6 h at 65°C. After adding 10 u1 0.2 M EDTA, 8 pul 1 M Tris-HCI pH 6.5
and 1 pl proteinase K (10 mg/ml) for 30 min at 45°C, DNA was extracted with 200 pl ultra-
pure phenol/chloroform/isoamyl alcohol (25:24:1; Invitrogen) and subsequently purified with
the QIAquick PCR Purification Kit (Qiagen). Recovered DNA was subjected to high-
throughput sequencing.

ChIP-seq libraries were prepared following Illumina's protocol with some
modifications. The precipitated DNA was blunted, phosphorylated and ligated to single-end
adapter dimers, and then amplified by PCR [30 s at 98°C; (10 s at 98°C, 30 s at 65°C, 30 s at
72°C) x 14 cycles; 5 min at 72°C]. Excess PCR primers and adapter dimers were removed
using AMPure beads (Agencourt Biosciences Corporation). Size selection was performed on
a 2% agarose gel and DNA fragments in the range of 250-350 bp were excised and purified
using QIAquick Gel Extraction Kit (Qiagen). DNA libraries were checked for quality and
quantified using the 2100 Bioanalyzer (Agilent). The libraries were loaded in the flowcell at 8
pM concentration and clusters were generated following Illumina's instructions. Libraries
were sequenced on the Illumina Genome Analyzer II as single-end 36 base reads. Image
analysis and base calling were performed using the Illumina Pipeline v1.6. Sequence reads
were mapped to a reference genome (Mm 9). For data visualization, tag counts in non-
overlapping 200 bp genomic segments were determined, and after quantile normalization,

bedGraph tracks were uploaded to the USCS Genome Browser (http://genome.ucsc.edu/).

The SICER spatial clustering approach described by Zang et al (8) was used for the
identification of H3 acetylation-enriched genomic regions. SICER was run with the following
parameters: p-value threshold=0.08; window size=200; fragment size=300; gap size=800;
E=10; FDR=0.001. Other parameters were left as default. The analysis was performed on
sequence tag libraries that contained the following numbers of unique tags aligned to the

Mm9 mouse genome assembly: WT=14809113, N1C+=12866720, input control=9357967.
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Figure S1. Characterization of IN1C+ tumors

(A) CD4/CDS profiles of IN1C+ and IN1C- tumors. (B) PCR of Vp2-JB2 rearrangements in
IN1C+ tumor cells. (C) Western blot analysis of IN1C+ and IN1C- tumors with the Val7144
antibody. Samples indicated by arrows were analyzed for PEST region mutations (see Fig.

3H).

Figure S2. Characterization of tumor-derived cell lines

(A) CD4/CD8 profiles of the indicated cell lines. (B) Western blot of ICN1 expression in
INIC+ and control cell lines. T99 is a IRC+ sample that expresses ICN1 proteins of WT size.
(C) PCR analysis to determine the efficiency of Notchl deletion in IN1C+ cell lines. The
Hes1 gene was used as a control. The right panel shows a similar PCR on indicated mixes of
T2 (IN1C+) and T7 (IN1C-) DNA, indicating that the limit of detection is <1% of floxed
sequences. Thus residual floxed sequences in IN1C+ cell lines are <1%. (D) GSI sensitivity of
IN1C+ cell lines. The indicated cell lines were cultured in the presence or absence of GSI (72

hrs), and ICNI1 levels were analyzed by Western blot with the Vall744 antibody.

Figure S3. Presence of Notchl transcripts that initiate from the upstream promoters la
and 1b

RT-PCR for Notchl transcripts from the indicated cell lines, using primers in exons la or 1b
and in exon 5. The expected PCR products are 737 and 721 bp. The minor bands may
correspond to partially or alternatively spliced transcripts. No PCR products were detected

when primers from exon 1¢ were used on the same samples (not shown).

Figure S4. 5'-RACE of Notchl transcripts in the T1 cell line
The control lane is a positive control provided with the RLM-RACE kit.

Figure S5. Sequences of the 5'-RACE products.

The genomic sequence of the Notchl gene is shown for the region of interest. Nucleotides in
red correspond to 5' ends of the 5'-RACE clones. The number of individual 5'-RACE clones
obtained for each 5' end are respectively: exon 25: 4 clones; exon 27, 5': 2 clones; exon 27, 3"
3 clones; exon 27b: 5 clones; exon 29: 1 clone. The sequence of exon 27b is highlighted in

blue.



Figure S6. Analysis of exon 27b-containing transcripts in tissues from N1+ " mice

RNA was extracted from the indicated tissues of a N1 mouse (5-week-old) and expression
of canonical Notchl transcripts (exon 32-34) or exon 27b-containing transcripts were
analyzed by RT-PCR, as indicated. B-actin was amplified as a control. Note that the exon
27b-specific RT-PCR products for the N1” I tissues correspond to a stronger exposure than

those for the control WT and IN1C+ samples.

Figure S7. Ikaros binds to the Notchl gene

ChIP-seq results of Ikaros binding in the Notchl locus in WT thymocytes. Note that a peak of
Ikaros binding is detected in exon 25. The position of the binding sites for E2A and ICN1 in
DN thymocytes, as characterized by Yashiro-Ohtani et al (9), have also been indicated.



T69

T100

T90

T102

68.7

47.2

T88

T104

WT IN1TC+ IN1C-

kD

IN1C+ IKLL

germline

rearranged

Wl AR A, e o
M ..--.-"B-actm
RELPEE

o
) S S S
STFCEFTES
£ .

=
S &

Figure S1

IN1C+

IN1C-



IN1C+ IN1C- IkUL

T T2 T34 T7 T29

CD4

B x , ox x x C
Q’\Oq\‘\?'\\() v\é\\,\o\.\o INIC+  INIC
v A N -
(T i S A A — _ T7T2DNAmixes
120 _ y T T2 T34 77
100= /W= MlCNI s ‘ 100 10 1 0.1 %T7DNA
70 - = oxe! v e
.')" e Notch1 s - -
ot es |
D
T1 T2 T34
kD % + " + & + GSI
129> v ICN1
90 — el by

T ————— [} 2Ctin

Figure S2



INTC+  IkWL

S aad a

__ . 900 bp
exonla-exons “‘- 750
exon 1b- excns [ - 750

Figure S3



Figure S4



GCATGGTGTCCCTGATTGAATGCACCATCCTCTCTCCACCACAG

TAAGTAAGGCTGA
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GTCCCCTGGGGCTARGTCATCCTAGACCARTCCTGACCCTCAGTCACTACAGCCCTTATCCCTACTACAG
AGGAGGCAGTGAGGGGTACAGAAGGGCACTGTTGCTGAGCCTGGAAGGC TGAGGAGCCGAGGGAGGCACA
AATAAGAGCATCTCCTGGATGCTGCACAGAGCCATCTGGGGATGGGCAGGGARGCACCAGCCAGGCATTT
GGAGGTTCCAGGAGCCTTCGCTGTTGGGCATCTGCCTGGTGGCACCTCAGTGTCTCCTGACCCCAGTGGT
TCCTGGTCCTGGTTTTCTTGTCGTGGGACTGTGCTGAAGCTCAGAAATTAATTGTTTCCTGGAGGCTGTT
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GGCATCTGAGCCTGCTGTCACCTCAAGCTACACCATAGGGAGTCACAACTGCATCCTTGCAGTTCTGTGG
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ACAGATCAGCTGGTGCAGGAGAGAATTTAGCGATAGTTTGCAATTCTGATTAATCACGTAGAAAATGACC
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Section Il. THE DEVELOPMENT OF THE IKAROS-DEFICIENT
TUMOR IS NOTCH DEPENDENT

DISCUSSION

We demonstrated the importance of Notch activation for the development of the Ik""
leukemia and that this is due to the oncogenic up-regulation of an alternative promoter in
the 3’ part of the Notchl gene. First, our results showed that T-cell specific deletion of
RBP-J, the transcription factor of the Notch pathway, delays the onset of the leukemia,
highlighting the importance of Notch target genes for the initiation of these leukemias.
However, the deletion of the exonl-promoter region of Notchl accelerates the emergence
of the disease. We revealed the generation of Notch1l transcripts from cryptic initiation sites
in the 3’ part of the gene, between exon 25-29, after the T-cell specific deletion of the 5’
promoter. These transcripts produced a truncated, ligand-independent Notchl protein.
Finally, the analysis of several Ik""- tumors reveals that the spontaneous deletion of the 5’
promoter is observed in 75% of the Ik”" T-ALL. The discussion below is related to recent

data as a complement to the discussion that is in the paper.

Is the canonical RBP-J-mediated Notch activation required for T-ALL development? We
showed that the RBP-J mediated Notch activation is required for T-ALL initiation in the
Ikaros deficient Ik“" mice. The deletion of RBP-J mediated by CD4-Cre in the Ik (IRC*)
background delays the appearance of leukemia from 18 weeks to 30 weeks, and even
some IRC" mice did not develop tumor throughout their life. Indeed, IRC" tumor cells
analysis revealed a non complete deletion and tumor cells expressing full length RBP-J
protein, suggesting a selection of cells that escaped the deletion. Supporting our results,
Gomez del Arco et al. (2010) illustrated the decrease in leukemia incidence after the CD2-
Cre mediated deletion of RBP-J at ETP stage in the Ik’ and Ik"®" mice. The lack of RBP-J
mediated Notch activation delays the onset of leukemia in lkaros deficient mice. In
contrast, Chari et al (2010) have shown that the CD4-Cre-mediated deletion of RBP-J in Ik
" mice results in no difference for the development of clonal T cell population compared to
the non deleted RBP-J Ik’ mice. However, RBP-J levels were not measured in the clonal
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population and it is possible that the no difference phenotype may be due to partial or
defective deletion. It is also possible that the stage of development is important for RBP-J

deletion. The clonal expansion in Ik’ mice starts at 4 weeks after birth in contrast to the 8-

k"™ mice. The development of leukemia in the Ik’ mice may therefore

kL/L kL/L

10 weeks seen in |
start earlier than in the Ik~ mice, due to low levels of lkaros proteins produced in the |
mice. Thus, an early deletion of RBP-J like with the CD2-Cre (which is expressed at the
ETP stage) and not the CD4-Cre (which is expressed at theDN4-DP stage), may be
required to see an effect of RBP-J deletion in tumor development. Although, the CD4-Cre
mediated RBP-J deletion in the Ik”" mice is sufficient to delay the appearance of Ik""
tumors, it would be interesting to test if an early deletion would avoid the selection of cells
that escape deletion. Thus, the Notch activation is required for the transition of Ikaros

deficient thymocytes to a leukemic state and this event is RBP-J mediated.

After the deletion of the 5 Notchl promoter, which are the necessary translation initiating
sites to generate a constitutive active, ligand-independent Notchl protein? In human T-ALL
the most frequent Notchl mutations are localized in the negative regulatory region (NRR)
leading to the expression of a ligand-independent Notchl protein. In T-ALL mouse models,
the majority of the Notchl mutations are described in the PEST domain. However, we
demonstrated here that the deletion of the exonl/promoter region of Notchl results in the
expression of a truncated ligand-independent Notchl protein from a cryptic 3' promoter.
The sequence analysis these truncated Notchl transcripts revealed the presence of three
methionines, M1116, M1659 and M1727, as possible initiating sites for translation. The
initiation site from these methionines seems to be conserved between murine leukemias. It
was found that the conditional deletion of Notch1 in Ik” and k™" mice under the control of
the Lck-Cre transgene generated shorter Notch transcript initiated in exon25 (Gomez-del-Arco
et al., 2010). The analysis of the exon 25 transcripts displays six putative translation initiation
methionines, M1615, M1659, M1727, M1796, M1845 and M1848. By in vitro mutagenesis,
it was shown that mutation of M1727 abolished the major isoform and in addition, that
mutations in downstream methionines increased the translation from M1727 (Gomez-del-Arco
et al., 2010). This suggests a competition between alternative initiation sites for the

translation of exon 25 transcripts. Finally, it was described that 2 somatic deletions in the 5’

42



Section Il The development of the Ikaros-deficient tumor is Notch dependent Discussion

end of Notchl in murine T-ALL cell lines can cause ligand-independent Notchl activation.
Type 1 deletions remove exonl and the proximal promoter and are Rag-mediated. Type 2
deletions remove sequences between exonl and exon 26 to 28 of Notchl and are Rag-
independent (Ashworth et al., 2010). The virtual translation of these transcripts showed the
presence of 3 possible initiating sites, M1616, M1659 and M1727. The analysis of transient
expression of the type 1 and type 2 transcripts in U20S cells showed that only the
mutations of M1727 decreases the Notchl activation in both types of deletions (Ashworth et
al., 2010). Moreover, M1727 is conserved in human Notchl (encoded by codon 1738). The
analysis of the CUTLL1 cell line derived from a human T-ALL with a t(7;9) translocation
(TCRB-NOTCH1 fusion gene), demonstrated that the Notchl transcript contains the
M1738 as the only possible translational start site (Ashworth et al., 2010). Thus, the M1727
appears to be the initiation site of the aberrant Notchl proteins after the deletion of the
5’promoter in murine T-ALL. Importantly, all these truncated Notchl proteins are sensitive
to y-secretase and the translation initiation from M1727 allows the expression of Notchl

proteins just upstream of the y-secretase cleavage site.

Is the activation of the cryptic Notchl promoter a common event? Is the lkaros deficiency
required for this activation? Although the deletion of the Notchl promoter strongly
promotes tumorigenesis, it is not sufficient for tumor initiation. We have shown that the
deletion of the Notchl 5" promoter in k™" Notch1” CD4-Cre* (N1C*) thymocytes leads to
enhanced acetylation of histone H3 (H3ac) between exons 25-34 of the gene compared
with WT thymocytes though at lower levels than in the Ik”" Notch1” CD4-Cre* (IN1C*)
tumors cells. However, the N1C* mice do not develop T-ALL. These results suggest that
the oncogenic Notchl activation is not sufficient to induce tumorigenesis, and requires
multiple hits such as the lkaros deficiency and the deletion of the 5’ promoter. However,
truncated Notchl proteins have been seen in other murine leukemias without an lkaros
deficient origin. Similar truncated Notchl proteins have been demonstrated in murine T-
ALL cell lines from Kras-G12D, SCID, BCR/ABL1 and Tall transgenic background. The
analysis of Ikaros mutations showed dn Ikaros isoforms or point mutations in some of these
cell lines but not in all of them (Ashworth et al., 2010) pointing out that Ikaros mutations leading

to loss of Ikaros function are common but not general.
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E2A deficiency generates leukemic tumors with strong Notch activation mediated by 3’
Notchl transcripts (Gomez del Arco et al., 2010). It was demonstrated that E2A, as Ikaros, have
multiple binding sites throughout the Notchl gene and therefore E2A may repress Notchl
activation (Gomez del Arco et al., 2010). These observations suggest that Ikaros and E2A could
participate in a common mechanism of transformation associated with the generation of
aberrant Notchl transcripts. Nonetheless, mutations in Ikaros were not analyzed in those
E2A deficient tumors to exclude the lkaros deficiency-mediated Notchl activation, as was
done in a recent study (Wang et al., 2012). The decrease of E2A function by expression of
the DNA-binding protein inhibitor 1d1 leads to T cell lymphomas. The majority of these Id1
tumors had elevated Notchl activity (wang et al, 2012). Analysis of Notchl transcripts
containing 5’ or 3’ sequences by a radiometric RT-PCR showed that 40% of the Id1 tumors
generated the truncated Notchl transcripts. Further analysis by RT-PCR determines
reduced lkaros expression in Id1 tumors to less than 70% of the wild type level. However,
not all the Id1 tumors with reduced lkaros expression showed the usage of 3’ Notchl
promoters (Wang et al., 2012). Thus, these results suggest that diminution of lkaros
expression in Id1 tumors offers selective advantage to the usage of 3’ Notchl promoters. In
addition, the truncated Notchl proteins were also present in other types of leukemia. It was
shown that the mouse model for stem cell leukemia-lymphoma syndrome (SCLL), the
ZMYM2-FGFR1 mouse develop leukemia with strong ligand-independent Notch activation.
The analysis of ZMYM2-FGFR1 lymphoma cells showed exonlb/exon2 Notchl deletions

kL/L

identical to those seen in | T-ALL cells (Ren and Cowell, 2011). Unfortunately, Ikaros

expression and/or mutations were not investigated in these lymphomas.

The truncated Notchl transcripts were also described in human T-ALL. A recent report by
Haydu et al. (2012) showed the intragenic deletion encompassing the 5 region of the
Notchl gene in a T-ALL patient sample. The emerging Notchl protein (started in exon 26)
was constitutively active and y-secretase sensitive, resembling the truncated Notchl
proteins found in the murine T-ALL models. Nevertheless, this seems to be a rare event in
human T-ALL as additional samples did not show 5 truncated forms of Notchl. In

conclusion, these studies demonstrated that the truncated Notchl transcript from the 3’
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cryptic promoter is a common event in murine leukemias and a rare albeit existing event in
human T-ALL. The studies also suggest that Notchl activation could be enhanced by
Ikaros deficiency as mutations or reduce expression of Ikaros was seen in high percentage
in these samples. However, the analysis of lkaros function cannot be measured only by
expression levels and/or the presence of mutations. Indeed, lkaros function is also
modulated by post-transcriptional modifications such as SUMOylation and phosphorylation.
Ikaros SUMOylation interferes with its ability to repress transcription (Gomez-del-Arco et al.,
2005) and phosphorylation of Ikaros regulates the subcellular localization and its DNA
binding affinity (Gomez-del-Arco et al., 2004; Dovat et al., 2002). Thus, further analysis of Ikaros
function should be performed to understand the contribution of Ikaros loss of function to the

activation of the alternative 3’ Notchl promoters.

HD domain mutations in human T-ALL versus promoter deletion in murine T-ALL. The
majority of the Notchl mutations found in human T-ALL are in the HD domain (Weng et al.,
2004). These mutations destabilize the interaction between the intracellular and
extracellular subunits, and induce or facilitate ligand-independent Notchl signaling. In
contrast, in murine T-ALL, the most common mutations lead to truncations of the PEST
domain that enhance the stability of the truncated proteins (Dumortier et al., 2006; Aster et al.,
2008). Here we show that T specific deletion of the promoter/exonl of the murine Notchl
gene results in the generation of a truncated, ligand-independent Notchl protein
resembling the proteins seen in human T-ALL with mutations in the HD domain. However,
the mechanism to generate ligand-independent Notchl proteins seems to be different.
Ashworth et al. (2010) found that murine T-ALL cell lines have deletions that remove the
promoter and exonl. These deletions appear to be RAG-mediated as the deletions
occurred adjacent to sequences resembling RAG signal sequences (RSS). In addition it
was shown that RAG2 protein can bind to the Notchl gene in thymocytes near the ectopic
TSSs that give rise to these deletions (Ashworth et al., 2010). We found that these RAG

mediated deletions occurs in 75% of the Ik“*

tumors, allowing a spontaneous deletion of
the 5 promoter. Our results and those of Ashworth et al (2010) suggest that the RAG-
mediated deletion of Notchl promoter is a common feature in murine T-ALL. However, in

humans the deletion of the 5’ Notchl promoter is not common. This difference can be due
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to the divergence in the ectopic RSS. Thus, ligand-independent Notchl proteins are found
in human and murine T-ALL, but the mutations that lead to the production of these proteins

are different.

In conclusion, the activation of the Notch pathway is an important event for the
development of Ik”" tumors. However, the activation of Notchl by itself seems to be not
sufficient for tumor initiation, as it needs multiple hits such as lkaros deficiency and/or 5’
promoter deletion. While 5’ promoter deletions appear to be common in murine leukemias,
in human it is a rare event. This suggests that the 5’ promoter deletion can be an event for
a specific subtype of human T-ALL, like T-ALL bearing the t(7;9), and more studies should
be performed to clarify this point. Moreover, the specific targeting of Notchl at specific sites
that target the constitutively activated, ligand-independent Notchl protein could be a useful

therapeutic strategy.
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Section Ill. ANALYSIS OF LEUKEMIA INITIATING CELLS IN A
MOUSE MODEL OF T-ALL DEFICIENT FOR IKAROS

INTRODUCTION

[1.1. Leukemia initiating cells

lll. 1.1. The heterogeneity of the tumors
The definition of cancer as a group of cells with uncontrolled proliferation formed the basis
of the cancer research for more than 7 decades. Therefore, the development of drugs was
directed to target the enhanced rate of neoplastic proliferation. After, the better
understanding of the molecular basis of cancer, the therapeutic strategies focused on the
inhibition of the molecular drivers of the disease. These strategies considered cancer as a
homogeneous, abnormal entity. Now, it is known that tumors, whether leukemic or solid,
exhibit significant heterogeneity in terms of morphology, cell surface markers, genetic
lesions, kinetics of cell proliferation, and response to therapy (Dick, 2008). Individual cancer
cells share common genetic aberrations reflective of their clonal origin. However, single-
cell analysis has shown the existence of variation in genetic and epigenetic abnormalities

between different cells within a tumor.

Tumor heterogeneity was first described in 1937, when Furth and Kahn established that a
single cell from a mouse tumor, and not a transmissible agent such as bacteria, could
initiate a new tumor in a recipient mouse (Furth and Kahan, 1937). Subsequent studies have
demonstrated that the frequency of these tumor initiating cells in solid tumors and
leukemias was variable but low and that the resulting tumors showed the morphologic
heterogeneity of the original tumor (Makino, 1956; Hewitt, 1958; Bruce and Van Der Gaag, 1963).
Pierce et al. (1960) showed that malignant teratocarcinoma cells can spontaneously
differentiate into multiple differentiated, nontumorigenic cells. Using radiolabeling and auto-

radiography techniques to measure cell proliferation, lifespan and hierarchical
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organizations within normal and neoplastic tissues, Pierce showed that in mouse
squamous cell carcinoma, the early labeling occurred almost exclusively in the
undifferentiated cells. At later time points, the well-differentiated cells display the labeling,
suggesting that they derived from the undifferentiated cells. These well-differentiated cells
were not able to initiate tumors when transplanted into recipient mice (Pierce and Wallace,
1971). With these results, Pierce and Speers proposed the early definition of the cancer
stem cell (CSC) concept: “a concept of neoplasms, based upon developmental and
oncological principles, states that carcinomas are caricatures of tissue renewal, in that they
are composed of a mixture of malignant stem cells, which have a marked capacity for
proliferation and a limited capacity for differentiation under normal homeostatic conditions,
and of the differentiated, possibly benign, progeny of these malignant cells” (Pierce and

Speers, 1988).

Additional studies supported the heterogeneity in the hematological tumors. These studies
showed that the majority of leukemia blast cells from human AML and ALL were postmitotic
and needed to be continuously replenished form a relatively small proliferative fraction
(Clarkson, 1969; Killmann et al., 1963; Clarkson et al., 1971). Later analysis demonstrated two
proliferative fractions in patients: a larger, fast cycling and a smaller, slow cycling fraction in
a dormancy state. Clarkson and colleagues inferred that the slowly cycling fraction was
generating the fast cycling fraction and suggested that these represented a leukemic stem
cell population as they had similar cytokinetic properties to those observed for normal HSC
(Clarkson, 1974).

[11.1.2. Models of tumor heterogeneity
The studies described above established that tumors are functionally heterogeneous in
terms of cell proliferation or even in tumor initiation based on transplantation assays. The
heterogeneity among cancer cells could be explained by two mutually exclusive models,

the stochastic or clonal and the hierarchy or CSC models (Fig. 111.1).
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Fig.lll.1. Tumor heterogeneity models. (Dick, 2008). Tumors are composed of phenotypically and functionally
heterogeneous cells. There are two models to explain how the heterogeneity arises. The stochastic model
describes tumor cells as biologically equivalent, however, intrinsic and extrinsic factors can influence their
behavior to generate tumor initiating cells. The hierarchy model postulates the existence of biologically
distinct classes of cells with differing functional abilities and behavior. Only small subsets of cells are tumor
initiating cells.

The stochastic or clonal model predicts that a tumor is biologically homogeneous and the
behavior of the cancer cells is influenced by intrinsic genetic (Nowell, 1976) or epigenetic
(Baylin and Jones, 2011) changes, or extrinsic factors, such as different microenvironments
within a tumor which may confer phenotypic and functional differences on the cancer cells
in different locations (Polyak et al., 2009). These influences occur randomly and result in
heterogeneity in the expression of cell surface markers, in the entry to cell cycle or in the
tumor initiation capacity. All tumor cells are equally sensitive to such stochastic influences
and the cells can revert from one to another because these influences are not permanent

(Wang and Dick, 2005). Thus, in the stochastic model, every tumor cell has equal probability to
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behave as a stem cell. The hierarchy or CSC model describes the tumor as a caricature of
normal tissue development. It proposes the existence of distinct classes of cells within a
tumor, each one with a different capacity for self-renewal and proliferation. The leukemic
stem cells are biologically distinct. They maintain themselves and their clones by self-
renewal, and they mature to generate progeny that lack stem cell properties. Thus, in the
hierarchy model, only a small subset of cells will consistently have the capacity to initiate a
tumor and reproduce the hierarchy of cell types that comprise the tumor (Wang and Dick,
2005). Both models describe the existence of functional leukemic stem cells, namely, cells
that have the capacity to initiate leukemia. Therefore, they are called Leukemia Initiating
Cells (LICs). For the development of new cancer therapies that either targets the bulk
tumor or only the LICs, it is essential to determine which model corresponds to each type

of cancer.

Recently, the branching multi-clonal evolution model has been proposed (Notta et al., 2011).
This model links the two previous ones. The hierarchical model focuses on the functional
heterogeneity but does not take into account tumor evolution or the existence of genetically
distinct subclones. The stochastic model focuses on genetic heterogeneity without
considering the functional variation. The branching multi-clonal evolution model proposes
that genetic diversity occurs in functionally defined LICs and that many diagnostic patient
samples contain multiple genetically distinct LIC subclones (Notta et al., 2011). This model
originated from the analyses of leukemia in twins and from DNA copy number alteration
(CNA) profiling of paired diagnostic and relapse ALL samples. The analyses of ETV6-
RUNX1-positive ALL in twins by chromosomal translocation breakpoints and CNA profiling
showed that pre-leukemic clones are initiated in utero. These clones are present in both
twins but they evolve with different kinetics and CNA acquisition in each twin (Bateman et al.,
2010; Hong et al. 2008). Analyses of paired diagnostic and relapse ALL samples indicated that
in most cases the relapse clone contains different genetic identity compared to the
predominant diagnostic clone. In other cases, the relapse clone is the same or a direct
evolutionary product of the diagnostic clone (Mullighan et al, 2008). This suggests the
existence of a pre-diagnostic clone that give rise to at least two clonal lineages by

independently acquisition of different genetic aberrations. Thus, this model proposes that
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tumor evolution may occur by a branching pattern that gives rise to genetically distinct

subclones and exalts the importance of therapies that eradicate all intratumor subclones.

[11.1.3. LIC definition and identification
LICs can be characterized either by their function and/or by the stem cell-related
phenotype. LIC function includes self-renewal capacity, extensive proliferative potential and
generation of progeny of more differentiated cells. The stem cell-related phenotype could
be described by surface marker expression, by their quiescence or by the ability to efflux
Hoechst dye (Deng and zZhang, 2010). However these cells can only be identified as LICs after
they are shown experimentally to recapitulate the generation of a continuously growing

tumor (Clarke et al., 2006).

[11.1.3.1. LIC functionality assays
Self renewal and lineage capacity are the hallmarks of normal stem cell, thus, the LICs
need to be evaluated for these criteria. To date, the best available assay to demonstrate
these criteria is serial transplantation, in which tumor cells from a mouse, injected
previously with primary tumor cells, should be able to re-initiate the tumor in a second
recipient mouse. The self-renewal can be symmetrical or asymmetrical. Thus, if a LIC
undergoes self-renewal, it would generate either two LICs, or one LIC and one bulk tumor
cell. Several in vitro assays have been used to identify stem cells or LICs, including sphere
assays, serial colony-forming unit assays and label retention assays. However, the
interpretation of these results is complicated and LIC activity must be confirmed in vivo.
Thus, the functional analysis of potential LICs should be done by serial transplantation
assay to show their self-renewal capacity. In addition to test the functionality of the LIC, it is
necessary to quantify their frequency with a limiting dilution transplantation assay. To
perform this assay, decreasing numbers of cells are injected in groups of mice to find the

minimal amount of tumor cells that are able to generate a new tumor.

One important tool to study some aspects of leukemia biology is the xenotransplantation,
which is the human leukemia cell transplantation in immunodeficient mice recipients. This

assay allows the identification of distinct clinical risk groups and the possibility to amplify
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the human leukemia cells in vivo (Meyer and Debatin, 2011). In the beginning, the severe
combined immunodeficiency (SCID) mice (Bosma et al., 1983) were used as recipient, but the
residual immunity of these mice limits the xenograft. Later, the non-obese (NOD)-SCID
mice (Shultz et al., 1995) and strains with impaired innate immunity and absent NK cell
activity, such as NOD/Lt-SCID/IL-2Ry™" (NSG) (Shultz et al., 2005) and NOD/SCID/cnull
(NOG) (ito et al., 2002) provide recipient mice with up to 100% engraftment and in vivo
differentiation of transplanted normal hematopoietic stem cells and increased xenograft of
leukemia cells. However, the progressive use of more permissive recipient mice generates
controversy as a distinct engraftment phenotype upon leukemia xenotransplantation is
observed (Meyer and Debatin, 2011).

[11.1.3.2. LIC phenotypic assays
The characterization of tumor cells by their immunophenotype is important to distinguish
different subpopulations of cells that may exist in tumors. The identification of potential
LICs can be done on the basis of the expression of stem cell surface markers like CD34
and CD38 or immature stage-related surface markers such as CD19 and CD133 in B-ALL
and CD7 and CD4 for T-ALL in human leukemia. In murine leukemias, markers such as c-
kit, Sca-1, CD44 and Thy1, or the expression of CSC-related surface markers like CD133
are used. However, the immunophenotyping of tumor cells is not sufficient to define LICs;
all putative LICs should be analyzed by a functional assay. It is important to note that the
markers used to isolate stem cells in normal or cancer samples are not expressed
exclusively by stem cells. In addition, the markers used to identify stem cells in one type of
cancer might not be useful to identify stem cells in other cancers (Clarke et al., 2006).
However, the use of different surface markers to identify a specific subpopulation within the
tumor is a helpful strategy to characterize the tumor and to identify a potential and/or rare

subpopulation to analyze for LIC activity.

Another phenotype used to identify potential LICs is their presence within the “side
population”. The side population assay is based on the differential potential of cells to
efflux the Hoechst dye via the ATP-binding cassette (ABC) family of transporter proteins
expressed within the cell membrane (Goodell et al., 1996). Hoechst is a fluorescent dye that
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binds all nucleic acids with preference for the AT-rich regions of the minor groove of DNA
(Lalande and Miller, 1979). Hoechst 33342 can traverse the intact plasma membrane of living
cells. While uptake of the dye occurs uniformly in all cells through passive diffusion, the
efflux is an active energy-driven process. Only cells expressing a sufficient number of ABC
transporters are able to actively efflux the dye of the cell. The optimal side population
resolution is given by the visualization of the Hoechst profile simultaneously in two distinct
channels in a flow cytometer equipped with an ultraviolet (UV) laser. Hoechst 33342 is
excited by UV light and emits fluorescence that can be detected in both, the “Hoechst Blue”
(450/50nm band-pass filter) and the “Hoechst Red” (675/20 nm long-pass filter) channels
(Goodell et al., 1996). As the “Hoechst Red” channel is more sensitive to small changes in dye
concentration, the side population cells emerge as a distinct tail extending first on the side
of the main population toward the lower “Hoechst Blue” signal. Appropriate side population
discrimination is due to the use of controls treated with ABC transporter inhibitors such as
Verapamil (Goodell et al., 1996). The side population assay has recently been used to assess
the presence of putative CSCs in a variety of cancer cell lines and primary tumors. Side
population cells have been identified in cancers where they have been shown to possess
self-renewing capacity and tumorigenicity when transplanted into mice (Chiba et al., 2006;
Haraguchi et al., 2006; Wu et al., 2007; Chua et al., 2008). The side population phenotype might
explain the resistance of specific subpopulations of tumor cells to chemotherapy (Chua et al.,
2008; Dean et al., 2005; Hirshmann-Jax et al., 2004; Wu et al., 2007). Though not every cancer
contains side population cells, the analysis of side population cells within a tumor can help

with the identification of subpopulations with potential LIC function.

The assumption that normal stem cells or CSCs spend long periods in a non-cycling state,
or quiescence, led to the idea that a label retention (bromodeoxyuridine incorporation)
assay might be used to identify LICs. While bulk tumor cells proliferate fast, LICs divide
slowly (Ho and Wanger, 2006) and therefore preserve the labeled state for an extended period.
However, it is known that not all stem cells are able to retain the dye and not all label-
retaining cells are stem cells (Clarke et al., 2006). This quiescent status is associated with
resistance to conventional chemotherapy strategies that target rapidly dividing cells. Thus,

the label retention assay could help to identify non/slowly dividing cells, as potential LICs.
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In addition, genome-wide analyses such as DNA microarrays to obtain the CNA profiles
provide tools to identify the genetic diversity found in the heterogeneous leukemia cells and
to recognize the diverse LICs or subclones that may exist in the leukemia. These
techniques were used to show the clonal heterogeneity of the BCR/ABL1 positive B-ALL
and the cortical/mature T-ALL (Notta et al., 2011; Clappier et al., 2011). However, these

techniques required high numbers of cells hindering their use.

l11.1.4. The first evidence for the existence of LICs
The first evidence for the existence of CSCs was found in hematological malignancies
where only a small subset of slowly dividing cells were able to induce transplantable AML.
Dick and colleagues demonstrated that most subtypes of AML, except acute promyelocytic
leukemia (APL), could be engrafted reliably in SCID mice (Lapidot et al., 1994). Limiting
dilution analysis showed that the frequency of the initiating cells was variable by more than
1000-fold between donors and it was exceedingly rare with an average of 1 per 10° cells.
They showed that leukemic engraftment could only be initiated from the CD34"CD38" cell
fraction. The CD34'CD38 cells could produce large numbers of colony-forming
progenitors, CD34°CD38" cells and mature blasts (Lapidot et al., 1994). Later, it was
demonstrated that the CD34°CD38 cells have the differentiative and proliferative
capacities and the potential for self-renewal characteristics of a typical leukemia initiating
cell (Bonnet and Dick, 1997). Thus, these studies demonstrated the existence of specific cells

that can reinitiate a tumor, the LICs, and provided evidence for the hierarchy model in AML.

Subsequent studies demonstrated the existence of CSC in solid tumors. Al-Hajj et al.
(2003) showed that breast tumors comprise a minor, phenotypically distinct tumor cell
population that was able to form mammary tumors in non-obese diabetic (NOD)/SCID
mice. As few as 100 CD44*'CD24™" cells were sufficient to develop a tumor in
immunodeficient mice, whereas 10* cells with different phenotypes were not able to re-
initiate the tumor. The tumorigenic cells could be serially transplanted, demonstrating their
self-renewal capacity. They were also able to generate tumor heterogeneity to produce

differentiated, nontumorigenic progeny (Al-Hajj et al., 2003). In addition, it was demonstrated
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that CD133" cells in human brain cancers have differentiative and self-renewal capacities
to initiate tumor growth in vivo, whereas CD133 cells could not (Singh et al., 2004). In these
studies, small numbers of cells defined by specific markers were able to transfer the
disease into immunodeficient mice and the frequencies of tumorigenic cells were variable
and low. Thus, there is evidence for the existence of CSC (in the case of solid tumors) or
LICs (in the case of hematological tumors) in different types of cancers. In both cases, they

are compatible with the hierarchy model.

[11.1.4.1. The controversy
Despite these and other studies, there are reports that questioned the universality of the
CSC or hierarchy model. Kelly et al. (2007) showed that primary pre-B/B lymphoma cells
from Eu-myc transgenic mice were able to reinitiate tumor development in non-irradiated
congenic animals regardless of the number of injected cells, from 10 to 10° cells. The
demonstration that the LIC frequency in some induced murine leukemia models can be as
low as 1 in every 10 cells, makes the LICs a fairly common population (Kelly et al., 2007). To
explain the difference in frequency obtained between mouse and human tumors, the
authors suggested that the xenotransplantation may underestimate the percentage of LICs
due to host resistance factors and to the absence of cross-species reactivity of cytokines
and other microenvironmental factors. However, Dick and colleagues showed that when
human and murine leukemia models were both induced with the same mixed-lineage-
leukemia (MLL) fusion protein, the LIC frequency was the same (Kennedy et al., 2007). They
generated a genetically induced model of human B-ALL by transplanting human umbilical
cord blood stem/progenitor cells expressing the oncogene MLL-ENL into immunodeficient
mice. The frequency of LICs in this model was comparable to the frequency obtained with
a murine retroviral transduction model of MLL-AF9-induced AML (Krivtsov et al., 2006; Kennedy
et al., 2007). Thus, Kennedy et al. (2007) emphasized that the fundamental concept of the
CSC model is not directly related to the frequency of the LICs, but rather to the functional
evidence of tumor heterogeneity and a hierarchical organization. In addition, there are
studies that have been reported phenotypically different LICs in the same type of cancer.
In 2009, Cox et al. showed that CD19'CD133" ALL blast were the only cells able to

propagate human leukemia in immune deficient NOD/SCID mice. However, one year
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before, le Viseur et al., have shown that a wide variety of blast at different stages of
maturation (CD34" and CD34°, CD19 and CD19%, CD20" and CD20") were able to
propagate leukemia in NK cell depleted NOD/SCID and NSG mice after intrafemoral
injection. It is important to note that this difference can be due to the use of different
recipient mice: the identification of LICs with an immature immunophenotype used more
conventional NOD/SCID mice (Cox et al., 2009), whereas the wide variety of blast with LIC
potential was found after xenotransplants in NK cell-depleted NOD/SCID mice and with a
more invasive inoculation (intrafemoral injection) (Le Viseur et al., 2008). Both groups suggest
that the discrepancy in the ALL LICs can be due to the use of different methodology
(strains of recipient mice and inoculation techniques) and a standardization of
xenotransplantation should be necessary (Heidenreich and Vormoor, 2009; Diamanti and Blair,
2009). But methodology includes more than immunodeficient mice recipients and
inoculation techniques. The controversy about the LIC existence also touches the
antibodies that are used to select the cell population. Studies in AML have shown that LICs
are not only present in the CD34°CD38 cells (Lapidot et al., 1994) but also in the
CD34'CD38" (Taussig et al., 2008) or CD34" (Taussig et al., 2010) cells. Taussig et al. (2008)
found that some antibodies reduced the engraftment of hematopoietic cells in NOD/SCID
mice such as anti-CD33. The analysis of a range of antibodies to human antigens reported
that anti-CD38 antibody has an inhibitory effect on the engraftment of normal and leukemic
repopulating cells. The CD38-coated human cells were clearanced by the innate immune
cells through a process that is dependent of the Fc portion of the antibody (Taussig et al.,
2008). These results suggest that the clearance of the CD38-coated cells influence the
enrichment of LICs in the CD34"CD38" population that was observed before and highlight
the importance of the antibodies used to sort the leukemic cells. Nonetheless, it seems
that AML follows the hierarchy model. The debate continues but not only for LICs.
Quintana et al (2008) demonstrated how xenotransplantation assay can be modified to
increase the frequency of cells with tumorigenic potential from the same sample.
Melanoma cells from the same patient were transplanted either in NOD-SCID or NSG
recipient mice and with or without matrigel to enhance the engraftment of the tumor cells.
The results obtained showed an important increase of xenograft in the more

immunecompetent NSG recipient with matrigel (Quintana et al., 2008). Thus, the frequency of
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LICs and CSCs can vary among different cancers as demonstrated by xeno- or syngeneic
transplantation assays and all these variations can be due to the immunodeficiency of the
recipient mice, the methodology used like the inoculation techniques (intrafemoral against
intravenous injection), the sex (higher engraftment in female than male) and age (young
age is associated with superior engraftment) of the recipient mice and the antibodies used
to select the cells (Notta et al., 2010; Ballen et al., 2001; Taussig et al., 2008). Moreover, it is
necessary to determine the existence of LIC and the model of heterogeneity in different

types of tumors as this may have an impact on the therapeutic strategies.

11.1.5. LICs in ALL
[11.L1.5.1. LICs in B-ALL
The first demonstration of LICs in B-ALL was provided by Cabaleda et al. (2000) who
showed that only the primitive CD34°CD38 blast cells were able to transfer BCR/ABL1
positive B-ALL in NOD/SCID mice. Another study proposed that CD34"'CD38'CD19" cells
could represent a candidate for LICs in B-ALL (Castor et al., 2005). However, subsequent
studies raised the question about the B-ALL LIC description as CD34"CD38"°“CD19" cells
and suggested a non hierarchical model of heterogeneity. It was shown that in pediatric B-
ALL there are less than 1% of CD133'CD19 cells that are capable of initiating and
maintaining long-term cultures of B-ALL cells and of initiating tumors by serial
transplantation in NOD/SCID mice (Cox et al., 2009). In contrast, Le Viseur et al. (2008)
showed that CD34°CD19°, CD34'CD19" and CD34'CD19" cells contain LICs, although with
different frequencies. This suggests that the LICs in B-ALL can switch between different
populations. In addition, the xenotransplant of unfractionated leukemic blasts from BM of
childhood B cell precursor-ALL into NSG mice revealed a very high LIC frequency,
suggesting a stochastic but not hierarchical model for this leukemia (Morisot et al., 2010).
Finally, using xenografting and CNA profiling of human BCR/ABL1 positive B-ALL, it was
demonstrated that B-ALL is composed of genetically distinct subclones (predominant
and/or minor subclones) that are present with varying proportions at diagnosis and have
different functional capacities in xenografts (Notta et al., 2011). Here, the propagation of
genetic abnormalities found in the diagnostic sample was tracked by comparing the CNA

profiles of the diagnosis sample with paired primary and secondary xenografts. This
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analysis showed that the majority of the xenografts exhibited the same distribution of CNA
as the diagnostic patient sample. However, multiple xenografts, derived from the same
patient, harbored distinct genetic changes compared to the predominant diagnostic clone
even if they shared the major CNA such as for IKZF1 and CDKN2A/B. Moreover, the ability
of different subclones in xenotransplantation assays to engraft seems to correlate with the
clinical outcome. The patients whose xenografts derived from the predominant clone have
a worse outcome compared to those in which the engraftment originates from a minor
subclone. These results suggest the existence of subclones that are present at low levels
in the diagnostic samples and further suggest that these clones undergo divergent
evolution from the diagnostic clone. Thus, these data support the branching clonal-
evolution model in BCR/ABL1 B-ALL.

111.1.5.2. LICs in T-ALL
When we started the analysis of LICs in the Ik"~ mice, there were limited and contradictory
information concerning the potential existence and the immunophenotype of the LICs in T-
ALL. Cox et al. (2007) had demonstrated that CD34"CD7 cells were able to grow in vitro
and in vivo. Limiting dilution assays with unfractionated leukemia cells had shown that
5x10° to 10’ cells were required for engraftment, indicating that LICs are rare in human T-
ALL (Cox et al., 2007). Later, Gerby et al, (2011) showed that in mature/cortical T-ALL, the
CD34°CD7" population, previously described as LICs in T-ALL (Cox et al., 2007), contained
normal human progenitor and HCSs. Moreover, these cells did not have the original
genetic abnormality identified at diagnosis, such as gene rearrangement or microdeletion.
Instead, by limiting dilution xenotransplantations, the authors showed that the LIC activity
was enriched in CD34'CD7" cells (Gerby et al., 2011). In addition, it was demonstrated that
the combination of dexamethasone and inhibitors of Notch signaling prevented proliferation
and LIC activity in the CD34'CD7" cell population (Gerby et al., 2011). Moreover, it was
recently described that a CD7"CD1a” T-ALL subpopulation was enriched with LICs when
xenotransplanted in NSG mice. This is contrary to previous results, showing that CD34 was
not a universal marker for T-ALL LICs (Chiu et al., 2010). Treatment with glucocorticoid

showed that CD1a’ cells are resistant and suggest that CDl1a LICs may possess unique
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biological and molecular properties (Chiu et al., 2010). Thus, the immunophenotype of LICs in

T-ALL remains unclear.

Regardless the unclear LIC immunophenotype in T-ALL, increasing number of studies
highlight the importance of Notch as a major player in the LIC activity. The development of
a long-term co-culture assay of primary human T-ALL cells with a murine stromal cell line
expressing the human Notch ligand DL-1 (MS5-DL1) has allowed the first study of how
Notch activation influences T-ALL maintenance and growth (Armstrong et al., 2009). This
assay demonstrated that most T-ALLs with or without Notch mutations require activation of
the Notch pathway for proliferation. T-ALL cells cultured with MS5-DL1 showed 100%
engraftment in NOD/SCID mice. However, cells co-cultured with MS5-GFP were not able
to engraft. Moreover, the transplantation of T-ALL cells that were cultured with GSI for 30
days resulted in only 1 out of 12 mice with T-ALL development (Armstrong et al., 2009). These
results demonstrate a major role for Notch signaling in regulating the LIC activity in T-ALL.
Subsequent studies support the role of Notch in LIC activity. For example, as described
before, T-ALL LICs CD34'CD7" proliferate more upon Notch activation than other
subpopulation such as CD34CD7" and were sensitive to dexamethasone and Notch
inhibitors (Gerby et al., 2011). Recently, it was also shown that CD34" cells from Notch1™a*
pediatric T-ALL samples had higher leukemic engraftment and serial transplantation
capacity than the CD34+ Notch1"" cells (Wenxue et al., 2012). The use of Notchl monoclonal
antibody reduced LIC survival and self-renewal in the engrafted mice (Wenxue et al., 2012).

Thus, the Notchl signaling plays an important role in LICs activity.

Similar to the BCR/ABL1 positive B-ALL, T-ALLs appear to have clonal heterogeneity at
diagnosis and clonal evolution at relapse. The comparison between the CNA profiles of
diagnosis, relapse and xenograft samples showed that xenograft and relapse samples
clustered together and harbored a range of new genetic lesions compared with diagnosis
cells (Clappier et al., 2011). The additional genomic lesions in xenograft leukemic cells
increased the expression of cell cycle and mitosis genes and caused a diminished
sensitivity to drugs, reminiscent of relapse leukemias. Thus, this study highlights the

relevance of the xenograft assays as a model of patient relapse as it favors the emergence
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of leukemic subclones and increases other relapse features such as enhanced LIC activity,

increased proliferation and drug resistance.

In murine leukemia, also the existence of LIC was unclear. Li et al. (2008) characterized
various stages of tumor development in a murine model of T-ALL initiated by retrovirus-
mediated overexpression of intracellular Notchl in lineage negative BM cells. The over-
expression of intracellular Notchl led to the generation of polyclonal non-tumorigenic
CD4'CD8'TCR-af cells that were not qualified as LICs as they did not generate tumors
upon transfer into nude mice (Li et al., 2008). The authors concluded that even though the
tumors consisted of phenotypically heterogeneous cells, no evidence for LICs was found in
that model. Recent studies in the Tax transgenic mouse model for adult T-cell
leukemia/lymphoma (ATL) and the Tall/Lmo2 mouse model for T-ALL suggest the
existence of LICs. Yamazaki et al. (2009) have estimated the LIC frequency by limiting
dilution transplantation assays as 1 per 10* splenic lymphomatous cells in the Tax
transgenic mouse. The subsequent LIC identification by side population assay and the
CD38CD71°CD117* phenotype showed that 10% cells were sufficient to re-initiate the
original lymphoma. Thus, LICs exist in the ATL mouse model. Finally, with the Tall/Lmo2
mouse model, it was demonstrated that murine T-ALLs are phenotypically and functionally
heterogeneous with a LIC frequency of 1 per 10° cells (Tatarek et al., 2011). Transplantation
assays showed that the LICs were present in a subset of DN3 cells (Tatarek et al., 2011).
Tall/Lmo2 mice develop a heterogeneous tumor with spontaneous mutations in Notchl.
Therefore, the consequences of Notchl inhibition on LIC activity were analyzed. T-ALL
cells in vitro were incubated with GSI or vehicle for 48 hr and then transplanted into
syngeneic mice where treatment was maintained for 3 weeks (Tatarek et al., 2011). Notch
inhibition significantly reduced or eliminated LICs. Thus, these results supported the LIC

activity dependence on Notch signaling.

Regardless of the not well defined presence of LIC population in all types of T-ALL,
evidence is emerging that relapse (30% of T-ALL cases) may result from a failure to
eliminate LICs. In the CSC model of tumor biology is suggested that treatments eliminating

bulk tumor cells without eradicating CSCs will result in relapse as CSC reemerge (Wang,
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2007). In conclusion, CSCs or LICs are cells able to generate and maintain tumors by their
special capacity to self-renew. The goal of identify LIC lies not only in the better
understanding of tumor initiation and progression but also in the development of effective
anticancer therapies that target tumor cells that initiate and maintain the tumor.
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Section Ill. ANALYSIS OF LEUKEMIA INITIATING CELLS IN A
MOUSE MODEL OF T-ALL DEFICIENT FOR IKAROS

RESULTS

In this part of my work | analyzed Ik“" tumors to determine the occurrence of LICs. |
performed transplantation assays to test the ability of Ik tumor cells to re-initiate leukemia
in recipient mice and used limiting dilution assays to find the minimum number of cells
required to initiate the tumors. | characterized the Ik“" tumors by staining for different
surface markers to define subpopulations present in the tumor and to test their capacity to

initiate tumors. Finally, | sought stem-cell like characteristics in the Ik~ tumors.

[11.2. Leukemia initiating cell analysis

For the transplantations shown here, we used lethally irradiated (9Gy) C57BL/6J WT mice
(CD45.2"). By intravenous injection (in tail vein), we transplanted tumor cells from leukemic
Ik“* mice (around 18-20 weeks old) that expressed the leukocyte common antigen CD45.2.
To support the reconstitution of the hematopoietic system, we also transplanted 2.5x10°
WT BM cells from a mouse that expressed CD45.1 (B6Ly5.1) or CD45.1/CD45.2
(B6LY5.1/5.2) (Fig. 111.2). With the differential expression of CD45 we can follow the tumor or

k“* tumor cells into the

the supporting cells in the recipient mouse. The proliferation of the |
recipient mice is high and the tumor phenotype is clear. Therefore, regardless of the fact
that the tumor and the host cells express CD45.2, we can distinguish, by CD4/CD8 surface
staining, if the cells are tumor or host cells. For some transplantation, B6Ly5.1 or
B6Ly5.1/5.2 mice were also used as recipient mice. Topro3, a dye that cannot penetrate
the intact membrane of live cells, was added to the cell suspensions before sorting in order

to discard the dead cells.
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Figure 1ll.2. Strategy of transplantation experiments. The transplantation experiments performed here were
made by injection of Ik”" primary tumor cells into lethally irradiated (9Gy) recipient mice. To support the
reconstitution of the hematopoietic system, 2.5x10° WT BM cells were also co-injected. In the serial
transplantation, the generated tumor cells from the first recipient mice were used to inject the second
recipient mice and so on (top). For the limiting dilution transplantation, decreasing numbers of cells were
injected into recipient mice. Subpopulation transplantations were performed by injecting sorted Ik tumor
subpopulations.

[11.2.1. Functional Assay

I11.2.1.1. Self-renewal capacity by serial transplantation
To investigate the self-renewal capacity of the Ik"" tumor cells, we performed serial

k"™ primary tumor cells. For the

transplantation assays. The first recipients received |
second round of transplantations we used tumor cells derived from the BM of the first
recipient mice. In the recipient mice the tumor appears first in the BM with later metastasis

in the spleen and thymus.
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We performed a transplantation experiment using 10° tumor cells and 2.5x10° supporting
WT BM cells. Two weeks after the transplantation, the recipient mice showed disease

K" tumor cells were able to initiate tumor in both the 1% and the 2™ round

symptoms. The |
recipient mice, and all the tumors showed similar CD4/CD8 staining phenotype. In both
serial transplantations the tumors developed about 2 weeks after transplantation (data not

shown).

After the limiting dilution assays (see section 111.2.2.1) we noticed that 10° tumor cells were
an excessive number. Therefore, we performed another serial transplantation assay using
500 primary tumor cells (the limiting number that developed tumors in recipient mice). We
followed the capacity of self-renewal until the 5" round of transplantation. The 1% recipient
group developed the tumor faster than the subsequent rounds (41 days vs. 64 days on
average for the other groups) but between the 2" and 5" round the kinetics of tumor
development was similar (Fig. 1I.3A). We noticed that in the 4" and 5" round of
transplantation, only 2 out of 4 mice from each group got sick. This suggests that either the
tumor cells started to lose their self-renewal capacity or that the LIC numbers started to
decrease. All the tumors, regardless of the round of serial transplantation, showed similar
CD4/CD8 but not CD3/CD25 phenotype (Fig. 11.3B). This phenotype was seen in all of the
experiments. The expression of CD4/CD8 was similar between the recipient tumors, and all
of the tumors displayed a DP/CD8+SP phenotype. However, it was common to see a

decrease in CD3 and an increase in CD25 expression compared to the original tumor.
Thus, the k""" tumors cells showed an important stem cell characteristic. They have the

capacity to self-renew, as it is possible to perform serial transplantations for at least 5

rounds.
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A. Serial transplantation
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Figure IIL.3. Ik tumor cells have self-renewal capacity. Lethally irradiated recipient mice were injected with
500 1K™ tumor cells derived from a primary tumor or BM tumor cells from recipient mice for the serial
transplantation. A. Survival curve of the recipient mice groups (n=4 mice) in each of the 5 rounds of
transplantation. B. CD4/CD8 and CD3/CD25 phenotype of the original tumor and one recipient mouse from
the 1% and 2" round of transplantation. The data shown here represent a serial transplantation assay with the
IK“ #169 primary tumor. A second serial transplantation assay was performed with an amplified Ik tumor
and similar results were obtained (data not shown).

[11.2.2. Frequency Assay

[11.2.2.1. Determining the number of leukemia initiating cells by limiting

dilution transplantation

k""" tumors, we performed

To establish the frequency of leukemia initiating cells in the |
limiting dilution assays. We injected decreasing numbers of Ik“* tumor cells into lethally
irradiated recipient mice. With the minimal number of cells necessary to start new tumor, it

is possible to estimate the frequency of LICs present in the tumor.
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The limiting dilution assays were performed with 10° to 25 tumor cells. The mice were
sacrificed when they showed disease symptoms or 150 days after injection. The results
shown in table Ill.1 represent 4 independent transplantation experiments, each one from a
different Ik~ primary tumor. Each transplantation tested different cell dilutions, however,

some dilutions were repeated to better validate our data.

1st assay 2nd assay 3rd assay 4th assay
5 n=3 mean 27 days | n=3 mean 31 days
107 cells
(24d 2x, 41d 1x) (31d 3x)
4 n=3 mean 41 days | n=3 mean 31 days
10 cells (41d 3) (31d 3)
3 n=5 mean 42 days
5x10” cells (41d 2x, 44d 3x)
3 n=3 mean 60 days | n=4 mean 51 days
10" cells (60d 3x) (50d 2x, 52d 2x)
n=6 mean 61 days
(56d 3x,57d 1x, | n=3 mean 45 days
500 cells 80d 1x, survive (45d 3x)
150d 1x)
n=5 (47d 1x, survive
250 cells 150d 4x)
100 cells n=6 no tumor n=5 no tumor
50 cells n=5 no tumor
25 cells n=5 no tumor

Table Ill.1. Limiting dilution transplantations data obtained from 4 assays. Each experiment tested different
dilution. The description of how many mice were injected with each dilution is indicated as well as the mean
days after transplantation that takes for every group to develop tumors. It is also indicated the days required

for single mouse to develop tumors.

Transplanting 10° or 10* Ik~ tumor cells led to similar kinetics of tumor growth. However,
when fewer cells were used, the number of injected cells was inversely correlated with the
time required for tumor generation. The survival curve representing one of the experiments
shows that the last group of mice which developed tumors was injected with 500 tumor
cells. All of these tumors showed a DP/CD8+SP phenotype similar to the donor cells.
When 250 tumor cells were injected, only one out of 5 mice developed a tumor and none of
the mice injected with 100, 50 or 25 Ik"" tumor cells displayed any disease after 150 days.
The analysis of thymus and BM from these mice revealed a normal phenotype. Thus, to

develop new tumor in lethally irradiated recipient mice it is necessary to inject at least 500
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tumor cells. The frequency of LICs was calculated by Poisson statistics and the method of
maximum likelihood provided in L-Calc software (StemCell Technologies) with all the data
obtained from the limiting dilution assays. It was estimated to be 1/531 cells (95%
confidence interval, with a £1 SE range of 1/384 to 1/724).

Limiting dilution transplantation

100 A

80
©
=
s 60 ——5,000 cells
7] [ |
“— -
2 40 1,000 cells
X 500 cells

20 100 cells

0 |
0 15 30 45 60 75 90

days after transplantation

Figure Ill.4. 500 Ik tumor cells are sufficient to develop tumors in lethally irradiated recipient mice. The
survival curve representing a limiting dilution assay for groups of recipient mice injected with 5,000 (n=5),
1,000 (n=4), 500 (n=6), 100 (n=6) Ik"" tumor cells.

lll. 2.3. Identification of LIC phenotype

1.2.3.1. Ik“" tumor characterization by surface marker staining
1.2.3.1.1. Ik~ thymus phenotype

Based on the results above, we suspected the existence of a specific tumor cell

subpopulation that has properties of LICs within the 1k""

kL/L

tumors. Therefore we sought to
identify the phenotype of these cells. k=~ thymocytes display an unusual pattern of T cell
markers as early as 8 weeks of age. We can observe a decreased CD4+SP and an
increased CD8+SP and CD25" cells compared to WT thymus (Fig. 111.5). After 13 weeks of
age, the CD4/CD8 phenotype already resembled the final Ik tumor but the percentage of
CD4+SP cells was still high and there was no metastasis in the spleen or the BM (Fig. 111.5D

and data no shown). The CD4/CD8 phenotype displayed at 16 to 20 weeks was essentially
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the same, but the expression of other markers like CD25 was higher at older age (Fig. ll.5E,
F). We also found higher numbers of cells in the thymus and in the metastatic organs. In
order to characterize specific subpopulations of the Ik~ tumors, we looked for up regulated

genes in the Ik""

tumors compared to WT thymocytes by transcriptome analysis. After, we
analyzed their expression by FACS. We also stained tumor cells with stem cell-related
markers. This analysis revealed that markers like CD138 and Sca-1 are also increased

during tumor progression (Fig. 111.5).

A. [785 85] {136 0.36 [0.48 0.029
i; WT thymus
I )
1 x
2,827, 2 433 {263
B. Jw06 84.8| ]135 0.46 0.49 0.078
At Ik #46
5 weeks old
C.
K" #196
8 weeks old
D.
1KY #73
13 weeks old
E.
Ikt #51
16 weeks old
F.
2 IkU- #38
2 ¥ 3 20 weeks old
4.77 i s 53|  Ysso 1.09
CD4 CD3

CD138

CD8 CD25 Sca-1

Figure IIl.5. Variable expression of surface markers in thymi of Ik mice throughout life. The thymocytes
from Ik mice at different ages were stained to analyze the CD4/C8, CD3/CD25 and CD138/Sca-1 profiles.
A. WT thymus, B. IK"" thymus 5 weeks old, C. k" thymus 8 weeks old, D. Ik"* thymus 13 weeks old, E. Ik
thymus 16 weeks old and F. Ik-" thymus 20 weeks old.
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Thus, the majority of the Ik tumors (75-80%) displayed the DP/CD8+SP phenotype such
as Ik“" #51 (Fig. 111.5E) or Ik #38 (Fig. 111.5F), and the accumulation of these subpopulations
started at an early age. The expression of the other markers (CD3, CD25, CD138 and Sca-
1) was variable between the tumors. However, they had a tendency to increase in the
tumors, the expression of CD25 and CD138 were increased with age. We commonly saw a
high expression of CD25 and CD138 in the Ik"" tumors.

11.2.3.1.2. Ik“* tumor phenotype
We studied a large number of tumors by staining the following surface markers: CD4, CDS,
CD3, CD25, Sca-1, CD138, CD24, CD44, CD69, CD133, IL-7Ra, yd-TCR, CD150, CD90,
c-kit, CD34, CD71, FLT-3, CD16, Terl19, CD48, CD43 and CD135. Most of the tumors
showed a DP/CD8+ phenotype (76%) with high CD25 expression but sometimes they also
displayed a DP/CD4+SP phenotype (4 cases in 17 tumors analyzed) (Fig. 1ll.6A). The
expression of the other markers was either highly heterogeneous between the tumors (Fig.

111.6B) or they were not expressed.

Thus, the most common Ik~"- tumor phenotype is DP/CD8+SP with low CD3 and high CD25

expression. However the heterogeneous expression of the other markers hindered their

kL/L

use in identifying subpopulations of cells in the Ik~ tumors.

69



Section Il Analysis of LICs in a mouse model of T-ALL deficient for Ikaros Results

A. B
DP CD8+SP CD4+SP
- 120 70
UL S . 60 C
Ik #52 ’ 7 18000 o . i o
s 60| = o
2 40 H 20 Was
: A 4+ 3.
> " atn E.i
’ WT Ikt ° WT kY
kY- #76
CD25 Sca-1 CD138
L 100 . 16 . 120
. 14
2 80 £, n - 100 .
g - o + 80 ie
= 20 us 8 60 .
8 gt g . 20 am
5 20 = 2™ = 20 e
IKY- #181 B P — 0 i) 0 un
WT Ik WT Ikt WT Ik
CD24 CD44 CD69 CD133
o 70 120, 60 7
S 60 " . . 6
UL g 50 18000 ig 5 .
IK- #55 ‘ggg . 60 30 - g 5
Y 5 0 ol L ® 2 o
6.64 \2 o * . 2|, d 10,2 s f .
T o axx 0 Lo S 0 . ols
CD4 CD3 CD138 WT IKW- WT Ik WT k" WT Ik

CD8 CD25 Sca-1

Figure 111.6. Heterogeneous phenotype of IK“" tumors. Several IK“" tumors were analyzed by surface staining
to identify the most common phenotype. A. Examples of the most frequent phenotypes in terms of CD4/CDS8,
CD3/CD25 and Sca-1/CD138 markers. B. Graphs showing the percentages of subpopulations (DN, DP,
CD8+SP and CD4+SP) or the expression of different markers used for the phenotype analysis of the tumors.

[11.2.3.1.3. Tumor amplification.
It is important to analyze the characteristics of the same tumor by different tests. However

it was not possible to perform all of the analyses with primary tumor cells or to have
enough cells to do it. To be able to study the same Ik~ tumor in different experiments

k"t tumors

(transplantations), we performed tumor amplification in vivo. First, the primary |
were analyzed by surface staining and then frozen in 90%FCS/10% DMSO. Then, the
selected tumor was amplified by injecting 10x10° 1k”" tumor cells into lethally irradiated
recipient mice. 12-15 days after the injection, the tumor obtained in the recipient mouse
showed the same phenotype as the primary tumor in terms of CD4/CD8 and CD3/CD25
surface staining (Fig. 111.7). Thus, it was possible to work with the same tumor by amplifying

the primary tumor in a recipient mouse. In addition, we hypothesized that the high number
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of injected cells and the fast development of the tumor in recipient mice might avoid the

selection of different clones in the tumor.

Ik #182
primary tumor

recipient mouse (CD45.1)
of 10° tumor cells (CD45.2) +
2.5x10° WT BM (CD45.1/CD45.2) |

bt
]

CD45.1
CD45.2

Figure I1l.7. Tumor amplification by injection of 10x10° IK-" tumor cells generates an “identical” tumor in the
recipient mice. Description of the primary tumor phenotype on top and the tumor phenotype (gated on
CD45.2" cells) of the recipient mouse at bottom. CD45.1/CD45.2 staining allows to follow the host cells
(CD45.1), the supporting cells (CD45.1/CD45.2) and the Ik* tumor cells (CD45.2).

[11.2.3.2. Subpopulation transplantation
To identify the phenotype of cells that can initiate the leukemia, we performed
subpopulation transplantations in which purified Ik~ tumor subpopulations were injected in
recipient mice. As shown before, the majority of Ik"" tumors display a DP/CD8+SP cell
surface phenotype with variable expression of CD3 and CD25 and high heterogenic
expression of other surface markers. We decided to test the ability of the major
subpopulations present in the tumors to re-initiate tumor. DP and CD8+SP tumor cells

were tested and the influence of CD3 and CD25 was observed.

At the beginning, large numbers of cells were injected. In the first experiment, we injected
2x10* bulk tumor cells, CD8+SP CD3’, DP CD3 and CD8+SP CD3" cells. In the second
experiment, we injected 10* bulk tumor cells, DN CD3'CD25, CD8+SP CD3CD25", DP
CD3°"“CD25" and DP CD3'CD25" cells. All of the subpopulations gave rise to tumors in
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recipient mice. Moreover, all recipient tumors displayed similar DP/CD8+SP cell surface
phenotypes regardless of the initial subpopulation (data not shown). Thus, all Ik"" tumor
cells with the capacity to develop a tumor in recipient mice give rise to tumors with the
same complexity as the original. Regarding the kinetics of development the CD8+SP CD3"
population in the first transplantation (17 days versus 19-21 days for the other populations)
and the DN CD3'CD25 population in the second transplantation (28 days versus 39-54
days for the other populations) developed earlier, suggesting that LICs might arise in the
early stages of T cell maturation.

As limiting dilution assays showed that 500 tumor cells were sufficient to develop a tumor
we repeated the assay (bulk tumor, DN CD3CD25, CD8+SP CD3CD25", DP
CD3°“CD25" and DP CD3'CD25" subpopulations) by injecting only 500 tumor cells.
Unfortunately, all the mice from the DP CD3'CD25" group died before 12 days due to
radiation problems. The DN CD3 CD25  injected mice were again the first to get sick (52-54
days after transplantation). The bulk tumor and the CD8'CD3 CD25" injected mice were
next to become sick (88 days after transplantation). Only one out of three mice injected
with the DP CD3'CD25" population become sick as early as the DN CD3'CD25" injected
mice but the other two remained healthy (Fig. 11.8). The BM cells of the latter group showed
a normal phenotype when analyzed 120 days after transplantation. Thus, the use of 500
tumor cells allows a better analysis of the capacity to re-initiate tumors from
subpopulations.

As the DN CD3-CD25- group developed tumors the faster, we tested if the lack of CD25
gives some advantage to tumor development. We added the CD8+SP CD3 CD25
subpopulation in the next assay. The CD4+SP subpopulation was also added as we found
that these cells were increased after 5’FU treatment (see 111.2.3.3.2. Enrichment of side
population cells), suggesting that these cells were in a quiescent state and could therefore
comprise LICs. Thus, bulk tumor cells, DN CD3'CD25", CD8'CD3'CD25, CD8'CD3 CD25",
DP CD3'CD25" and CD4+SP subpopulations were tested. This time, the CD8+SP CD3
CD25" injected mice were the first to get sick, followed by the DN CD3'CD25" and the bulk

tumor groups, suggesting that the lack of CD25 expression is not important for re-initiating
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a tumor. In fact, the CD8'CD3 CD25  injected mice needed more time than the CD8"CD3"
CD25" ones. The subpopulations that expressed CD4, namely DP CD3'CD25" and
CD4"SP, did not develop tumors (Fig. 111.9).

Subpopulation transplantation
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Figure 111.8. The DN CD3'CD25" subpopulation from the primary tumor Ik"" #16 was the first one to re-initiate
tumors in recipient mice. To test the capacity of different subpopulations to develop tumors, 500 sorted cells
were injected. A. CD4/CD8 and CD3/CD25 phenotype of the primary tumor IK-" #16. B. Survival curve of the
mice injected with bulk tumor (n=3), DN CD3'CD25 (n=3), CD8'CD3 CD25" (n=3) and DP CD3'CD25" (n=3)
subpopulations.
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Figure II1.9. The subpopulations that expressed CD4 in the primary tumor 1K™ #117 did not develop tumors

in recipient mice. Different subpopulations were injected at the limiting cell number (500) to test their ability to
re-initiate tumors in recipient mice. A. CD4/CD8 and CD3/CD25 phenotype of tumor Ik"" #117. B. Survival
curve of the mice injected with bulk tumor (n=5), DN CD3'CD25 (n=5), CD8'CD3 CD25 (n=5), CD8'CD3"
CD25" (n=5), DP CD3'CD25" (n=5) and CD4"SP (n=5) subpopulations.
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To have more repetitive results, we used the same tumor in different assays. The tumor
Ik #52 was amplified in recipient mice by injection of 10x10° cells. 13 days later, the bulk
tumor cells, DN CD3, CD8+SP CD3, CD8+SP CD3", DP CD3 and DP CD3"
subpopulations were sorted from the BM of the recipient mouse. This time, the requirement
for CD3 expression was tested. CD3 expression seems to give some advantage, as the
first mouse to develop a tumor came from the CD8+SP CD3" group, followed by one
mouse each from the bulk tumor and the CD8+SP CD3" groups. However, the first group
where all the mice became sick was the DN CD3" group. In this experiment, as in the

previous ones with 500 tumor cells, the DP subpopulations did not develop tumors

(Fig.111.10).
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Figure 111.10. Subpopulation transplantation with an amplified tumor from Ik"* # 52. Different subpopulations

were tested for their capacity to re-initiate a tumor in recipient mice. A. CD4/CD8 and CD3/CD25 surface
staining phenotype of the amplified tumor. B. Survival curve of the mice injected with bulk tumor (n=4), DN
CD3 (n=5), CD8'CD3 (n=4), CD8"CD3" (n=5), DP CD3 (n=4) and DP CD3" (n=5) subpopulations.

Thus, in Ik”" tumors that display a DP/CD8+SP phenotype, a subpopulation of cells in the
DN and CD8"SP cell compartments, are more potent in re-initiating a tumor with the same
complexity as the original, in lethally irradiated recipient mice. These subpopulations seem
to be immature as the groups expressing CD4, DP and CD4+SP cells, did not give rise to
tumors when using 500 sorted tumor cells. Although, all the subpopulations gave rise to a
tumors in the transplantations of 2x10* or 10* cells this could be due to the use of high

numbers of cells, where the possibility of cell contamination is higher.
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111.2.3.3. Side population cells
[11.2.3.3.1. Side population assay

kK" tumors. Hoechst

We looked for the existence of side population cells within the |
staining showed that 0.18-2% of the Ik"" tumor cells are side population cells. To
discriminate the side population from the bulk tumor cells, the cells were incubated with
Verapamil, a specific ABC transporter inhibitor against dye efflux. These cells are specific
to the tumor as we did not find side population cells in the thymus of young Ik”" mouse (5
weeks old) or in the WT thymus (Fig. Ill.11). The side population cells of the tumor seem to
have the same ability to efflux the Hoechst dye compared to the HSC present in the WT
BM cells. The presence of side population cells within the Ik“" tumor therefore shows a
specific cell population able to efflux Hoechst dye.
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Figure 11.11. The kK" tumors contain side population cells. Analysis of side population cells by the ability to
efflux the Hoechst 33258 dye (5ug/ml) with or without Verapamil (25ug/ml). The gate for side population cells
was set according to their typical profiles in Hoechst red versus Hoechst blue bivariate dot plot. The side
population cells were present in the HSC in the WT BM and in the Ik tumor. However the WT thymocytes
and the thymus of young Ik mice did not contain side population cells.
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[11.2.3.3.2. Enrichment of side population cells
To determine if the side population cells in the Ik”" tumor contain leukemia initiating cells,
we needed to study their ability to generate a new tumor in recipient mice. The low
frequency of these cells prevented us from to performing the transplantation. However, it
was shown that the frequency of side population cells in leukemic cell lines can be
increased after incubation with 5’Fluorouracil (5’FU) (zhang et al., 2010). 5’FU is a pyrimidine
analogue, with similar shape as uracil, which works through an irreversible inhibition of
thymidylate synthase, thereby inducing cell cycle arrest and apoptosis in proliferating cells.
This enrichment of side population cells by 5’FU treatment is based on the observation that
stem cells are in a quiescent state and are resistant to chemotherapy which act on cycling

cells.

To test the effect of 5’FU on the frequency of side population cells in the Ik"- tumors, we
injected 150mg/kg 5'FU into leukemic Ik”" mice. 24 hours after 5'FU injection, the
frequency of side population cells increased greatly from 0.72% in the non-injected mouse
to 6.07% in the 5’FU-injected mouse (Fig. 111.12B). The majority of the tumor cells died. The
number of cells in the thymus decreased from 300-900x10° to less than 20 x10°. Mice
treated with 5’FU lost 5% of their body weight. Metastasis also decreased. The size of the
spleen and the number of splenocytes was reduced compared to the untreated Ik"" mice.
The effect of 5FU on WT mice was different, as it increased the percentage of side

population cells in the BM (data not shown) but had no effect in the thymus (Fig. 111.12A).

Beside the increase of the side population cells in the tumors, we also found an altered
CD4/CD8 profile after the 5’FU treatment (Fig. 11.12B). 5’FU injected tumors showed an
increase of the CD4+SP and/or DN subpopulations and sometimes the phenotype
resembled that of WT thymus. However, when gated on the side population cells, the
CD4/CD8 profile was similar between the 5'FU treated or untreated Ik tumors showing

CD4+SP and DN subpopulations and a low percentage of DP cells (Fig. 111.12B).
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Figure I1l.12. The 5'FU treatment increases the frequency of side population cells in Ik"" tumors. A. Side

population cells present in WT thymus with or without 5’FU treatment for 24 hours. B. CD4/CD8 profile and
frequency of side population cells in primary tumors treated or not with 5'FU (Ik"" #136 and Ik"" #138
respectively), the CD4/CD8 profile on the right was gated on side population cells present in each tumor. C.
Side population analysis from amplified tumors in recipient mice treated or not with 5’FU (mouse #112 and
mouse #116 respectively). The CD4/CD8 and the side population analysis were gated on live cells (Topro3
negative cells). At right, the CD4/CD8 profile from the side population cell. D. CD45.1/CD45.2 plot to
discriminate between tumor cells (CD45.2), supporting cells (CD45.1/CD45.2) and host cells (CD45.1) in the
amplified tumor from recipient mice injected or not with 5’FU 10 days after transplantation. The bar graph
represents the number of BM cells obtained from femur and tibia from each recipient mouse injected or not
with 5’FU.

As the DP/CD8+SP profile of the tumor in 5°'FU injected Ik"" mice were abnormal, we
tested if this change was due to the 5FU treatment, using amplified tumors. We
transplanted 10 previously frozen tumor cells into lethally irradiated recipient mice and
then treated them with 150mg/kg 5’FU at day 10 after transplantation when they started to
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show disease. As we expected, the side population cells increased after the 5’FU treatment
(Fig. 111.12C and table 111.2) from 0.45% to 4.6% in the 5’FU injected mice. The tumor phenotype
changed from 80% DP/18% CD8+SP to 53%DP/24% CD8+SP with 20% of DN and 2.5%
CD4+SP. In addition, analysis of BM cells of the recipient mice showed a decrease in the
percentage of cells derived from the tumor cells (CD45.2) and an increase in the number of
supporting cells (CD45.1/CD45.2) (Fig. 1.12D). The number of BM cells of 5’FU-injected
recipient was lower than that of the control recipient, suggesting that 5’FU treatment was
killing both the BM supporting cells and the bulk tumor. The results indicate that tumor
amplification followed with 5’FU treatment is not a good strategy to increase the frequency

of side population cells.

LIL : : recipient mice from tumor
k=" leukemic mice DA
amplification
injected with injected
non- % of side J % of side non- % of side with % of side
. : 150mg/kg . . . .
injected | population 5EU population | injected | population | 150mg/kg | population
5'FU
IkL/L
#186 0.5 KM #22 24h 4.3 # 116 0.45 # 111 24h 1.02
K-t #135
Ikt #25 0.027 24h 2.4 #117 0.22 # 112 24h 4.6
Ik K- #2177
#138 0.72 24h 3.15 # 113 24h 2.13
k"t #136
Ik #38 0.11 24h 6.07 # 114 24h 1.47
Ikt #51 0.77 Ik #151 1w 2.81
It #22 0.15 K- #143 2w 3.77

Table Ill.2. Percentages of side population cells obtained from different experiments where Ik mice with
tumor and recipient mice were injected or not with 5’FU. The mice were analyzed at the indicated times after
5'FU injection.

[11.2.3.3.3. Side population transplantations
To test the ability of this specific subpopulation to generate new tumors, we performed 3
experiments where the recipient mice received sorted cells from k""" leukemic mice
injected with 5’FU 24hrs before. We tested different dilutions (1,000, 500 and 100 cells) of

side population and non-side population cells (Hoechst retaining cells) co-injected with
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2.5x10°> WT BM supporting cells. As a control, one group of mice was injected with bulk
tumor cells, stained with Hoechst dye and sorted for live cells (Topro3 negative cells).

Unfortunately these experiments did not provide conclusive results. None of the mice
become sick, even those injected with total tumor cells. We considered two possible
explanations: 1) Hoechst dye toxicity (high percentage of dead cells after the staining) or 2)

the 5’FU resistant cells do not proliferate anymore.

To test the first possibility we transplanted WT BM cells stained or not with Hoechst 33258.
We transplanted either 10° or 2.5x10° BM cells and followed their recovery. Two out of 3
mice injected with 2.5x10° Hoechst stained BM cells died at day 10, the same time as the
control mouse (irradiated but not injected), suggesting a radiation problem. The other mice
injected with Hoechst stained BM cells survived and showed the same percentage of
transplanted cells versus host cells as the mice injected with non-stained BM cells. These
results showed that the cells stained with Hoechst can reconstitute lethally irradiated mice

and that the protocol is not toxic.

To analyze the effect of 5’FU, we first assessed the ability of 5’FU resistant cells, obtained
from the tumor of 5'FU injected Ik""" mice, to proliferate in culture. After 20 days in non-
enriched medium, the cells started to expand and showed the same CD4/CD8 profile as
the primary tumor, in this case only CD4'SP cells. We also tested the ability of the 5’FU
resistant cells to proliferate in vivo. We transplanted 10° and 10* 5'FU resistant cells into
lethally irradiated recipient mice. Here we expected a fast tumor development. We followed
the mice until day 100 but they did not show disease. Thus, the 5’FU resistant cells of the

IK~" tumors can grow in long term cultures, but they do not give rise to new tumors.

111.2.3.3.4. Analysis of the 5'FU resistant cells in the Ik"" tumor

We then analyzed the 5’FU resistant cells from the primary tumors to determine if they

k" tumor cells showed

were tumor cells. The CD4/CD8 phenotype of the 5'FU resistant |
subpopulations that were not usually present, or at least not in that percentage. We looked
at their clonality by TCR rearrangement. We performed PCR to see the DBR2-JB2 TCR

rearrangement from sorted DN, DP, CD8+SP and CD4+SP thymic populations of an Ik
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mouse injected with 5’FU. The PCR showed that the DN and CD4+SP subpopulations had
more than one rearrangement (Fig. 111.13) and that the rearrangement detected in bulk tumor,
DP and CD8+SP cells was weakly detected in these cells. Thus, 5’FU resistant cells may

not all be tumor cells.
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Figure II1.13. The DN and CD4+SP 5'FU resistant populations are not monoclonal like the other
subpopulations in the tumor. After sorting the indicated subpopulations genomic PCR was performed to
check the DB2-JB2 TCR rearrangement.

[11.3. Technical problems

It is important to clarify that not all the experiments were successful. At some point during
this work, we started to have technical problems that affected the variability and the
reproducibility of the results. During the first two years, the transplantation assays showed
results with small variability between mice from the same group; the injected mice
displayed symptoms of disease with a difference of +/- 2 days. Suddenly, some
experiments were lost because all or the majority of the recipient mice died 10-12 days
after transplantation. Those experiments were performed after the irradiator was broken,
suggesting that these problems could be due to an over-dose of radiation. In fact, the mice

that died did not show disease symptoms before death and the analysis of moribund mice
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revealed very low numbers of cells in the BM or the spleen (these mice had no thymus).
For the subsequent transplantations, we decreased the radiation dose from 9 to 8 Gy.
However, we noted more variability in the kinetics of tumor development, or in the time of
latency. Some mice did not get sick at all. In addition, the control mice, irradiated but not
injected, did not die, demonstrating that the lethal irradiation was, in fact, not lethal. It was
at this time that we performed the side population experiments, and unfortunately, the

results were not conclusive.

We performed some tests on the radiation dose, as well as the age and sex of the recipient
mice, but the variability continued. Therefore, the project was stopped. Thus, the functional
analysis of LIC activity in the Ik“" tumors was not successful as the technical problems

affected the interpretation of the transplantation assays.
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Section Ill. Analysis of leukemia initiating cells in a mouse

model of T-ALL deficient for Ikaros

DISCUSSION

Here, we described the analysis of LICs in the lkaros deficient mouse model of T-ALL. We
demonstrated that Ik"" tumors contain cells with self-renewal capacity that are present in 1
in 500 cells. These cells are able to re-initiate the tumor with the same characteristics as
the original tumor. Various subpopulations of tumor cells exhibited different capacities to
initiate the tumor in transplantation assays. Although they exhibit a heterogeneous
expression of stem cell-related surface markers, Ik"" tumor cells display characteristics
associated with stem cells such as quiescence and the ability to efflux the Hoechst dye.

kL/L

Thus, these results strongly suggest the existence of LICs in the Ik~ tumors although their

phenotype remains unclear.

The 1/500 frequency in the Ik~ tumors is higher than the 1/5x10° to 1/10° frequency
required for the xenograft of human CD34°CD7 T-ALL cells (Cox et al., 2007). Yet, it is lower
than the 1/10 cells necessary to develop a Notchl dependent tumor in a murine model of

T-ALL (Li et al., 1008). Here we showed that the Ik

self-renewing cells are able to generate
the heterogeneity of the original tumor in the recipient mice a function that is expected of
LICs. In addition, the potential Ik“"- LICs were found in different subpopulations. Thus, Ik~*
tumors have a subset of cells that can be described as LICs by the functional
characteristics of self-renewal and by their ability to regenerate tumors with the same

complexity or heterogeneity as the original tumor.

Do the Ik"" tumor cells have characteristics of normal stem cells? The analysis of the Ik-*

tumors revealed a population of cells with the ability to pump out the Hoechst dye, the so
called side population cells. These cells are present at low frequencies, but they are tumor
specific, as they are absent in WT or in 5-week-old Ik"" thymi. 5'FU treatment also
increased the percentage of side population cells in the Ik”" tumors. In addition, the 5'FU

kL/L

treatment showed that there are non proliferative cells within the tumors. Thus, Ik~ tumors
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contain cells that have stem cell-like characteristics such as the ability to efflux the Hoechst
dye and quiescence. However, these results do not indicate the definitive presence of
LICs. Though side population cells have been demonstrated to exist in different types of
cancers and are associated with CSC activity (Chiba et al., 2006; Haraguchi et al., 2006; Wu et al.,
2007; Chua et al., 2008), the expression of ABC transporters, is not exclusive to stem cells
(Cooray et al., 2002; Tang et al. 2010). Additionally, the interpretation of the side population
assay can be altered because Hoechst binds to DNA and tumor cells often exhibit
aneuploid populations, leading to a more heterogeneous Hoechst profile (Golebiewska et al.,
2011). Thus, the identification of cells with stem cell-like characteristics such as the efflux of
Hoechst dye and quiescence within the Ik~"- tumors is an important finding. However, these
cells cannot be called LICs until they are tested for their functional capacity to self-renew.
Unfortunately, the transplantation assays performed to test their capacity were not

conclusive and they have to be repeated.

kL/L

Which model could explain the heterogeneity of the Ik=- tumor cells? Is it possible to have

functionally distinct LICs within a tumor? The 1/500 frequency of the LICs in the Ik“*
tumors indicates that LICs are not a rare event, which suggests that the stochastic model

could explain the heterogeneity in the Ik""

tumors. However, not all the subpopulations
have the same capacity to reinitiate a tumor. In fact, the subpopulation transplantation
performed with 500 tumor cells showed that the DP and CD4+SP subpopulations did not
generate tumors in the recipient mice. This suggests that the cells within a k" tumor differ
in terms of tumor initiation. The observation that various subpopulations give rise to tumors
with distinct kinetics could suggest the existence of different functional LICs. It is possible
that one subpopulation might have the ability to serially transplant the tumor, while others
might not be able to establish long term due to a very low frequency of LIC. This was
observed with CD34"CD7" and CD34°CD7" cells in human T-ALL where both populations
have LIC activity but the percentage of engraftment in serial transplantation was lower with
the CD34 CD7" cells (Gerby et al., 2011). Thus, the serial transplantation of the different
subpopulations highlights the populations where LICs are enriched. This experiment should
be done with the Ik~ tumors. Another interesting experiment that could be done to clarify

the existence of different LICs in the Ik~" tumors is the comparison of the CNA profiles from
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original and serial transplanted Ik"" tumors, in order to detect the different genetic changes
that might occur at transplantation and the comparison of these changes between the

recipient tumors.
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MATERIALS AND METHODS

1. Mice
The Ik”* mouse line has been described previously (Kirstetter et al., 2002). The tumor

formation was checked weekly by the apparition of disease (lethargy, hunched back,
palpable spleen growth, anemia (by discoloration of the footpad), and hair loss). The
recipient mice were C57BL/6J female mice from Charles River at 6-7 weeks of age.
Supporting BM cells come from B6/Ly5.1 (CD45.1" CD45.2") and mice from crossing
B6/Ly5.1 with C57BL/6J (CD45.1°CD45.2 *) mice. These mice were occasionally used as
recipient mice. The Ik”", B6/Ly5.1 and t B6/Ly5.1-C57BL/6J mice were bred in the specific
pathogen free (SPF) animal rooms in this institute.

2. PCR
10’ cells were digested in 500pl tail digestion buffer (100 mM Tris-HCI, pH8.5, 5mM EDTA,

0.2% SDS, 200mM NacCl, 100ug/ml proteinase K) at 50°C overnight and spun down at
13,000 rpm for 5 min. DNA was precipitated by adding 1 volume of isopropanol, washed
with 70% ethanol and resuspended in 200ul TE (10mM Tris-HCI, 0.1 mM EDTA). For
genotyping, the mouse tails were cut when mice were at 1-2 weeks age and then digested

in the same way. 2 ul of the DNA dilution were used as PCR templates.

The PCR was done with the following conditions:

Ik“* genotyping. One cycle of 5 min at 94°C, 40 cycles of 15 sec at 94°C/30 sec at 60°C
/30 sec at 72°C and 1 cycle of 5 min at 72°C.

DB2-JB2 rearrangements. One cycle of 5 min at 94°C, 30 cycles of 30 sec at 94°C/45 sec
at 60°C /1 min at 72°C and 1 cycle of 5 min at 72°C.

The primers were:

Genotyping ABG209 GAAGCCCAGGCAGTGAGGTTTTTCC
ABG301 GGCAAAGCGCCATTCGCCATTCAG
ABG304 CATGCCTCGATCACTCTTGGAGTTC

DB2-JB2 rearrangements Df2.1 GTAGGCACCTGTGGGGAAGAAACT
JB2.7 TGAGAGCTGTCTCCTACTATCCATT
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3. Flow cytometry

To stain surface markers, up to 5x10° cells were put in round-bottom 96 well plates. Cells
were spun down at 1200 rpm for 2 min. Cells were incubated with biotin-labeled or purified
primary antibody diluents in 25 pl of staining buffer for 10 min on ice in dark. Cells were
washed and stained with fluorochrome-conjugated antibodies (primary and secondary) as
the previous steps. Stained cells were resuspended in staining buffer and analyzed directly
by FACSCalibur or FACS LSR Il (BD BioScience) and FlowJo software (TreeStar). Tumor
cells were sorted on FACSAria Il SORP (BD BioSciences).

The following antibodies were used:

Anti- Clone Conjugated Company
CD3 500A2 V500 BD Pharmingen
PE
RM4-5 AlexaFluor-647 | BD Pharmingen
CD4
APC
GK1.5 AlexaFluor-700 eBioscience
PerCP-Cy5.5
Biotin BD Pharmingen
CD8 53-6.7
FITC
PE-Cy5 Biolegend
unconjugated o
CD16/CD32 93 eBioscience
PE-Cy7
CD24 30F1 PE eBioscience
PE )
CD25 PC61 BD Pharmingen
APC
CD34 RAM34 FITC BD Pharmingen
CD43 S7 FITC BD Pharmingen
PE-Cy7 Biolegend
CDh44 1M7.8.1 —
PE-Cy5.5 eBioscience
APC-eFluor 780
CD45.1 A20 PE eBioscience
PE-Cy7
104 PE-Cy7 Biolegend
CD45.2 ;
104.2 FITC BD Pharmingen
CD48 BCM1 APC eBioscience
CD69 H1.2F3 FITC BD Pharmingen
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CD71 C2 Biotin BD Pharmingen
CD90.2 5a-8 PE Invitrogen
CD133 13A4 Biotin eBioscience
CD138 281-2 Biotin BD Pharmingen

TC15- PerCP-Cy5.5 .
CD150 12E12.2 PE-Cy7 Biolegend
APC-Cy7 .
: - Biolegend
c-kit 2B8 Pacific Blue
Biotin Invitrogen

FLT-3 .
(CD135) A2F10.1 PE BD Pharmingen
v6-TCR GL3 Biotin BD Pharmingen

PE-Cy7 o
IL-7R A7-R34 eBioscience
APC-eFluor 780
FITC )
BD Pharmingen
Sca-1 D7 PE
PE-Cy5 Biolegend
Pacific Blue
Streptavidin APC-Cy7 Invitrogen
AlexaFluor 405
Terll9 Ter-119 APC BD Pharmingen

Staining buffer: PBS 0 + .5% BSA + 2mM EDTA

4. Cell transplantation

Material and Methods

The recipient mice were lethally irradiated one day before transplantation 2 times at 4.5Gy
with around 4 hr interval. Tumor cells obtained from primary/recipient or thawed cells were
resuspended with BM supporting cells in IMDM media +10% FCS and injected into

recipient mice at 400 ul volume through tail vein

5. Cell freezing and thawing
To freeze cells, after centrifuging at 1200 rpm for 5min, cells were resuspended in 90%
FCS,10% DMSO at 10° to 10" cells/ml. Aliquots of cells in cryogenic vials were kept at -
80°C. To thaw cells, cells stocks were quickly thawed in 37°C water-bath. Thawed cells
were transferred to 10 ml medium and centrifuged at 1200 rpm for 5 min. Cells were

washed again, counted and resuspend in adequate volume to injected into mice
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6. 5'FU treatment
5FU was administered at dose of 150mg/kg by intraperitoneal injection. 5'FU
(Fluorouracile Dakota, Sanofi-Aventis France) was stocked at 50 mg/ml at room

temperature. 1:5 dilution was done with PBS before use.

7. Side population Assay

Up to 5x10° cells were resuspended in 900 ul staining media (DMEM + 2% FCS + 10mM
HEPES). Hoechst 33342 (Sigma) stock (5 mg/ml in H20) was diluted in medium to obtain
the working dilution (5ug/ml). Both, cells and dye were incubated for 20-30 min at 37°C in a
water bath to warm them up. 100 ul of Hoechst working dilution were added to the cells
and incubated for 90 min at 37°C. For control, one aliquot of cells were also incubated in
presence of Verapamil at 25ug/ml. The cells were mixed every 15-20 min by tube
inversion. After incubation the reaction was stopped by putting the cell tube in ice. The cells
were spun down at 1200rpm for 5min in a pre-cooled centrifuge. Cells were washed with
cold PBS with 2% FCS and 10mM HEPES. Cells were stained for surface markers as
describe before always keeping the cells cold. Topro3 was added before acquiring to
exclude dead cells. The side population cells were analyzed in the FACSAria Il cell sorter
(BD BioScience).

The staining media was. Hoechst 33342 (Sigma) were stocked at 5mg/ml in H20, and

diluted in medium to obtain the working dilution 5ug/ml. Verapamil (Sigma) were stoked

at 100mg/ml and diluted to obtain 25ug/ml before use.

88



k L/L

Section IV B cell activation and its relation with auto-immune symptoms in the | mouse Introduction

Section IV. B CELL ACTIVATION AND ITS RELATION WITH
AUTO-IMMUNE SYMPTOMS IN THE IK""- MOUSE

INTRODUCTION

IV. 1. Mature B cells in the k""" mice

kL/L

In contrast to other Ikaros targeted models, I mice exhibit less severe hematopoietic

defects (see Table 1.1) and develop relatively normal numbers (~50%) of splenic B cells

kL/L

postnatally (Kirstetter et al., 2002) making the | mouse a useful genetic model to study

Ikaros function in B cells.

Ik“" mice exhibit a striking reduction in pre-pro-B cells (Fr. A) (see Fig..4) in comparison to

LiL
k

WT mice. There are 5x fewer B cell progenitors in Ik~ than in WT BM, as measured by in

vitro colony formation in response to IL-7 (Kirstetter et al., 2002). Besides the block in pre-pro-

kL/L

B cells, | mice also exhibit a partial block between the pro-B and pre-B (Fr. C to Fr. D)

stages. The Ik"*

pro-B cells were found to express lower levels of Rag1l/2 and Iglll (A5).
This indicates that lkaros promotes this transition by playing an important role for Igh

rearrangement and/or the expression of the pre-BCR components (Kirstetter et al., 2002).

Despite the block in differentiation some Ik”" B cells differentiate and establish a mature
compartment. In contrast to the BM, splenic k"™ B cells express B220 at similar levels
compared to WT and the proportion of immature versus mature B cells appear normal (Fig.
IV.1) (Kirstetter et al., 2002). The Ik-"™ B cells proliferate in vitro to lower concentrations of anti-
IgM stimulation than WT B cells. However, they form less germinal centers than WT
(Kirstetter et al., 2002). Thus, k""" B cells are less able to respond to antigen even though they
have a lower threshold of activation. However, it remains unclear how Ikaros contributes to
the regulation of B cell activation. Furthermore, Ik“" mice exhibit abnormal serum antibody
levels, as characterized by reduced IgGs, 1gG; and increased IgG,, and 1gG2a (Kirstetter et
al., 2002). Until now, it is unknown if Ikaros deficient B cells are predisposed to produce

autoantibodies as has been found for B cells from other mouse lines with reduced B cell
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activation thresholds (Gauld et al., 2006). The results shown in section IV provides answers to

these questions.

IkLIL

B220

Figure IV.1. Analysis of splenic k" B cells. (Kirstetter et al., 2002) Splenocytes from WT and Ik mice were
stained with anti-B220, anti-lgM and anti-IgD antibodies. Ik"" splenocytes express B220 at levels comparable
to WT and the proportion of immature (IgM*lgD’) versus mature (IgM*lgD* and IgM°IgD") B cells appear
normal.

I\VV.2. B cell receptor signaling
IV.2.1. BCR structure

The BCR is a multiprotein structure consisting of an antigen-binding, membrane-bound
immunoglobulin (mlg) component and two signal transduction molecules: Iga and Ig (Dal
Porto et al., 2004). The mlg consists of two identical Ig light chains (IgL) and two identical Ig
heavy chains (Igh). Each of them has a variable and constant region. The complementary-
determining regions (CDR) present in the variable region of each Ig chain are responsible
for the variability of the antigen-binding, creating a ligand-binding site unique for every
BCR. The constant region of the Igh directs the expression of different isotypes. Moreover,
after the constant region of the Igh, there is a transmembrane region to anchor the mlg into
the cell membrane. migM molecules have only a very short cytoplasmic tail and they

cannot transduce signals into the cytosol (DeFranco, 1993). The Iga and IgB heterodimer,

90



Section IV B cell activation and its relation with auto-immune symptoms in the Ik ““ mouse Introduction

representing the signaling—transduction subunit of the BCR, is noncovalently associated
with the mlg (Reth, 1992). The cytoplasmic tails of Iga and Igp contain one immunoreceptor
tyrosine-based activation motif (ITAM) that enables the transmission of extracellular signals
(Flaswinkel and Reth, 1994). The ITAM is a conserved motif including two tyrosine residues that
endow the antigen receptors with specific binding sites for Src homology 2 (SH2) domain

containing proteins (Reth, 1989).

IV.2.2. BCR activation

B cells are a critical component of the adaptive immune system. B cell activation is initiated
following the recognition of an antigen by the BCR which results in a wide range of
biological responses such as differentiation, activation, proliferation, anergy and apoptosis.
The BCR stimulation initiates multiple signaling cascades, which are integrated into the
nucleus to affect gene transcription. BCR signaling can be divided in three steps: initiation,
propagation and integration (Fig. IV.2).

IV.2.2.1 Initiation
BCR signals are initiated by antigen binding, which leads to the aggregation and activation
of protein tyrosine kinases. Antigen engagement leads to BCR cross-linking and
phosphorylation of ITAMs by Src-family protein tyrosine kinases (PTK) such as Lyn, Fyn,
BLK and Lck (Kurosaki, 1999). The Scr-family PTK are already located in the proximity of the
BCR via acylation (myristoylation and palmitoylation), which anchors the kinases to the
plasma membrane (Clark et al., 1992; Pleiman et al., 1994a; Resh, 1999). The highly expressed Lyn
iIs considered as the initiator of the BCR signaling. Iga and IgB ITAM domains are
eventually phosphorylated on both tyrosine residues, which allows the recruitment of the
spleen tyrosine kinase (Syk) through its tandem SH2 domains (Rowley et al., 1995).
Recruitment of Syk to Iga and IgB results in activation of the kinase, which facilitates the
initiation of several different signaling pathways (Pao et al., 1998) via the phosphorylation and
interaction with the adaptor molecule B cell linker protein (BLNK). Thus, the initiation of
the BCR signaling is crucial for the phosphorylation of ITAMs to provide a platform for the

activation of PTKSs.
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Integration
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Figure IV.2. B cell receptor signaling. (Dal Porto et al., 2004). (1) Initiation: BCR aggregation triggers Iga and
IgB phosphorylation, which provides an initial platform to activate Lyn and Syk kinases for further signaling.
(2) Propagation: through protein-protein and protein-lipid interactions, important scaffolding molecules and
major signaling pathways, including PI-3K and PLCy2, are recruited and activated, respectively. (3)
Integration: signaling pathways that end in the nucleus and directly affect transcription factors are activated.

This leads to a transcriptional response, which is a major determinant of cell fate.

IV.2.2.2. Propagation
The phosphorylation of ITAMs initiates the formation of the signalosome formed by Syk,
Btk, BLNK and PLCy2. This is an intracellular signaling complex which is mediated through
protein-protein and protein-lipid interactions. Upon BCR ligation, phosphatidylinositol-3-
kinase (PI-3K) is activated by its recruitment to the plasma membrane (Gold et al., 2000). It
then, phosphorylates the plasma membrane lipid phosphatidylinositol-4,5-bisphosphate
(PIP2) to make phosphatidylinositol-3,4,5-trisphosphate (PIP3) (Gold et al., 1992). This step is
essential for the recruitment of the Bruton’s tyrosine kinase (Btk). Once Syk and Btk are
activated, progression of signaling requires the tyrosine phosphorylation-dependent
activation of effector molecules such as phospholipase-Cy2 (PLCy2) (Dal Porto et al., 2004). It

was described that the adaptor molecule BLNK (also known as SLP-65 or BASH) was
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essential for PLCy2 recruitment from the cytosol to the plasma membrane and for coupling
BCR aggregation to Ca?* influx (Fu et al., 1998; Goitsuka et al., 1998; Wienands et al., 1998). BLNK
iIs phosphorylated and activated by Syk leading to the recruitment of PLCy2, as well as
other molecules such as the guanine exchange factor Vav, and the adaptor complex
Grb2/SOS to activate Rac and Ras MAP kinase pathways (Dal Porto et al., 2004). Further,
BLNK interacts with Btk and the phosphorylation of PLCy2 by both Btk and Syk is
responsible for PLCy2 activity (Chiu et al., 2002; Hashimoto et al., 1999; Ishiai et al., 1999). PLCy2
cleaves membrane-associated phosphoinositide PIP, into the 1(1,4,5P; (IP3) and
diacylglycerol (DAG) second messengers (Dal Porto et al., 2004). IP; diffuses to the
endoplasmic reticulum (ER) and binds to the IP3 receptors to mediate Ca** release from
the ER into the cytosol (Fruman et al., 1999). Depletion of the ER Ca?* store induces the
opening of Calcium release activated calcium (CRAC) channels in the plasma membrane.
The opening of Ca?* permeable ion channels allows the influx of extracellular Ca** (Suzuki et
al., 1999). The increased cytoplasmic Ca** concentration leads to activation of several Ca*
dependent enzymes such as Calmodulin-dependent kinase and the transcription factors
NF-AT and NF-kB (Bellacosa et al., 1991). DAG activates multiple Protein Kinase C (PKC)

isoforms, which can in turn activate the p38, ERK and JNK MAP kinase pathways.

IV.2.2.3. Integration
BCR signaling must be integrated into a transcriptional program in the nucleus by the

activation of various pathways to directly target the transcription factors.

IV.2.2.3.1. Mitogen activated protein kinases (MAP kinase pathway)
Three MAP kinases participate in BCR signaling: the extracellular signal-regulated kinase
(ERK) 1/2, the c-Jun NH2-terminal kinase/Stress activated protein kinase (JNK/SAPK) and
the p38 MAP kinase (Dong et al., 2002; Johnson and Lapadat, 2002) (Fig. IV.3). Each MAP kinase is
activated by well defined kinase cascades and in turn phosphorylates and activates unique
sets of transcription factors. The JNK and p38 pathways appear to be largely downstream
of PLCy2 signaling with the involvement of IP; and Ca?" in JNK activation and DAG
involvement in p38 activation (Dal Porto et al., 2004; Hashimoto et al., 1998). In contrast, the

events upstream of the ERK1/2 pathway appear to be more complex. It has been shown
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that ERK has both positive (survival/proliferation) and negative (apoptosis/deletion) roles
depending on the maturation state and activation status of the B cell (Gauld et al., 2002; Norvell
et al., 1995; Richards et al., 2001; Rui et al., 2003).

ERK1/2 can be activated as a consequence of the Ras/Raf/MEKK cascade. BCR ITAM
phosphorylation recruits Shc that forms a complex with Grb2 and SOS resulting in Ras
activation (D'Ambrosio et al., 1996; Nagai et al., 1995). In addition, Raf, and thereby ERK1/2, can
be activated via a DAG-dependent PKC (Hashimoto et al., 1998). Moreover, PI-3K pathway
may also be upstream of ERK1/2, as a dominant negative form of PI-3K or PI-3K inhibitors
can interfere with ERK1/2 (Jacob et al., 2002). Finally, it was described by Guo et al. (2007)
that IL-4 exposure induces an alternate pathway in which BCR mediated ERK
phosphorylation become independent of PI-3K and PLCy2 signalosome mediators but
dependent on Lyn. This alternate pathway leads to the production of the autoimmunity-
associated cytokine, osteopontin (Opn) by B cells, making a link between ERK activation

and autoimmunity (Guo et al., 2009; Rothstein and Guo, 2009).

MAPKKK

MAPKK
MAPK
nucleus ¥ r v IR
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Figure IV.3. MAP kinase signaling. (Adapted from Loeser et al., 2008) A diverse array of receptors, including
growth factor, cytokine, and integrin receptors, activate signaling pathways which lead to the activation of the
MAP kinase pathways. MAP kinase kinase kinases (MAPKKKSs) activate MAP kinase kinases (MKKs; MAP
and ERK kinase or MEK), which in turn activate the MAP kinases (p38, ERK1/2, and JNK). The MAP kinases
activate other kinases, such as p90RSK, and transcription factors that regulate gene transcription including
Elk-1, MEF2, ATF2, c-Myc, Ets-1, and c-Jun.
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V. 2.2.3.2. Akt
Akt is a serine/threonine kinase that phosphorylates cellular targets involved in apoptosis,

glycogen metabolism, and cell growth (Jastrzebski et al., 2007; Niiro and Clark, 2002). Akt lies
downstream of PI-3K in BCR signaling, as the generation of PIP; results in the recruitment
of Akt to the plasma membrane. Indeed, the binding of its PH domain to PIP; leads to the
activation of Akt by phosphorylation at key threonine and serine sites (Bellacosa et al., 1998;
Dal Porto et al., 2004). Activated Akt can then migrate to the cytoplasm and the nucleus to
interact with numerous substrates and transcription factors (Jastrzebski et al., 2007; Meier et al.,
1997). One substrate is Bad, a pro-apoptotic member of the Bcl-2 family, which promotes
apoptosis by neutralizing Bcl-x.. Akt-mediated Bad phosphorylation results in the
dissociation of Bad from Bcl-x., thereby suppressing apoptosis and promoting cell survival
(Datta et al., 1997; del Peso et al., 1997). Another substrate is the glycogen synthase kinase-3
(GSK-3), a multifunctional kinase involved in the regulation of cell cycle and proliferation.
GSK-3 is inhibited by Akt mediated phosphorylation (Cross et al., 1995).

IV.2.2.3.3. Nuclear factor kB (NF-xB) and nuclear factor of activated T
cells (NF-AT)
NF-kB consists of hetero- or homo-dimers of the subunits NF-xB1 (p50), NF-xB2 (p52), c-
Rel, RelA (p65) and RelB, and is important for B cell development, proliferation and
immunoglobulin class switching (Ruland and Mak, 2003). The activation of NF-«B occurs
mainly via Btk/Pl-3Kdependent manner, primarily through Akt but is also influenced by
PLCy2 activity, which allows their translocation to the nucleus (Petro and Khan, 2001; Dal Porto
et al., 2004). The NF-AT transcription factor is also activated downstream of BCR signaling
and its activation appears to be dependent on PI-3K and Ca** (Garcia-Cozar et al., 1998; Gold et
al., 2000). Both, NF-kB and NF-AT are influenced by the Ca®" signal. While the magnitude of
the calcium response controls NF-kB activity, it is the duration of elevated Ca** that

influences NF-AT and ERK activation (Dolmetsch et al., 1997).

95



Section IV B cell activation and its relation with auto-immune symptoms in the Ik ““ mouse Introduction

IV.2.3. BCR mediated proliferation
BCR stimulation can induce proliferation in mature B cells through ERK, PI-3K/Akt and NF-
kB pathways (Niiro and Clark, 2002). The inhibition of ERK antagonizes anti-lgM mediated
proliferation, indicating that it plays an important role during this process (Richards et al.,
2001). BCR signaling also induces the expression of multiple cell cycle regulatory proteins,
which are likely to guide B cells through the cell cycle (Solvason et al., 1996). Indeed, one of
these proteins, Cyclin D2, is crucial for BCR induced cell cycle progression (Solvason et al.,
2000). Interestingly, ERK, PI-3K and NF-«B all contribute to BCR mediated Cyclin D2
induction, with PI-3K possibly being upstream of ERK (Piatelli et al., 2002; Piatelli et al., 2004).

Thus ERK contributes to cell cycle progression and proliferation following BCR stimulation.

IV.2.4. BCR mediated apoptosis
Beside the BCR mediated proliferation, BCR signals can also induce apoptosis. migM
ligation in transitional (BM and spleen) and mature B cells results in apoptosis (Allman et al.,
2001; Carsetti et al., 1993). It is thought that BCR mediated apoptosis depends on the Bcl-2
family which are crucial regulators of the mitochondrial pathway for apoptosis within the
mitochondrial pathway (Tsujimoto, 2003; Chao et al., 1998; Eeva and Pelkonen, 2004). While the
anti-apoptotic members, Bcl-2 and Bcl-x., blocks BCR-mediated apoptosis in both B cell
lines and mouse B cells, the pro-apoptotic member Bim (Enders et al., 2003) and Bad (Malissein
et al, 2003) induce apoptosis. Bim induces apoptosis when it is translocated to the
mitochondria, which occurs during BCR-mediated apoptosis (Enders et al., 2003). MAP kinase
signaling is also involved in BCR mediated apoptosis where it plays positive and negative
regulatory roles. p38 can promote BCR mediated apoptosis. p38 inhibition blocks
apoptosis in response to anti-IgM stimulation, in human (Graves et al., 1996) and murine cells
(Craxton et al., 1998). On the other hand, ERK can protect against or induce apoptosis
depending on the maturation stage of the cells and the length of the ERK activation. In
immature B cell lines, ERK may activate mitochondrial apoptosis pathways via
phospholipase A2 (Katz et al., 2004). In contrast, in primary murine cells, ERK activation has
been shown to be transient in transitional B cells (which all die), and more prolonged in
mature cells (at least some of which survive) (Koncz et al., 2002), suggesting that temporally

short ERK signals may contribute to apoptosis, while longer ERK activation could protect
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cells from BCR induced apoptosis. In summary, BCR signals can induce apoptosis with
different efficiency depending on B cell maturation state, and MAP kinases may act both

positively and negatively in this process.

IV.2.5. BCR co-stimulators

Although Iga and Igp are the primary signal transducers of BCR complexes, the signal can
be influenced by co-receptors, which can synergize and modulate the fate of BCR
signaling. Co-stimulation through CD19, CD22 or CD40 can reduce activation thresholds
(e.g. the number of BCRs that must transduce a signal to induce a B cell response) (Batista
et al., 2007). BCR-associated CD19 molecules positively influence the BCR signal by
enhancing the recruitment and activation of Lyn, PI-3K, Btk and Vav (Bulh and Cambier, 1999;
Fujimoto et al., 2000). In addition, co-stimulation mimicking T cell help (with anti-CD40) can
prevent BCR induced apoptosis (Tsubata et al., 1993). Certainly, signals through CD40, IL-4R
and Notch promote survival and synergize with the BCR to induce robust B cell
proliferation and class switch recombination (Donjerkovic and Scott, 2000; Thomas et al., 2007).
Interestingly, some co-stimulatory molecules induce signaling cascades that include MAP
kinase pathways. CD40 leads to sustained ERK phosphorylation and activation (Mizuno and
Rothstein, 2005). In addition, p38 is important for CD40 mediated B cell proliferation, as
shown using p38 kinase specific inhibitors (Craxton et al., 1998). Indeed, synergistic promotion
of B cell proliferation by Notch and the BCR is dependent on ERK activity (Thomas et al.,
2007). Finally, it should be noted that some surface receptors such as CD22 and CD72 can
negatively regulate BCR signaling. Both CD22 and CD72 contain immunoreceptor tyrosine-
based inhibition motifs (ITIMs) in the cytoplasmic region. The phosphorylation of ITIMs
mediated by Lyn activates the protein tyrosine phosphatase SHP-1, which negatively
regulates BCR signal by dephosphorylating various signaling molecules (Adachi et al., 1998;
Sato et al., 1996; Adachi et al., 2001; Dal Porto et al., 2004; Tsubata 2005). Thus, co-receptors play
important roles in survival and proliferation and this can be mediated by the MAP kinase

pathways.
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IV.3. B cell tolerance

The random assembly of the BCR leads to the development of a high proportion of auto-
reactive clones (up to 55-75% of immature B cells in humans) (Wardemann et al. 2003). These
autoantibodies are removed by two major checkpoints, one in the BM and the second one
in the periphery (wardemann et al. 2003). The BM checkpoint consists of two distinct
mechanisms: receptor editing and clonal deletion. Immature BM B cells with auto-reactive
specificity can undergo receptor editing, in which they continue to rearrange their Ig genes
(most often the IgL). The additional rearrangement for the LC loci replaces the auto-
reactive Ig with a non-auto-reactive BCR (usually Igk, then Ig\) (Nemazee 2006). However,
receptor editing can lead to the expression of a second IgL (allelic inclusion) which dilutes
the auto-reactive receptor enough to continue with normal B cell maturation (Liu et al., 2005).
Clonal deletion is a negative selection for the auto-reactive BM B cells that fail to undergo
receptor editing by inducing apoptosis (Carsetti et al., 1995; Halverson et al., 2004). Thus, receptor
editing is the major mechanism for central tolerance and clonal deletion acts as a fail-safe

mechanism.

The second checkpoint in the periphery appears to occur at the transitional B cell stage
(Wardemann et al., 2003). It has been shown that T1 B cells in the spleen rapidly undergo

apoptosis in response to BCR stimulation (Allman et al., 2001; Norvell et al., 1995; Su and Rawlings,
2002). This suggests that T1 B cells can be negatively selected before developing into
mature B cells. It was shown that systemic lupus erythematosus (SLE) patients display an
expansion in transitional B cells and plasma blasts, and a reduction in the memory B cells.
Chang et al. (2008) showed that SLE patients have altered proportions of several B cell
subsets and that this occurs at an early developmental stage. The T2 B cell compartment
is larger than that seen in controls, a stage when B cells first acquire the capacity to
proliferate in response to BCR stimuli (Chang et al., 2008). Moreover, the elevated B cell
activation factor (BAFF) expression in the peripheral B cell populations in patients with SLE
supports the expansion of the T2 B cell compartment which contributes to a break in the B

cell tolerance (Landolt-Marticorena et al., 2011). Thus, the checkpoint at the transitional B cell
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stage is important to remove self-reactive B cells before the T2 B cell stage and to avoid

their accumulation, a feature seen in autoimmune disease.

In addition to these major checkpoints, other mechanisms may prevent the activation of
auto-reactive cells. These cells can become anergic or ignorant. Auto-reactive B cells
exposed to low levels of self antigen are subject to anergy (Shlomchik 2008). They become
refractory to BCR stimulation (Cooke et al., 1994) and may also exhibit low surface IgM
expression (Shlomchik, 2008).  Anergic B cells show active SHIP-2, suggesting a
constitutively active inhibitory feedback loop for the BCR (Gauld et al., 2006). On the other
hand, ignorant cells express BCRs that are weakly reactive to self antigens and can
emerge from the BM as normal, non-self-reactive B cells. However, they respond to anti-
IgM stimulation and participate in immune responses (Shlomchik, 2008). Thus, auto-reactive

B cells that escape the major checkpoints can become anergic or ignorant.

Loss of B cell tolerance plays a key role in autoimmune disease. Burnet had described in
1972 his hypothesis of the forbidden clone, and proposed that autoimmune disease
develops as a result of the persistence of self-reactive lymphocyte clones that should have
been deleted via immune tolerance. These auto-reactive clones multiply and effect
immune-mediated end-organ damage via peripheral self-antigen recognition (Burnet, 1972).
Actually, the success of B cell depletion as a therapy of autoimmune disease supports the

key role of B cells in the contribution to autoimmune disease (McQueen, 2012).

B cell tolerance can be affected by alterations in the activation threshold (Gauld et al., 2006; Kil
et al., 2012). The unresponsiveness of the auto-reactive cells that undergo anergy is due to
an active inhibition of BCR signaling (Gauld et al., 2006). On the other hand, murine B cells
over-expressing Btk are hyperresponsive to BCR stimulation, show defective elimination of
self-reactive B cells in vivo and exhibit antinuclear autoantibody production (Kil et al., 2012).
Moreover, Wojcik et al. (2007) have suggested a possible role for lkaros in the
maintenance of B cell tolerance. Over-expression of dn lkaros isoforms in B cells results in
the accumulation of activated B cells and the production of autoantibodies (wWojcik et al.,

2007). Thus, there is evidence to demonstrate a connection between activation threshold
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kL/L

and autoimmunity. The fact that | mature B cells have a low threshold of activation

(Kirstetter at el., 2002) suggests possible consequences on B cell tolerance and autoantibody

kL/L

production. Results in section 1V address the autoantibody production in | mice and its

relation with SLE.

IV. 4. Systemic lupus erythematosus

SLE is a complex disease caused by an aberrant autoimmune response. It is characterized
by the production of autoantibodies and clinical involvement of multiple organs. The clinical
heterogeneity of the disease forced the establishment of 11 criteria with 4 needed for the
formal diagnosis of SLE. These criteria include malar and discoid rash, photosensitivity,
oral ulcers, arthritis, serositis, kidney (proteinuria), neurologic and blood disorders (anemia,
leucopenia, lymphopenia and thrombocytopenia), immunologic disorder (anti double
stranded (ds) DNA) and antinuclear antibody production. It is more frequent in females
than males with a ratio of 9:1. The highest prevalence is reported in Brazil. In the USA,
people of African, Hispanic or Asian ancestry tend to show an increased prevalence
compared with other racial or ethnic groups. The 10-year survival rate is about 70% (Tsokos,
2011). The pathogenesis of SLE is not clearly understood and different factors
(environmental and genetic) can contribute to a loss of self tolerance and organ
dysfunction. The disease activity can be measured by the SLE Disease activity index
(SLEDAI), where a score from 0-8 indicate low disease activity and the high disease
activity is defined by a score higher than 8. The patients can be in a quiescent state, with a
low SLEDAI score (<5).

The preferential susceptibility of females to SLE suggests a hormonal influence for the
development of this disease. However, studies using castrated female and male mice,
genetically modified to express XX or XO in females and XY or XXY in males, suggest that
the cause is not hormonal but the presence of two X chromosomes that increases the
severity of SLE (Smith-Bouvier et al., 2008). Epigenetic changes such as DNA methylation and
histone modifications have also been described as an influential factor. Drugs such as

hydralazine and procainamide inhibit DNA methylation and induce SLE in healthy persons
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(Ballestart et al., 2006). In addition, the treatment of lupus-prone mice with Trichostatin A, an

inhibitor of histone deacetylase, results in disease improvement (Mishra et al., 2003).

Genome-wide association studies have identified more than 30 risk genes associated with
SLE. Within these loci, are genes involved in the innate immune response (IRF5), in T and
B cell signaling (STAT4, TNFSF4 and BIk), in autophagy/apoptosis (ATG5), ubiquitinylation
(UBE2L3, TNFAIP3, TNIP1) and phagocytosis (ITGAM, FCGR3A and FCGR3B) (Han et al.,
2009; Cunninghame Graham et al., 2011). Recently, new susceptible genes, which influence the
regulation of type-l and type-Il interferon production were described. These loci include
NCF2, IKZF1, IRF8, IFIH1 and TYK2 (Cunninghame Graham et al., 2011). A genotype-
phenotype analysis to explore the relationships of some susceptibility genes with the
clinical features of SLE showed that the SNP rs4917014 IKZF1 is associated with renal
nephritis and malar rash (He et al., 2010). This genotype-phenotype analysis was done by a
case-only analyses (e.g. presence of malar rash versus no malar rash) to identify which
subphenotypes were associated with the specific SNPs and by a subphenotype-control
analyses (e.g. presence of malar rash versus healthy controls) to examine the risk
conferred by the SNPs (He et al., 2010). Thus, the existence of SNPs in the lkaros gene
contributes to SLE risk. Moreover, Hu et al. (2011) have reported that the expression levels
of IKZF1 mRNA in the peripheral blood mononuclear cells from patients with SLE are
significantly decreased compared to healthy controls. However, they did not find any
association between the variant of the SNP rs491714 and the IKZF1 mRNA expression

levels (Hu et al., 2011). These studies suggest a role for Ikaros in the development of SLE.

The immunological events surrounding the onset of SLE highlight the central role of B cells.
B cells deserve attention in the study of SLE as they produce autoantibodies, are activated
during the disease, are responsible for hypergammaglobulinemia and could present some
intrinsic defects (Garaud et al., 2011). Three categories of B cell defects can lead to a lupus-
like phenotype: 1) B cell activation threshold, 2) B cell defects in apoptosis and 3)
autoantigen processing (Anolik, 2007). It was reported that FcyRIlIb deficiency leads to a
lupus-like phenotype in mice by reducing the threshold of auto-reactive B cell activation

(Fukuyama et al., 2005), and that its restoration prevents the expansion and accumulation of
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autoantibody-producing plasma cells (McGaha et al., 2005). Moreover, polymorphisms in

FcyRIIb are associated with human SLE (Floto et al., 2005).

The effects of the B cell defects in apoptosis for the development of SLE can be seen in
mice transgenic for BAFF, which promotes B cell survival by blocking BCR-mediated
apoptosis. Mice over-expressing BAFF develop a lupus-like phenotype with excessive
numbers of mature B cells, spontaneous germinal center reactions, autoantibody
production, high plasma cell numbers and Ig deposition in the kidney (Mackay et al., 1999). In
addition, lupus-prone mice display alterations in BCR-mediated apoptosis. In New Zealand
Black (NZB) x New Zealand White (NZW) F1 mice, defects in BCR-mediated apoptosis of
B cells can be observed even in young mice, suggesting that this defect is B cell intrinsic
and not a result of the disease (Tsubata et al., 1994). MRL/lpr mice carry a loss-of-function
mutation in the Fas gene (Watanabe-Fukunoga et al., 1992). The Fas receptor induces
apoptosis upon interaction with its ligands but it is not involved in BCR-mediated apoptosis.
B cells from MRL/+ mice, which do not contain the Ipr mutation, are defective in BCR-
mediated apoptosis, whereas this defect is not observed in B cells from C57BL/6-Ipr mice
carrying the lpr mutation (Yoshida et al., 2000). Indeed, the MRL/lpr mice develop much
severe disease compared to C57BL/6-lpr mice, suggesting that defects in the BCR-
mediated apoptosis from the MRL background contribute to the sever disease in MRL/lpr
mice. Thus, defects in BCR-mediated apoptosis contribute to the development of SLE in

the lupus-prone mice.

The major characteristic of SLE is the generation of large amounts of autoantibodies
directed against chromatin and other self-antigens. Thus, the loss of B cell tolerance is a
key factor in the development of this disease. It was shown that the loss of B cell tolerance
occurs very early, as SLE patients express antinuclear antibodies (ANA) several years
before the onset of clinical disease (Arbuckle et al., 2003). Moreover, in a small number of SLE
patients, peripheral checkpoints were found to be defective, leading to a further increase in
auto-reactivity within the mature naive B cell compartment (Yurasow et al., 2005). Increased
autoantibody production causes the formation of immune complexes in the tissue and the

further activation of complement. In the kidney, immune complexes accumulate in the
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subendothelial and mesanginal areas first, followed by deposition in the basement
membrane and subepithelial areas. In addition, immune complexes may accumulate in the

skin and the central nervous system (Tsokos, 2011).

Thus, the onset of SLE can be influenced by the loss of B cell tolerance, to alterations in
the activation threshold and autoantibody production. The results in section IV address how
Ikaros, whose gene is a susceptibility locus for SLE, negatively regulates B cell activation
and how lkaros deficiency leads to the production of autoantibodies.
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ABSTRACT

Systemic lupus erythematosus (SLE) is a complex autoimmune disease characterized by
autoantibody production and a diverse set of clinical phenotypes. It is influenced by
multiple genetic factors. The IKZF1 gene which encodes the |karos transcription factor was
recently identified as a susceptibility locus for SLE. How lkaros may play a role in SLE
development is unclear. We show here that freshly isolated B cells deficient for Ikaros are
poised for activation, and show dysregulation of multiple gene networks that regulate the
mitogen activated protein kinases. Ikaros deficient B cells show enhanced ERK-1/2 and
p38 phosphorylation and hyper-proliferation upon B cell receptor stimulation. Further,
Ikaros deficient mice produce significant levels of SLE-associated autoantibodies. Our
results suggest that Ikaros is a negative regulator of B cell activation, and protects against

autoantibody production by repressing the MAPK pathway in these cells.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoimmune disorder that affects mostly
women with a ratio of 9:1 females to males (1). It is characterized by the production of
antinuclear autoantibodies (ANA) against double-stranded (ds) DNA,
chromatin/nucleosome, histones and RNA-binding proteins (2). The clinical symptoms
include skin rash, neurological and muscular manifestations, hematological and
immunological disorders, and renal nephritis, which may be partly mediated by the
extensive deposition of immune complexes. The etiopathology of SLE is not clearly
understood and both environmental and genetic factors have been implicated.

Although the pathogenesis of SLE is complex and involves multiple cell types, B
lymphocyte abnormalities have been recognized to play a major role in this disease (3, 4).
Under WT conditions, engagement of the B cell receptor (BCR) is critical for the survival,
differentiation and immune function of B cells (5). Co-stimulatory signals are also
important, as CD40 and the IL-4 receptor signaling rescue B cells from BCR induced
apoptosis, and induce and sustain B cell responses to antigen. These diverse functions
are mediated by a myriad of intracellular signaling cascades that include the activation of
kinases and phosphatases, the clustering of these components with the BCR in lipid rafts
and intracellular Ca++ mobilization. MAP kinases such as ERK-1/2 and p38 are critical
downstream mediators of BCR and CD40 signaling. ERK phosphorylation is important for
B cell proliferation in response to these signals and promotes the expression of cyclin D2,
required for BCR mediated cell cycle progression (6-9). ERK activity may also protect B
cells against BCR induced apoptosis (10). In contrast, p38 can promote BCR mediated
apoptosis, but it is required for CD40 induced gene expression and proliferation (11, 12).
Thus p38 and ERK are crucial to a B cell's choice to die, or to survive and proliferate
following BCR and/or CD40 stimulation.

The IKZF1 gene, which encodes the lkaros transcription factor, was recently
identified as a susceptibility locus for SLE in chinese and european populations (13, 14),
suggesting that it may play a role in SLE development. lkaros is highly expressed in
hematopoietic cells, and mouse models have shown that it is essential for lymphocyte
development and function. In B cells, Ikaros is required for lineage specification and
differentiation (15-18), as well as for allelic exclusion at the Igk light chain locus (19, 20). In
addition, transgenic mice overexpressing a dominant negative form of Ikaros in B cells
exhibit some autoantibody production in their serum (21).

We have studied l|karos function in B cells using mice bearing a knock-down

kL/L kL/L

mutation in the lkzf1 locus (k") by homologous recombination. | mice carry a LacZ
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reporter within exon 2 of the lkzf1 gene, resulting in the production of low levels of
functional but truncated lkaros proteins (10-20% of WT) in the hematopoietic cells (16).
Ik“* mice display a variety of defects. They develop acute T cell leukemias that result in
death by 16-20 weeks of age (22). They also show a partial block in B cell differentiation at
the proB cell stage (B220"CD43") in the bone marrow. Interestingly, near normal numbers
(~50%) of splenic B cells are detected in Ik"" mice, but these cells exhibit a lower
threshold of activation upon B cell receptor (BCR) stimulation (16). In addition, Ik B cells
are biased towards IgG2a and IgG2b production during class switch recombination (23).

In this study, we find that lkaros is a negative regulator of B cell activation. lkaros
deficient B cells show enhanced ERK-1/2 and p38 phosphorylation and hyper-proliferation
upon B cell receptor stimulation. Further lkaros deficient mice produce significant levels of
SLE-associated autoantibodies. Our results provide evidence that Ikaros protects against

autoantibody production by repressing the MAPK pathway in B cells.
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RESULTS
Autoantibody production in Ikaros deficient mice
Given that the IKZF1 gene was identified as an SLE susceptibility locus, we tested the

k"" mice for SLE-associated autoantibodies. These mice were analyzed before

serum of |
10 weeks of age as Ik"" mice develop T cell leukemias at later stages. As a positive
control, serum from 20-week-old lupus-prone MRL/Fas® mice were included. Ik“" serum
displayed higher antinuclear antibody (ANA) activity on HEp-2 cells when compared with
WT, when evaluated by indirect immunofluorescence (Figs. 1a, S1). In addition, Ik""
serum showed significantly higher levels of IgM antibodies to chromatin/nucleosome,
double-stranded (ds)DNA and histones, as measured by ELISA (Fig. 1b). Higher levels of
rheumatoid factor and anti-thyroglobulin antibodies were also detected (Fig. S2). The

levels of IgM autoantibodies from Ik

mice reached the lower range of those detected in
MRL/Fas™ mice and were sometimes level with those of MRL/Fas®™ animals (eg. anti-
chromatin/nucleosome, anti-H3). IgG autoantibody levels, however, were markedly lower
in Ik"* than in MRL/Fas™ samples, perhaps due to the younger age of the test animals,
although they were still higher than those observed in WT serum (Fig. S1). These results

indicate that Ik-" mice produce antinuclear antibodies associated with SLE.

Ikaros deficient B cells hyper-proliferate to stimulation

An increase in BCR signal strength is linked to autoantibody production (24, 25), and we
previously reported that Ik"* B cells show increased DNA synthesis after anti-lgM
stimulation (16). We therefore evaluated the capacity of WT and k" B cells to respond to
different types of stimulation. Follicular (FO) B cells (B220"CD23"CD21") were studied in
order to compare more homogeneous populations between genotypes. Freshly isolated
Ik“* FO B cells expressed higher levels of MHC class Il, CD19, CD40 and CD43 than WT
cells, similar levels of IgM and IL-4R, but lower levels of CD44, CD69 and CD86,

k"' B cells are poised but not completely activated (Fig. S2). Indeed, after

kL/L

suggesting that |
72h of culture, Ik“- and WT cells did not divide in the absence of stimulation, but Ik"" cells
divided more when stimulated with anti-IgM, anti-IgM + anti-CD40, or anti-CD40 + IL-4, as
measured by CFSE dilution (Fig. 2A). Further, more Ik~ cells proliferated than WT when
the percentage of proliferating (CFSE low) vs. non-proliferating (CFSE high) cells were
taken into account. However, k""" and WT cells responded similarly when stimulated with
anti-lgM + IL-4 (Fig. S3). Thus, Ik"* cells proliferate more than WT cells in response to

most types of stimulation in a cell-intrinsic manner.
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Increased proliferation was accompanied by an early entry into cell cycle. While

k"t cells stimulated with

freshly isolated cells of both genotypes accumulated at G0/G1, |
anti-lgM + anti-CD40 entered S/G2/M as early as 16h after stimulation, with a ~2-fold
increase in the proportion of S/G2/M cells between 16-32h post-stimulation compared with
WT, as shown by propidium iodide staining (Fig. 2b). In addition, Ik B cells grew bigger
with activation. We measured the protein content vs. the cell cycle state of WT and k- B
cells stimulated with anti-IgM + anti-CD40 by staining with propidium iodide and free FITC,
the latter of which forms covalent bonds with lysine residues and can be used to non-
specifically stain cellular proteins (26). In this assay, GO cells can be distinguished from G1
cells by the intensity of the FITC staining (Fig. 2c). Ik“* B cells grow larger and enter G1 by

k't cells remain

12h post-stimulation, when most WT cells were still phenotypically in GO. |
larger than WT cells throughout the 36h period, at all phases of the cell cycle (G1, S,
G2/M). Thus lkaros deficient B cells respond to stimulation through increased cell growth,
early entry into cell cycle and hyper-proliferation.

To determine if the difference in proliferation was due to a difference in apoptosis,

cell viability was measured after 18h in culture. k"""

and WT cells, stimulated with anti-lgM
+/- anti-CD40, were evaluated with DiOCgs, a fluorescent dye that accumulates in
mitochondria with intact membrane potential and distinguishes live from apoptotic cells
(27, 28). Anti-IgM stimulated k""" cells showed 12% more DiOCg" cells than WT,
suggesting less BCR-induced apoptosis in the mutant cultures (Fig. S3). However, in
cultures stimulated with anti-IgM + anti-CD40, the percentage of viable cells was similar
between genotypes. Thus lkaros deficient B cells are more resistant to BCR-induced
apoptosis, but reduced apoptosis does not fully explain the hyper-proliferative phenotype

observed in the mutant cells.

The transcriptional program induced by BCR stimulation is unchanged in lkaros
deficient B cells

lkaros has been proposed to set the activation threshold in T cells by altering the
transcriptional response to stimulation (29). We asked if this was also true in B cells by
analyzing the global gene expression profiles of Ik“" and WT B cells, stimulated with anti-
IgM for 3 or 12h (Affymetrix 430 2.0 arrays). Approximately 10* probe sets with the
greatest variance across all samples were selected, and fuzzy C-means (FCM) partitional
clustering was used to identify those with similar expression patterns (Fig. S4) (30). These
data revealed that most of the genes were similarly expressed between activated Ik“* and

WT cells (Fig. 3a), indicating that the transcriptional response to BCR signaling is largely
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intact in lkaros deficient cells. All major groups of activated and repressed genes were

k" cells.

regulated correctly, and no ectopically induced genes were detected in |
Surprisingly, >2000 probe sets were dysregulated between resting Ik“* and WT cells;
among them, 276 were increased or decreased >2-fold (Fig. 3b, Table S1). These results
suggest that Ikaros deficiency changes B cells in their resting state, prior to stimulation.

To determine if the gene expression changes could affect the response of resting
k"™ B cells to activation, we mined the transcriptome data for signal transduction
associated genes using Ingenuity Pathway Analysis (IPA). Genes that were expressed in
cells of at least one genotype, and which had a positive or negative log expression ratio
(" vs. WT) of 21.0, were fed into the IPA program. These analyses revealed an
interconnected group of signal transduction genes that included IgM, as well as the MAP
kinases ERK, p38 and JNK (Fig. 3c), suggesting that Ikaros deficiency modulates MAPK

events downstream of the BCR and CDA40.

ERK-1/2 and p38 phosphorylation is enhanced in Ikaros deficient B cells upon BCR
stimulation

To determine if MAPK function was altered by loss of Ikaros, WT and Ik"" B cells were
stimulated with anti-IgM +/- anti-CD40, and the phosphorylation of a panel of kinases was
measured by immunoblotting (Fig. 4a). These experiments showed that ERK-1/2 and p38
phosphorylation were increased in Ik“" cells as early as 1 min after stimulation, and
remained elevated 15 min after stimulation, compared with WT. In contrast, AKT,
PKD/PKCu, and p46/p54 JNK phosphorylation were similar or decreased in the mutant
cells (Fig. 4a and data not shown). Little difference was detected in tyrosine

kL/L

phosphorylation between | and WT cells (Fig. S5), suggesting that Ikaros deficiency

does not affect the proximal elements associated with BCR signaling. ERK-1/2 and p38
phosphorylation were also examined by flow cytometry (Fig. 4b). Upon anti-lgM

stimulation, all Ik“*

cells showed high P-ERK and P-p38 positivity compared with WT.
Upon anti-IgM + anti-CD40 stimulation, cells from both genotypes showed strong P-ERK
and P-p38 expression, although mutant cells continued to show higher phosphorylation

k" cells.

levels. Akt phosphorylation levels, however, remained similar between WT and |
Thus, lkaros deficient cells respond to stimulation with increased ERK-1/2 and p38

phosphorylation.
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Increased ERK-1/2 and p38 phosphorylation is required for hyper-proliferation in
Ikaros deficient B cells

As ERK-1/2 and p38 are implicated in B cell proliferation and survival (6, 11, 31), we asked
if increased phosphorylation of these kinases contributed to the hyper-proliferative
phenotype in Ikaros deficient B cells. CFSE-labeled Ik“* and WT B cells were stimulated
after pre-treatment with U0126, to block MAP kinase/ERK kinase kinase (MEK) 1 and
MEK2 signaling (which is upstream of ERK) (32), and/or SB203580, to block p38
activation (33). These inhibitors efficiently prevented ERK or p38 phosphorylation in WT B
cells stimulated with anti-IgM + anti-CD40 (Fig. 4c). After 72h of stimulation, U0126
treatment reduced anti-IgM induced proliferation by ~1 division in both k" and WT B cells
(Fig. 4d); anti-IgM + anti-CD40 stimulation was less affected. SB203580 treatment slightly

kL/L

increased the proliferation of both | and WT cells, an effect that may be due to the

inhibition of a p38-mediated apoptotic pathway downstream of the BCR (11, 12, 34).

Neither inhibitor reduced the proliferation of Ik

cells to WT levels, indicating that a single
MAPK pathway is not responsible for the hyper-proliferation phenotype. In contrast, when
both SB203580 and U0126 were added, Ik proliferation was reduced to WT levels,
although the number of proliferating Ik“* cells remained elevated. Importantly, the cells
treated with both inhibitors completed up to two divisions with anti-lgM, and up to 3
divisions with anti-lgM + anti-CD40, indicating that they did not suffer from inhibitor toxicity.
These results suggest that the combined increase in ERK-1/2 and p38 phosphorylation
causes the hyper-proliferative phenotype of Ik“* FO B cells.

As Ik"" B cells enter cell cycle faster, we investigated if components of the G0/G1 to
S transition were altered in mutant cells. Ik""
+/- anti-CD40 for 0, 6, 9, 12 and 18h. The levels of CDK2, CDK4, CDK®, cyclin D2, cylin

D3 and the inhibitors p19 and p27 were analyzed by Western blot (Fig. S6). These results

and WT B cells were stimulated with anti-lgM

suggest that both the positive and negative regulators of cell cycle entry were similarly
expressed or induced between Ik“* and WT B cells.

Ikaros deletion in mature B cells is sufficient to initiate the hyper-response to BCR
stimulation and autoantibody production

As the Ik"" mutation is germline, it was not possible to determine if the above changes
were caused by lkaros loss in B cells directly or indirectly via another cell type. We
therefore inactivated Ikaros using a novel floxed lkaros allele (Ik™) in which the last exon

encoding the dimerization domain was flanked by loxP sites. Deletion of the dimerization
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domain by Cre recombinase results in a "null" allele similar to the one described by Wang
et al (15).

Ik mice were crossed with Rosa26-CreERT2 transgenic (tg) animals (35), which
deletes the Ik alleles in all tissues upon tamoxifen (TAM) injection. Ik Rosa26-CreERT2*
and Ik" Rosa26-CreERT2™ mice were injected with TAM for 4 days and analyzed one day
after that. At this timepoint, splenic FO B cells from TAM-treated |k” Rosa26-CreERT2*
mice showed deletion of the floxed sequences and loss of Ikaros proteins (Fig. S7). No
phenotypic differences were observed in the spleen between TAM-treated Ik” Rosa26-
CreERT2" or k" Rosa26-CreERT2™ mice (not shown). FO B cells from these mice were
stimulated with anti-lgM and anti-CD40, and ERK-1/2 phosphorylation and proliferation
were measured (Fig. 5a). TAM-treated k" Rosa26-CreERT2" cells displayed increased
ERK phosphorylation and proliferation compared with vehicle-treated cells. These results
indicate that loss of Ikaros causes a rapid change in the capacity of FO B cells to respond
to stimulation.

To delete Ikaros in splenic B cells, Ik” mice were crossed with CD21-Cre tg animals
(36). Ik" CD21-Cre* FO B cells showed deletion of the floxed sequences and loss of
Ikaros proteins in splenic B cells but not in immature BM B cells or other cell types (Fig.
S7). Ik™ CD21-Cre* and control Ik CD21-Cre” FO B cells were stimulated with anti-IgM,
and ERK phosphorylation was measured (Fig. 5b). k™ CD21-Cre* cells displayed
increased P-ERK compared with control cells. To determine if loss of lkaros in B cells can
initiate autoantibody production, we tested 10-week-old k" CD21-Cre* and k" CD21-Cre-
mice for the presence of anti-chromatin/nucleosome and anti-dsDNA antibodies. Serum
from k™ CD21-Cre* mice showed increased levels of IgM, but not IgG, autoantibodies
compared to control animals (Fig. 5c). These results indicate that |karos deficiency in
mature B cells is sufficient to dysregulate the MAPK response to BCR stimulation and

initiate autoantibody production.
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DISCUSSION

We show here that |karos negatively regulates B cell activation by controlling signaling
cascades downstream of the BCR and CD40. lkaros deficiency results in reduced
apoptosis and increased proliferation and growth in response to stimulation. These
phenotypes are due at least partly to enhanced and sustained phosphorylation of the MAP
kinases ERK-1/2 and p38, as the hyper-proliferative response of Ik“" B cells can be
rescued through pharmacological inhibition of these kinases. Thus |karos controls the
activation threshold in response to BCR and CD40 stimulation by repressing a regulatory
network that antagonizes p38 and ERK activation. Loss of lkaros results in the production
of autoantibodies associated with SLE.

Our results are surprising in light of previous studies on lkaros function during
lymphocyte activation. In activated T cells, |karos has been shown to dynamically
reorganize in the nucleus and enter into higher order chromatin structures where they
colocalize with components of the DNA replication machinery (29). In addition, post-
translational modifications of |karos have been reported to be important for changing the
DNA binding ability of Ikaros during the G1-S transition in cell lines (37). Thus lkaros was
thought to regulate lymphocyte activation by controlling the transcriptional response
downstream of antigen receptor signaling. We found that Ikaros is similarly reorganized
into toroid-like structures in the nucleus of activated B cells (P. Kirstetter, PK and SC;
unpublished). However, our gene expression analyses revealed that the transcriptional
program downstream of BCR signaling is essentially normal in primary Ik“* B cells. In
contrast, we found significant gene deregulation in unstimulated Ik"* B cells, indicating that
Ikaros deficiency affects B cells before stimulation. Although we cannot rule out that Ikaros
directly controls aspects of cell cycle progression and transcription, our data suggest that
the most critical function for Ikaros during B cell activation is the modulation of p37 and
ERK-1/2 MAPK signaling.

Our findings are at odds with those of Nera et al (38), who studied the effect of
Ikaros on BCR signaling in the chicken DT40 cell line. Disruption of Ikzf1 in these cells
leads to impaired Ca++ mobilization and reduced phospholipase Cy2 (PLCy2)
phosphorylation after BCR cross-linking, leading the authors to conclude that lkaros
regulates B cell function by enhancing BCR signals. In our system, k" and WT B cells
show similar Ca++ mobilization upon BCR stimulation (P. Kirstetter, PK and SC;
unpublished observations), and although we did not investigate P-PLCy2 levels here, ERK
and p38 responses have been shown to be PLCy2-dependent (39), suggesting that PLCy2

phosphorylation is increased in Ik“* cells. Further, our results on ERK and p38
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phosphorylation as well as cell proliferation, using a germline knock-down mutation (Ik""),
a B cell specific mutation (k" CD21-Cre+) and an inducible mutation (Ik" Rosa26-
CreERT2"), clearly indicate that Ikaros functions to dampen BCR signals in primary murine
B cells.

Ikaros also dampens antigen receptor signaling in T cells. Like T cells bearing

dominant negative and null mutations (29), Ik""

T cells hyper-proliferate to TCR stimulation
(22). However, k" and WT T cells show similar levels of ERK-1/2 phosphorylation
following anti-CD3 and/or anti-CD28 stimulation (unpublished observations). This could be
due to differences in MAPK responsiveness downstream of the TCR vs. the BCR. Indeed,
we have found that TCR stimulation alone leads to maximum ERK phosphorylation while
CD40 co-stimulation enhances BCR-induced ERK phosphorylation in WT T and B cells,
respectively. Alternatively, lkaros may modulate MAPK signaling specifically in B cells.
Further investigation will be needed to determine if a common mechanism mediated by
Ikaros exists between B and T cells.

Our transcriptome analysis revealed a number of genes deregulated in freshly

kL/L

isolated | B cells, among them potential regulators of signal transduction (see Table

S1). T-plastin (Plastin-3) is the top upregulated gene in Ik""

cells (up 38-fold). It is an actin
filament cross-linking protein, and is homologous to L-plastin which is expressed in
hematopoietic cells and has been shown to play a role in T cell activation (40). T-plastin is
normally not expressed in leukocytes but is aberrantly expressed in malignant T cells (41,
42). Its role in B cell activation is currently unknown. In addition, Ptk2 (focal adhesion
kinase) and its adaptor protein Grb7 are both upregulated in Ik" B cells (4.5- and 13-fold,
respectively). These molecules are implicated in cell motility, proliferation and apoptosis;
they are downstream targets of RapGTPases that regulate B cell morphology and
spreading (43). Lastly, Rgs13, a member of the G protein signaling RGS family, has been
shown to inhibit G protein-couple receptor signaling in B cells (44); it is down-regulated 11-
fold in Ik"" cells. It will therefore be important in the future to see if these genes are
implicated in the hyper-responsive phenotype of Ikaros deficient B cells. In addition, Ik"" B
cells may represent a powerful tool to identify novel regulators of MAPK signaling
downstream of the BCR and CDA40.

Our results are in partial agreement with those of Wojcik at al who found that
transgenic mice carrying a dominant negative (dn) lkaros isoform in bone marrow B cells
produce serum autoantibodies (21). This study identified a B cell intrinsic bias towards
autoimmunity in the presence of dn Ikaros proteins, but it was unclear why the B cells were

activated, or whether lkaros was completely responsible for the phenotype observed, as
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both Ikaros and Aiolos, a related family member, are expressed in bone marrow and
splenic B cells , and the function of both can be inhibited by dn lkaros expression. Indeed,
Aiolos null B cells are hyper-responsive to stimulation and Aiolos null mice develop
autoantibodies and immune complex-mediated glomerulonephritis (45, 46). In addition,
IKZF3 which encodes Aiolos has recently been identified as a SLE susceptibility locus
(47). Our combined results therefore indicate that Ikaros and Aiolos play unique roles in
repressing autoimmunity. It remains to be determined if Aiolos also represses MAPK
signaling in freshly isolated B cells, or whether its effects are directed towards cells post-
stimulation.

Our results indicate that lkaros is needed to attenuate the activation of IgM-
expressing B cell clones that produce SLE-associated autoantibodies. Significant
questions, however, remain unanswered. Do l|karos deficient mice produce IgG
autoantibodies, and do they show signs of physical disease such as elevated creatine
levels, proteinuria and kidney destruction? These questions will require the continuing
analyses of older mice bearing the B cell specific lkaros loss-of-function mutation. If yes,
then loss of Ikaros is sufficient to trigger SLE. If no, then Ikaros deficiency is important for
the initiation of autoantibody production but other factors are required for disease
progression.

Excessive response to antigen receptor signaling is strongly implicated in
autoimmunity. It is noteworthy then that genome-wide studies have identified lkaros
polymorphisms in SLE and in Crohn's disease (13, 14, 48). Furthermore, reduced lkaros
expression was detected in peripheral blood mononuclear cells of SLE patients (49). Our
data indicate that lower Ikaros levels in mice, for example in those bearing the knock-down
Ik”* mutation, also lead to autoantibody production. Together, these data suggest that
lower lkaros levels are associated with a predisposition to SLE. Our present results
indicate that deregulation of BCR signaling may be a critical mechanism by which |karos
deficiency promotes SLE progression. Finally, our results have implications for the
potential treatment of SLE patients with |karos mutations or reduced Ikaros expression,
and suggest that small molecule MEK inhibitors may be useful to reduce B cell hyper-

activation in these patients.
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MATERIALS AND METHODS

Mice

The Ik“ mouse line was described previously (16). Mice were backcrossed 10
generations onto the C57BI/6 background and were analyzed at 5-9 weeks of age. The Ik
mouse line was engineered by inserting loxP sites around exon 8 via homologous
recombination in ES cells, similar to the mutation described by Wang et al (15). These
mice were then crossed with CD21-Cre or Rosa26-CreERT2 tg animals (35, 36).

Cell culture

Follicular B cells were sorted on a FACSVantage SE option DiVa (BD BioSciences) or a
FACSAria Il SORP (BD BioSciences) (B220"CD23"CD21"; >98% purity) or enriched by
depletion of CD43" cells followed by positive selection of CD23" cells with MACS beads
(CD43 beads and Streptavidin beads after CD23-biotin staining) (>90% purity, Miltenyi
Biotech). Cells were labeled with CFSE (5ug/ml; Sigma) for 10 min at 37°C and 2.5-3x10*
cells were cultured in flat bottom 96 well plates in 200ul complete medium (RPMI1640,
10% fetal calf serum, 25 mM HEPES, 1 mM sodium pyruvate, 2 mM L-glutamine, 1x non-
essential amino acids, 5x10° M 2-mercaptoethanol and 1% antibiotics). Cells were
stimulated with 10 ug/ml goat anti-mouse IgM F(ab')2 (Jackson Immunoresearch) and 2 or
10 pg/ml mouse anti-CD40 (clone 1C10; eBiosience). The following inhibitors were used:
U0126 (1 uM, Cell Signaling), SB203580 (3 uM, Biotechnika). IL-4 (Peprotech) was used
at 10 ng/ml. For immunoblotting (6x10° cells) and intracellular staining (1.5x10° cells), cells
were stimulated at 1.5x10° cells/ml in 1.5ml tubes or round bottom 96 well plates,
respectively, and lysed or fixed immediately after stimulation. For cell viability assays,
DiOCs (Molecular Probes) was added to 50 nM and cells were incubated at 37°C for 10
min. For cell cycle and protein content staining, cells were fixed by adding ice cold EtOH to
70%, drop-wise while vortexing. After 3 PBS washes, cells were treated with RNase, and
stained with 40 pg/ml propidium iodide (Pl). For protein content analysis, cells were

stained with 0.1 ug/mL FITC (Pierce) at RT, and washed 1x before Pl staining.

Flow cytometery

The following reagents were used: anti-B220-PE-Cy7 (RA3-6B2), anti-CD19-PerCP-Cy5.5
(1D3), anti-CD21-APC (7G6), anti-CD43-FITC (S7), anti-CD44-PE-Cy7 (IM7.8.1), anti-
CD69-FITC (H1.2F3) and anti-IL4R-PE (mIL-4R-M1) from BD Pharmingen, anti-CD16/32
Fc block (93), anti-CD23-biotin (B3B4), anti-CD40 unconjugated (1C10), anti-CD86-APC
(GL1) and anti-MHC class II-PE (M5/114.15.2) from eBioscience, anti-lgM-PE and
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streptavidin-PE from Jackson Immunoresearch, anti-rabbit IgG (H+L)-biotin from Vector
Laboratories and anti-rat 1gG-Qdot 605 from Invitrogen. Cells were analyzed with a
FACSCalibur and FACS LSR Il (BD BioSciences) and FlowJo software (TreeStar). For
intracellular stainings for phospho-kinases, cells were fixed in 2% Ultra-pure
Formaldahyde (Electron Microscopy Science) for 10 min at RT. Cells were pelleted and
permeablized with 100% ice cold methanol and incubated for >30 min on ice or at -20°C.
Cells were then blocked in PBS supplemented with 10% FCS, 1% mouse serum, 1% rat
serum and Fc Block (1:50). Samples were stained with the phospho-kinase specific
antibodies listed below, at the manufacturer's recommended dilutions, followed by biotin

conjugated anti-rabbit IgG and streptavidin-PE.

ELISA

The assays were performed according to Lacotte et al (50). Briefly, polystyrene plates
(MaxiSorb, Nunc) were coated overnight at 37°C with the following antigens: individual
histones H1, H2A, H2B, H3, H4 (50 ng/mm for H1 and 100 ng/ml for the core histones;
Roche) in 0.05 M carbonate buffer (pH9.6), double-stranded (ds) DNA (Sigma; 100 ng/ml
in 25 mM citrate buffer, pH5.4) and mouse chromatin extracted and purified from mouse
lymphocytic leukemia cells L1210 [200 ng/ml expressed as dsDNA concentration in PBS,
pH7.2]. Mouse sera [1:250 in PBS containing 0.05% Tween 20 (T) and 1% w/v BSA] were
added for 1h, followed by goat anti-mouse IgG (1:2x104 in PBS-T; Fc gamma specific;
Jackson ImmunoResearch) supplemented with goat anti-mouse 1gG3 (1:7,500; Fc gamma
specific; Nordic Immunology) or by goat anti-mouse IgM (1:2x10* mu-chain specific
F(ab")2; Jackson ImmunoResearch) conjugated to horseradish peroxidase. After a 30 min
incubation at 37°C, H,O, and 3,3',5,5'-tetramethyl benzidine were added as substrate and
chromogen, respectively, for 15 min. The reaction was stopped and the absorbance was

measured at 450 nm.

Anti-nuclear antibodies (ANAS)

Assays for ANAs were performed by indirect immunofluorescence with Hep-2000 cells
(Hep-2 substrate slides, Zeus Scientific INC., NJ, USA). In brief, Hep-2 cell coated slides
were incubated for 30 min at room temperature with diluted sera, washed twice in PBS
and visualized by fluorescence microscopy with FITC-labeled anti-mouse IgG or IgM
(1:100). Controls included negative and positive sera form normal and MRL/Ipr mice,

respectively.
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Western blot

Cells were lysed at 1.2x10" cells/ml with SDS lysis buffer [0.5% w/v SDS, 0.05 M Tris-Cl
(pH8.0), 100 mM DTT, 100 mM NasVO,4, 1mM NaF, protease inhibitor cocktail (Roche)].
After 10 min on ice, lysates were sonicated and centrifuged (14K g at 4°C). Lysates were
separated by SDS-PAGE and transferred to a PVDF membrane (Millipore). The following
antibodies were used. Rabbit antibodies from Cell Signaling: Phospho-Akt (Ser473),
Phospho-ERK  (p44/42-Thr202/Tyr204), Phospho-p38 (Thr180/Tyr182), Phospho-
JNK/SAPK (Thr283/Tyr185), Akt, ERK (p44/42), p38, JNK/SAPK (56G8), p27 (D37H1)
and Cdk2 (78B2). Mouse antibodies from Cell Signaling: Cdk4 (DCS156) and Cdk6
(DCS83). Rabbit antibodies from Santa Cruz: p19 (M-167), Cyclin D2 (M-20), Cyclin D3(C-
16) and lkaros (H100). Other reagents included: anti-rabbit and anti-mouse horse radish
peroxidase (HRP) (Jackson Immunoresearch), Immobilon Western Chemiluminescent
HRP substrate (Millipore), anti-phosphotyrosine (PT66; Sigma), anti-mouse B-actin (AC-
15; Sigma) and anti-mouse GADPH (Millipore).

Microarray analysis

Experiments were performed using the Affymetrix mouse 430 v2 microarray. Total RNA
was isolated using the RNeasy micro kit (Qiagen). cRNA synthesis and hybridization of the
array were performed according to the manufacturer’s instructions (Affymetrix). Raw
microarray data were analyzed using the Affymetrix MAS 5.0 software. We further selected
the genes according to the following criteria: a “present call” in at least one of the samples
and a coefficient of variation above 0.75 across the 12 samples, yielding a total of 10,747
genes. Fuzzy C-Means clustering was preformed as described (30), and analyzed using
Cluster software (51). Data from unstimulated WT and Ik~ FO B cells were further mined
by Ingenuity Pathways Analysis (IPA) (Ingenuity Systems). Genes were selected based on
a “present call” in either WT or Ik"" samples and an average differential log ratio of 20.7.
Log ratios of the selected genes were then submitted to the IPA application for mapping to

the Ingenuity Pathways Knowledge Base.

PCR

10° cells were digested in 500 ul digestion buffer (100 mM Tris-HCI, pH8.5, 5 mM EDTA,
0.2% SDS, 200 mM NaCl, 100 pg/ml proteinase K) at 50°C. DNA was precipitated by
adding 1 volume of isopropanol, washed with 70% ethanol and resuspended in 200 ul TE
(10 mM Tris-HCI, 0.1 mM EDTA). To amplify the WT, floxed or deleted allele of Ikaros the
following  primers were used: 5-GAGGACCAGATATAAGGCAGCTGGG, 5-
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GGCCATVAACGGCATGGAAACGATAA, 5-AGCACAGGTTGGACAATACCTGAAA. The
PCR conditions were: 94°C 5 min/ 94°C 30 s, 60°C 30 s, 72°C 45 s for 35 cycles/72°C 5

min.

16



Macias-Garcia et al.
Ikaros deficiency in B cells promotes lupus

ACKNOWLEDGEMENTS

We thank H. Dali for help with ELISAs and immunostaining of HEp-2 cells; J.L. Pasquali
and A.M. Knapp for help with the early ELISAs; V. Alunni, C. Thibault and D. Dembélé for
help with microarray experiments and data analysis; C. Ebel for flow cytometry; P. Marchal
for technical assistance; M. Gendron and S. Falcone for animal husbandry. A.M.-G.
received predoctoral fellowships from the Conacyt Association of Mexico and the
Fondation ARC pour la Recherché sur le Cancer. M.S. received a predoctoral fellowship
from the Fondation pour la Recherche Médicale. This work was supported by the Ligue
Nationale Contre le Cancer (Equipe labellisée) and institute funds from the Institut National
de la Santé et de la Recherche Médicale (INSERM), the Centre National pour la
Recherche Scientifique (CNRS), and the Hépital Universitaire de Strasbourg.

17



Macias-Garcia et al.
Ikaros deficiency in B cells promotes lupus

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Hopkinson, N.D., Doherty, M., and Powell, R.J. 1994. Clinical features and race-
specific incidence/prevalence rates of systemic lupus erythematosus in a
geographically complete cohort of patients. Annals Rheum Dis 53:675-680.

Ippolito, A., Wallace, D.J., Gladman, D., Fortin, P.R., Urowitz, M., Werth, V.,
Costner, M., Gordon, C., Alarcon, G.S., Ramsey-Goldman, R., et al. 2011.
Autoantibodies in systemic lupus erythematosus: comparison of historical and
current assessment of seropositivity. Lupus 20:250-255.

Anolik, J.H. 2007. B cell biology and dysfunction in SLE. Bulletin NYU Hos Joint Dis
65:182-186.

Tsubata, T. 2005. B cell abnormality and autoimmune disorders. Autoimmunity
38:331-337.

Niiro, H., and Clark, E.A. 2002. Regulation of B-cell fate by antigen-receptor signals.
Nat Rev Immunol 2:945-956.

Richards, J.D., Dave, S.H., Chou, C.H., Mamchak, A.A., and DeFranco, A.L. 2001.
Inhibition of the MEK/ERK signaling pathway blocks a subset of B cell responses to
antigen. J Immunol 166:3855-3864.

Solvason, N., Wu, W.W., Parry, D., Mahony, D., Lam, E.W., Glassford, J., Klaus,
G.G., Sicinski, P., Weinberg, R., Liu, Y.J., et al. 2000. Cyclin D2 is essential for
BCR-mediated proliferation and CD5 B cell development. Int Immunol 12:631-638.
Piatelli, M.J., Doughty, C., and Chiles, T.C. 2002. Requirement for a hsp90
chaperone-dependent MEK1/2-ERK pathway for B cell antigen receptor-induced
cyclin D2 expression in mature B lymphocytes. J Biol Chem 277:12144-12150.
Piatelli, M.J., Wardle, C., Blois, J., Doughty, C., Schram, B.R., Rothstein, T.L., and
Chiles, T.C. 2004. Phosphatidylinositol 3-kinase-dependent mitogen-activated
protein/extracellular signal-regulated kinase kinase 1/2 and NF-kappa B signaling
pathways are required for B cell antigen receptor-mediated cyclin D2 induction in
mature B cells. J Immunol 172:2753-2762.

Koncz, G., Bodor, C., Kovesdi, D., Gati, R., and Sarmay, G. 2002. BCR mediated
signal transduction in immature and mature B cells. Immunol Lett 82:41-49.
Craxton, A., Shu, G., Graves, J.D., Saklatvala, J., Krebs, E.G., and Clark, E.A.
1998. p38 MAPK is required for CD40-induced gene expression and proliferation in
B lymphocytes. J Immunol 161:3225-3236.

Graves, J.D., Draves, K.E., Craxton, A., Saklatvala, J., Krebs, E.G., and Clark, E.A.
1996. Involvement of stress-activated protein kinase and p38 mitogen-activated
protein kinase in migM-induced apoptosis of human B lymphocytes. Proc Natl Acad
Sci USA 93:13814-13818.

Han, JW., Zheng, H.F., Cui, Y., Sun, L.D., Ye, D.Q., Hu, Z., Xu, J.H., Cai, Z.M.,
Huang, W., Zhao, G.P., et al. 2009. Genome-wide association study in a Chinese
Han population identifies nine new susceptibility loci for systemic lupus
erythematosus. Nat Genetics 41:1234-1237.

Cunninghame Graham, D.S., Morris, D.L., Bhangale, T.R., Criswell, L.A., Syvanen,
A.C., Ronnblom, L., Behrens, T.W., Graham, R.R., and Vyse, T.J. 2011.
Association of NCF2, IKZF1, IRF8, IFIH1, and TYK2 with systemic lupus
erythematosus. PL0oS Genet 7:€1002341.

Wang, J.H., Nichogiannopoulou, A., Wu, L., Sun, L., Sharpe, A.H., Bigby, M., and
Georgopoulos, K. 1996. Selective defects in the development of the fetal and adult
lymphoid system in mice with an lkaros null mutation. Immunity 5:537-549.
Kirstetter, P., Thomas, M., Dierich, A., Kastner, P., and Chan, S. 2002. |karos is
critical for B cell differentiation and function. Eur J Immunol 32:720-730.

Reynaud, D., Demarco, |.A., Reddy, K.L., Schjerven, H., Bertolino, E., Chen, Z.,
Smale, S.T., Winandy, S., and Singh, H. 2008. Regulation of B cell fate commitment

18



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Macias-Garcia et al.
Ikaros deficiency in B cells promotes lupus

and immunoglobulin heavy-chain gene rearrangements by lkaros. Nat Immunol
9:927-936.

Thompson, E.C., Cobb, B.S., Sabbattini, P., MeixIsperger, S., Parelho, V., Liberg,
D., Taylor, B., Dillon, N., Georgopoulos, K., Jumaa, H., et al. 2007. Ikaros DNA-
binding proteins as integral components of B cell developmental-stage-specific
regulatory circuits. Immunity 26:335-344.

Goldmit, M., Ji, Y., Skok, J., Roldan, E., Jung, S., Cedar, H., and Bergman, Y. 2005.
Epigenetic ontogeny of the Igk locus during B cell development. Nat Immunol
6:198-203.

Liu, Z., Widlak, P., Zou, Y., Xiao, F., Oh, M., Li, S., Chang, M.Y., Shay, J.W., and
Garrard, W.T. 2006. A recombination silencer that specifies heterochromatin
positioning and ikaros association in the immunoglobulin kappa locus. Immunity
24:405-415.

Wojcik, H., Griffiths, E., Staggs, S., Hagman, J., and Winandy, S. 2007. Expression
of a non-DNA-binding Ikaros isoform exclusively in B cells leads to autoimmunity
but not leukemogenesis. Eur J Immunol 37:1022-1032.

Dumortier, A., Jeannet, R., Kirstetter, P., Kleinmann, E., Sellars, M., Dos Santos,
N.R., Thibault, C., Barths, J., Ghysdael, J., Punt, J.A., et al. 2006. Notch activation
is an early and critical event during T-cell leukemogenesis in lkaros-deficient mice.
Mol Cell Biol 26:209-220.

Sellars, M., Reina-San-Martin, B., Kastner, P., and Chan, S. 2009. Ikaros controls
isotype selection during immunoglobulin class switch recombination. J Exp Med
206:1073-1087.

Jacobson, E.M., and Tomer, Y. 2007. The CD40, CTLA-4, thyroglobulin, TSH
receptor, and PTPN22 gene quintet and its contribution to thyroid autoimmunity:
back to the future. J Autoimmunity 28:85-98.

Tuscano, J.M., Harris, G.S., and Tedder, T.F. 2003. B lymphocytes contribute to
autoimmune disease pathogenesis: current trends and clinical implications.
Autoimmunity Rev 2:101-108.

Crissman, H.A., and Steinkamp, J.A. 1982. Rapid, one step staining procedures for
analysis of cellular DNA and protein by single and dual laser flow cytometry.
Cytometry 3:84-90.

Levenson, R., Macara, 1.G., Smith, R.L., Cantley, L., and Housman, D. 1982. Role
of mitochondrial membrane potential in the regulation of murine erythroleukemia
cell differentiation. Cell 28:855-863.

Zamzami, N., Marchetti, P., Castedo, M., Zanin, C., Vayssiere, J.L., Petit, P.X., and
Kroemer, G. 1995. Reduction in mitochondrial potential constitutes an early
irreversible step of programmed lymphocyte death in vivo. J Exp Med 181:1661-
1672.

Avitahl, N., Winandy, S., Friedrich, C., Jones, B., Ge, Y., and Georgopoulos, K.
1999. l|karos sets thresholds for T cell activation and regulates chromosome
propagation. Immunity 10:333-343.

Dembele, D., and Kastner, P. 2003. Fuzzy C-means method for clustering
microarray data. Bioinformatics 19:973-980.

Han, A., Saijo, K., Mecklenbrauker, |., Tarakhovsky, A., and Nussenzweig, M.C.
2003. Bam32 links the B cell receptor to ERK and JNK and mediates B cell
proliferation but not survival. Immunity 19:621-632.

Favata, M.F., Horiuchi, K.Y., Manos, E.J., Daulerio, A.J., Stradley, D.A., Feeser,
W.S., Van Dyk, D.E., Pitts, W.J., Earl, R.A., Hobbs, F., et al. 1998. Identification of a
novel inhibitor of mitogen-activated protein kinase kinase. J Biol Chem 273:18623-
18632.

19



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Macias-Garcia et al.
Ikaros deficiency in B cells promotes lupus

Lee, J.C., Laydon, J.T., McDonnell, P.C., Gallagher, T.F., Kumar, S., Green, D.,
McNulty, D., Blumenthal, M.J., Heys, J.R., Landvatter, S.W., et al. 1994. A protein
kinase involved in the regulation of inflammatory cytokine biosynthesis. Nature
372:739-746.

Swart, J.M., and Chiles, T.C. 2000. Rescue of CH31 B cells from antigen receptor-
induced apoptosis by inhibition of p38 MAPK. Biochem Biophys Res Comm
276:417-421.

Badea, T.C., Wang, Y., and Nathans, J. 2003. A noninvasive genetic/pharmacologic
strategy for visualizing cell morphology and clonal relationships in the mouse. J
Neurosci 23:2314-2322.

Kraus, M., Alimzhanov, M.B., Rajewsky, N., and Rajewsky, K. 2004. Survival of
resting mature B lymphocytes depends on BCR signaling via the Igalpha/beta
heterodimer. Cell 117:787-800.

Gomez-del Arco, P., Maki, K., and Georgopoulos, K. 2004. Phosphorylation
controls Ikaros's ability to negatively regulate the G(1)-S transition. Mol Cell Biol
24:2797-2807.

Nera, K.P., Alinikula, J., Terho, P., Narvi, E., Tornquist, K., Kurosaki, T.,
Buerstedde, J.M., and Lassila, O. 2006. Ikaros has a crucial role in regulation of B
cell receptor signaling. Eur J Immunol 36:516-525.

Hashimoto, A., Okada, H., Jiang, A., Kurosaki, M., Greenberg, S., Clark, E.A., and
Kurosaki, T. 1998. Involvement of guanosine triphosphatases and phospholipase C-
gammaz2 in extracellular signal-regulated kinase, c-Jun NH2-terminal kinase, and
p38 mitogen-activated protein kinase activation by the B cell antigen receptor. J Exp
Med 188:1287-1295.

Wang, C., Morley, S.C., Donermeyer, D., Peng, |, Lee, W.P., Devoss, J.,
Danilenko, D.M., Lin, Z., Zhang, J., Zhou, J., et al. 2010. Actin-bundling protein L-
plastin regulates T cell activation. J Immunol 185:7487-7497.

Su, M.W., Dorocicz, |., Dragowska, W.H., Ho, V., Li, G., Voss, N., Gascoyne, R.,
and Zhou, Y. 2003. Aberrant expression of T-plastin in Sezary cells. Cancer Res
63:7122-7127.

Begue, E., Jean-Louis, F., Bagot, M., Jauliac, S., Cayuela, J.M., Laroche, L.,
Parquet, N., Bachelez, H., Bensussan, A., Courtois, G., et al. 2012. Inducible
expression and pathophysiologic functions of T-plastin in cutaneous T-cell
lymphoma. Blood 120:143-154.

Tse, KW., Dang-Lawson, M., Lee, R.L., Vong, D., Bulic, A., Buckbinder, L., and
Gold, M.R. 2009. B cell receptor-induced phosphorylation of Pyk2 and focal
adhesion kinase involves integrins and the Rap GTPases and is required for B cell
spreading. J Biol Chem 284:22865-22877.

Shi, G.X., Harrison, K., Wilson, G.L., Moratz, C., and Kehrl, J.H. 2002. RGS13
regulates germinal center B lymphocytes responsiveness to CXC chemokine ligand
(CXCL)12 and CXCL13. J Immunol 169:2507-2515.

Wang, J.H., Avitahl, N., Cariappa, A., Friedrich, C., lkeda, T., Renold, A,
Andrikopoulos, K., Liang, L., Pillai, S., Morgan, B.A., et al. 1998. Aiolos regulates B
cell activation and maturation to effector state. Immunity 9:543-553.

Sun, J., Matthias, G., Mihatsch, M.J., Georgopoulos, K., and Matthias, P. 2003.
Lack of the transcriptional coactivator OBF-1 prevents the development of systemic
lupus erythematosus-like phenotypes in Aiolos mutant mice. J Immunol 170:1699-
1706.

Lessard, C.J., Adrianto, 1., Ice, J.A., Wiley, G.B., Kelly, J.A., Glenn, S.B., Adler, A.J.,
Li, H., Rasmussen, A., Williams, A.H., et al. 2012. Identification of IRF8, TMEM39A,
and IKZF3-ZPBP2 as susceptibility loci for systemic lupus erythematosus in a large-
scale multiracial replication study. Amer J Hum Genet 90:648-660.

20



48.

49.

50.

51.

Macias-Garcia et al.
Ikaros deficiency in B cells promotes lupus

Barrett, J.C., Hansoul, S., Nicolae, D.L., Cho, J.H., Duerr, R.H., Rioux, J.D., Brant,
S.R., Silverberg, M.S., Taylor, K.D., Barmada, M.M., et al. 2008. Genome-wide
association defines more than 30 distinct susceptibility loci for Crohn's disease. Nat
Genetics 40:955-962.

Hu, W., Sun, L., Gao, J., Li, Y., Wang, P., Cheng, Y., Pan, T., Han, J., Liu, Y., Lu,
W., et al. 2011. Down-regulated expression of IKZF1 mRNA in peripheral blood
mononuclear cells from patients with systemic lupus erythematosus. Rheumatol Int
31:819-822.

Lacotte, S., Dumortier, H., Decossas, M., Briand, J.P., and Muller, S. 2010.
Identification of new pathogenic players in lupus: autoantibody-secreting cells are
present in nephritic kidneys of (NZBxNZW)F1 mice. J Immunol 184:3937-3945.
Eisen, M.B., Spellman, P.T., Brown, P.O., and Botstein, D. 1998. Cluster analysis
and display of genome-wide expression patterns. Proc Natl Acad Sci USA
95:14863-14868.

21



Macias-Garcia et al.
Ikaros deficiency in B cells promotes lupus

FIGURE LEGENDS
Figure 1 - Ik“" mice produce autoantibodies.

k“* vs. WT mice.

(A) Indirect staining for antinuclear activity of HEp-2 cells by serum of |
MRL/lpr serum was used as a positive control. BALB/c serum was used as a negative
control. Representative stainings from the serum of 2 Ik"* mice are shown: one shows
high ANA and the other shows weaker ANA. (B) Serum of k" (n=32, 6-8 weeks of age)
and WT (n=18, 6-9 weeks of age) mice were tested for IgM antibodies to the indicated
antigens by ELISA. MRL/lpr serum (n=4, ~20 weeks of age) was used as a positive
control. Black bars show the mean of the indicated values. Statistical significance was
determined by the Wilcoxon signed-rank test.

k' B cells.

Figure 2 - Increased proliferation and early entry into cell cycle by |
(A) CFSE-labeled Ik and WT splenic FO B cells were stimulated for 72h in the presence
of anti-IgM, anti-IgM + anti-CD40 (2 pg/ml), or anti-CD40 (2 pg/ml) + IL-4, then analyzed
by flow cytometry. The number of divisions completed for the cells of each genotype is
indicated. Gray histograms denote the CFSE labeling for non-stimulated WT and k"
cells; both gave similar results. Representative of >3 independent experiments. (B) Ik""
and WT B cells were stimulated for the indicated times with anti-IgM + anti-CD40 (10
ug/ml) antibodies. DNA content was measured by PI staining. The percentage of cells in
the indicated phases (G0/G1, S, G2/M) of cell cycle are indicated. Representative of 2
independent experiments. (C) k- and WT cells were stimulated with anti-IgM + anti-CD40
(10 pg/ml), and analyzed at the indicated timepoints with Pl and fluorescein isothiocyanate

(FITC) staining. Representative of 2 independent experiments.

Figure 3 - The transcriptional response to BCR stimulation is intact in Ik-" B cells.
Ik“* and WT splenic FO B cells were cultured without stimulation for 3h, or with anti-lgM
antibodies for 3 and 12h. Genome-wide expression analysis was performed on samples
from two independent experiments, using Affymetrix 430 2.0 arrays. (A) The 10,747 genes
with the greatest variance were selected and Fuzzy C-means clustering was used to
define probe set clusters according to expression patterns (see Fig. S4). Clusters depicted
are visualized globally with red/green coloration, where the red and green color scales
indicate high and low expression values, respectively. (B) Probe sets up- or down-
regulated >2-fold in non-stimulated Ik"" cells were selected and clustered using the

Cluster 3.0 software (see Table S1).
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Figure 4 - Ik*" B cells show hyper-phosphorylation of ERK and p38 after BCR
stimulation.

(A) Ik and WT splenic FO B cells were stimulated with anti-lgM or anti-IgM + anti-CD40
(10 pg/ml) for the indicated times. Immunoblotting was performed to determine the
phosphorylation levels of the indicated kinases. GAPDH was used as a loading control. (B)
Cells were stimulated as in (A), and P-ERK, P-p38 and P-Akt levels were measured by
intracellular flow cytometry. Staining was performed after 15 min stimulation. Blue
histograms indicate the Ikt samples; solid red histograms indicate the WT samples.
Values indicate the mean fluorescence intensities (MFI). (C) U0126 and SB203580
inhibitors block ERK and p38 phosphorylation. Ik“" and WT FO B cells were pretreated
with the indicated inhibitors or vehicle (DMSO) for 45 min, then stimulated with anti-IgM +
anti-CD40 (10 pg/ml) for 15 min. P-ERK and P-p38 were analyzed by flow cytometry. (D)
Inhibition of ERK and p38 signaling rescue the hyper-proliferative phenotype of Ik“" B
cells. CFSE-labeled Ik“* and WT FO B cells were pretreated with the indicated inhibitors,
then stimulated with anti-lgM or anti-IgM + anti-CD40 (10 pg/ml) for 72h. Representative of

>3 independent experiments.

Figure 5 - lkaros deletion in mature B cells is sufficient to initiate the hyper-
response to BCR stimulation and autoantibody production.

(A) Splenic FO B cells from TAM-treated k™ Rosa26-CreERT2" mice show enhanced
ERK phosphorylation and hyper-proliferation following BCR stimulation. Cells from TAM-
treated Ik"" Rosa26-CreERT2" or Ik” Rosa26-CreERT2" mice were stimulated as indicated
for 15 min and then measured for P-ERK (left panels). CFSE-labeled cells were stimulated
for 72h and then measured for CFSE dilution (right panels). The number of divisions
completed is indicated. Red histograms denote the cells from TAM-treated |k” Rosa26-
CreERT2" mice; blue histograms denote the cells from TAM-treated Ik" Rosa26-CreERT2"
mice. Solid gray histograms indicate non-stimulated cells from either condition; both gave
similar results. Representative of 2 experiments. (B) Splenic FO B cells from k" CD21-
Cre* mice show enhanced ERK phosphorylation after BCR stimulation. Cells from 1k
CD21-Cre* and k" CD21-Cre” mice were stimulated as indicated and P-ERK levels were
measured. Red histograms indicate cells from Ik”™ CD21-Cre* mice; blue histograms
indicate cells from Ik™ CD21-Cre” mice. Solid gray histrograms indicate non-stimulated
cells from either genotype; both gave similar results. Representative of 2 experiments. (C)
Serum of k" CD21-Cre* (n=14, 7-11 weeks of age) and k" CD21-Cre” (n=10, 7-12 weeks

of age) mice were tested for IgM antibodies to the indicated antigens by ELISA. (-)
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indicates Ik CD21-Cre". (+) indicates Ik”™ CD21-Cre*. MRL/Ipr serum (n=12, 10 weeks of
age) was used as a positive control. Black bars show the mean of the indicated values.

Statistical significance was determined by the Wilcoxon signed rank-test.

Figure S1 - Detection of ANA and IgG autoantibodies in Ik~ serum.

(A) Scoring of ANA intensities using the indicated images to establish a standard scale
(top). Relative ANA staining intensities of serum from Ik vs. WT mice (bottom). (B)
Serum of Ikt (n=32, 6-8 weeks of age) and WT (n=18, 6-9 weeks of age) mice were
tested for IgG antibodies to the indicated antigens by ELISA. MRL/Ipr serum (n=4, ~20
weeks of age) was used as a positive control. The graphs on the right for each ELISA
indicate the same values presented on a smaller scale to highlight the statistical

kL/L

significance between the | and WT samples. Black bars show the mean of the indicated

values. Statistical significance was determined by the Wilcoxon signed rank-test.

Figure S2 - Detection of rheumatoid factor and anti-thyroglobulin antibodies in Ik""

k“* B cells.

serum and the activation state of freshly isolated |
(A) Serum of Ik”" (n=41, 6-10 weeks of age) and WT (n=26, 32-52 weeks of age) mice
were tested for IgM and IgG antibodies to the indicated antigens by ELISA. MRL/lpr serum
(n=10, ~20 weeks of age) was used as a positive control. Black bars show the mean of the
indicated values. Statistical significance was determined by two-tailed Student's t-test
assuming unequal variance. (B) Freshly isolated splenic FO B cells from Ik"" and WT mice
were analyzed by flow cytometry for the indicated antigens. The MFI values are displayed
relative to WT expression where WT values are defined as 1.0. Values shown were

obtained from one representative experiment out of 3 performed.

Figure S3 - Response to IgM + IL-4 stimulation and reduced apoptosis in k" B
cells.

(A) CFSE-labeled Ik"" and WT splenic FO B cells were stimulated for 72h in the presence
of anti-IgM + IL-4, then analyzed by flow cytometry. The number of divisions completed for
the cells of each genotype is indicated. Gray histograms denote the CFSE labeling for
non-stimulated WT and k""" cells; both gave similar results. Representative of 2
experiments. (B) k""" and WT B cells were stimulated for 18h with anti-lgM or anti-IgM +
anti-CD40 (10 ug/ml), then incubated for 30 min with DiOCsg to stain active mitochondria
(live cells). The percentage of live cells as measured by flow cytometry is indicated.

Representative of 3 experiments.
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Figure S4 - Profile of FCM clusters.

Transcriptomic data from Ik“ and WT B cells stimulated with anti-lgM for 0, 3 and 12h,
was analyzed by Fuzzy C-means (FCM) partitional clustering. FCM was applied to 10,747
probe sets with a coefficient of variation >0.75 across all samples. 30 clusters of probe
sets with similar expression profiles were generated, and probe sets that exhibited a

membership value 0.7 were retained. Expression profiles of the 30 clusters are shown.

Figure S5 - Pan-tyrosine phosphorylation analysis of Ik"" B cells.
Pan-tyrosine phosphorylation was analyzed in the samples from Fig. 4a by
immunoblotting. GAPDH was used as a loading control.

k" B cells.

Figure S6 - Analysis of early cell cycle regulators in |
Ik”* and WT splenic FO B cells were stimulated with anti-IgM or anti-IgM + anti-CD40 (2
ug/ml) for the indicated times and analyzed by Western blot using antibodies to the

indicated cell cycle regulators. B-actin was used as a loading control.

Figure S7 - Deletion of the Ik" allele in mutant mice.

(A) Splenic FO B cells from TAM-treated |k” Rosa26-CreERT2* and Ik Rosa26-
CreERT2" mice were analyzed by PCR (top) and Western blot (bottom) to detect the
indicated PCR products and lkaros proteins, respectively. B-actin was used as a loading
control (bottom). (B) Splenic FO B cells from Ik CD21-Cre* and Ik CD21-Cre™ mice were
analyzed by PCR (top) and Western blot (bottom) to detect the indicated PCR products
and lkaros proteins, respectively. CD43" cells were used to evaluate the lack of deletion
and presence of lkaros proteins in non-B cells. B-actin was used as a loading control
(bottom).

Table S1 - Genes dysregulated >2-fold in freshly isolated k-~ FO B cells.

kL/L

Probe sets up- or down-regulated >2x in all 4 pair-wise | vs. WT comparisons were

selected. Expression values have been generated by the MASS5 software.
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Figure 1

Macias-Garcia et al.



IgM IgM + CD40 CDA40 + IL-4
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Section IV B cell activation and its relation with auto-immune symptoms in the Ik”* mouse Results

Section IV. B CELL ACTIVATION AND ITS RELATION WITH
AUTO-IMMUNE SYMPTOMS IN THE IK""- MOUSE

COMPLEMENTARY RESULTS

IV.6. The IL-4 dependent ERK phosphorylation

We have found that Ik”* B cells show enhanced ERK phosphorylation and hyper-
proliferation upon BCR stimulation. This phenotype could be due to several mechanisms.
Guo et al. (2007) described an alternate pathway in which BCR signaling enhances ERK
phosphorylation after the exposure of B cells to IL-4. This signaling was independent of PI-
3K and PLC signalosome mediators, but dependent on Lyn and an unknown Rottlerin
sensitive, molecule. To test if the alternate pathway could be responsible for the hyper-
phosphorylation of ERK, Ik“* and WT FO B cells were incubated with the PI-3K inhibitor
Ly294002 to block the BCR signaling mediated by PI-3K, and with Rottlerin to inhibit the
alternate pathway. Thereafter, the cells were stimulated with anti-lgM and the
phosphorylation of ERK was measured by flow cytometry. While treatment with Ly294002
decreased ERK phosphorylation in WT cells, Rottlerin showed less effect. In contrast, ERK
phosphorylation in the Ik"" cells was severely affected by Rottlerin but not by Ly294002
(Fig. IV.4A). It is important to note that neither of the inhibitors alone abolished the
phosphorylation of ERK in WT or IK“* B cells. Moreover, use of both inhibitors in WT B
cells decreased ERK phosphorylation to the same levels as non stimulated cells. This

k't cells, where the use of both inhibitors demonstrated a

drastic effect was not seen in |
synergistic effect in reducing ERK phosphorylation but did not completely inhibit
phosphorylation (Fig. IV.4A). These results suggest that both pathways were activated in the

Ik cells.

If the alternate pathway is activated in Ik cells, we hypothesized that the activation of this
pathway in the WT cells would generate the same phenotype. To test this, WT and k"
cells were exposed to IL-4 for 24 hours before incubation with the inhibitors and BCR

stimulation. IL-4 exposure increased the ERK phosphorylation in WT cells to levels
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comparable to Ik"" cells (Fig. IV.4B). However, the IL-4 treatment did not enhance the ERK
phosphorylation in the Ik"" cells, suggesting that these cells do not require exogenous IL-4
to activate the alternate pathway or that ERK phosphorylation is saturated in these cells.
Indeed, while the IL-4 mediated ERK phosphorylation was not affected by Ly294002 in

k" cells than in WT cells

both genotypes, Rottlerin inhibited less ERK phosphorylation in |
(Fig. IvV.4C). Moreover, both inhibitors did not reduce ERK phosphorylation to basal levels.
Thus, IL-4 activates the alternate pathway in WT cells and increases ERK phosphorylation

to levels similar to k", but Ik"" did not require exogenous IL-4 for ERK activation.

It was described that the consequence of the alternate pathway is the production of Opn,
an autoimmunity-associated cytokine (Rothstein and Guo, 2009). We evaluated Opn mRNA
expression in WT and Ik"* FO B cells exposed or not to IL-4 and BCR stimulation. BCR
stimulation in cells without IL-4 exposure revealed 3x higher Opn expression in Ik“* than in
WT cells (Fig. IV.4D, left panel). As expected, Opn expression was increased in WT cells
exposed to IL-4. Both WT and Ik""* cells increased Opn expression after IL-4 exposure, and
WT cells reached levels similar to Ik"". Interestingly, Opn levels remained high in Ik"* cells
after 20 hours of stimulation, in contrast to WT cells where they were significantly
decreased (Fig. IV.4D, right panel). Indeed, the basal levels of Opn were significantly higher in
Ik“" cells than in WT cells even in the absence of IL-4 (Fig. IV.4E). These data, together with
the unaltered ERK phosphorylation after IL-4 exposure in Ik cells, suggest that freshly
isolated Ik""- B cells are constitutively primed for better responsiveness through constitutive

activation of the alternate pathway.

It was previously reported that lkaros represses IL-4 expression in CD4+SP T cells (Quirion
et al, 2009). This and our observation that Ik B cells behave like IL-4-primed WT B cells
suggested the possibility that elevated IL-4 levels in vivo may have primed Ik"" B cells for
better responsiveness. The analysis of IL-4 mRNA levels in total splenocytes revealed a
~3x increase in Ik"”* compared to WT cells (data not shown). Thus, it seems that the
hyper-phosphorylation of ERK in k""" B cells is mediated by a higher exposure to IL-4 and
this could generate the different gene expression signature observed in the resting Ik"".

Therefore, we determined the genes induced or repressed after 24h of IL-4 exposure in
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WT FO B cells (Affymetrix 430 2.0 arrays), and compared them to the genes over-

kL/L

expressed or down-regulated in naive Ik~ B cells. 119 and 150 probe sets were induced or

repressed, respectively, >2-fold by IL-4 in WT B cells (data not shown). However, there

was no significant overlap between these genes and those overexpressed or repressed in

kL/L kL/L

freshly isolated | B cells. Thus, the priming of | B cells may not result from in vivo

exposure to IL-4.

Fig. IV.4. WT and IK"* B cells activate ERK via different pathways after anti-IgM stimulation. A. ERK
phosphorylation in cells incubated in absence or presence of Ly294002 and/or Rottlerin and stimulated with
anti-IgM for 15 min. B. Levels of ERK phosphorylation in WT or Ik FO B cells cultured for 24h with or
without IL-4 and then stimulated with anti-IgM for 15 min. C. ERK phosphorylation of cells exposed 24h to IL-
4 prior to treatment with IgM and inhibitors. D. RT-qPCR analysis of osteopontin (Opn) transcripts in FO B
cells exposed or not to IL-4, and stimulated with anti-lgM for the indicated times. Arbitrary units. E. Increased
basal Opn expression prior to anti-IgM stimulation (magnification of the Oh time point from D). Values are
mean +/- sem. *p<0.05 and **p<0.005. Representative of 2 experiments (A-E).
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I\V.7. B cell specific Ikaros deletion results in autoantibody production.

To complement the data obtained with the Ik CD21-Cre mice, which indicated that Ikaros
deficiency in mature B cells is sufficient for autoantibody production, we tested the serum
of Ik CD19-Cre mice (at 10 weeks of age) for anti-chromatin/nucleosome and anti-dsDNA
antibodies. k" CD19-Cre* mice delete Ikaros at Fr. B-C in the BM (see Fig.l.4). Serum
from Ik™ CD19-Cre* mice showed increased levels of these antibodies of the IgM isotype
compared to the littermate control k™ CD19-Cre” mice (Fig. IV.5). The levels of these
antibodies were higher than the ones found in Ik"" or in k" CD21-Cre* mice of the same
age. Indeed, some k" CD19-Cre” mice showed higher levels than MRL/Ipr mice (at 10
weeks of age). However, the IgG isotype was absent, which may be due to the young age
of these mice. Further analysis should be performed in older mice. Thus, the k" CD19-
Cre* mice produce auto-antibodies related with SLE at levels comparable to those of

MRL/Ipr mice at 10 weeks of age.

Chromatin/nucleosome ds DNA
= -3 = -3
5. P 44x10 20 - p=4.4x10
[ |
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Figure IV.5. Ik CD19-Cre* mice produce autoantibodies. Serum from Ik” CD19-Cre" (indicates as +) (n=7),
k" CD19-Cre” (indicates as -) (n=5) mice were tested for IgM antibodies to the indicated antigens by ELISA.
Serum from MRL/Ipr mice (n=12) were used as a positive control. Black bars show the mean of the indicated
values. Statistical significance was determined by the Wilcoxon signed-rank test.
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Section IV. B CELL ACTIVATION AND ITS RELATION WITH
AUTO-IMMUNE SYMPTOMS IN THE IK""* MOUSE

DISCUSSION

Here, we showed that lkaros is a crucial regulator of the MAP kinase signaling that
mediates the proliferation, cell growth and apoptotic response of follicular B cells upon the
BCR and CD40 stimulation. |karos deficiency results in hyper-proliferation, increased
growth and apoptosis inhibition. We found that a network of genes related to BCR, p38 and
ERK signaling are deregulated in unstimulated k- FO B cells. The ERK and p38 MAP
kinases exhibit striking increases in phosphorylation, and thus enhanced activation, in Ik-"*
cells in response to stimulation. We also demonstrated that lkaros deficiency leads to the
production of autoantibodies associated with SLE. Importantly, this seems to be an intrinsic
event as the specific deletion of lkaros in mature B cells also induces autoantibody

production. These results indicate that Ikaros is a negative regulator of B cell activation.

Is the enhanced ERK activation responsible for the hyper-proliferation in Ikaros-deficient
cells? ERK and p38 are thought to be important for B cell proliferation and survival,
respectively, in response to stimulation through the BCR and CD40 (Craxton et al., 1998; Han

et al., 2003; Richards et al., 2001). We demonstrated that only the simultaneous inhibition of

kL/L

ERK and p38 decreases the proliferative advantage of | cells over WT cells. However,

we found that the sensitivity of ERK phosphorylation to inhibitors of the classical PI-3K

k'* B cells

dependent and the alternate Rottlerin sensitive pathway, was not the same in |
compared to WT, suggesting the activation of different pathways of BCR signaling.
Contrary to what was observed in WT cells, the PI-3K inhibitor have little effect in the Ik""-
ERK phosphorylation while the Rottlerin inhibitor have strong effect. However, the use of
both inhibitors did not reduce the ERK phosphorylation to basal levels. The activation of the
Rottlerin sensitive pathway in the WT cells by the exposure to IL-4, increased the ERK
phosphorylation to levels comparable to Ik"-. This suggests that ERK hyper-

kL/L

phosphorylation in | cells may be due, at least in part, to the alternate IL-4 pathway.

+/L

Moreover, we found that Ik~ FO B cells display increased proliferation compared to WT
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but they do not reach the levels seen in Ik“" FO B cells after anti-IgM +/- anti-CD40
stimulation (data not shown). However, Ik*" B cells exhibit similar ERK phosphorylation as
WT B cells after anti-IgM +/- anti-CD40 stimulation, suggesting that different mechanisms
could be involved in the BCR mediated proliferation and ERK activation, and that
proliferation is more sensitive to lkaros levels. The analysis of the different kinases

kL/L

upstream ERK should be performed to clarify how ERK is activated in | B cells and to

test if the specific inhibition of these kinases affects proliferation.

Is the alternate ERK activation responsible for the auto-immune symptoms in the Ik""
mice? Our results suggest that ERK phosphorylation in k""" cells is mediated in different
ways. It is possible that one of them is necessary to sustain the proliferation as ERK
inhibition decreases the proliferation. Others may be important for the autoimmune

phenotype seen in Ik-*

mice. The elevated expression of Opn has been reported in human
autoimmune diseases such as SLE, rheumatoid arthritis and multiple sclerosis, as well as
in murine models of human lupus (Patarca et al. 1990; Katagiri et al., 1995; Hudkins et al., 2000;
Yumoto et al., 2002; Ohsima et al., 2002; Comabella et al., 2005; Weber et al., 2001). k"t B cells show
increased levels of Opn compared to WT, before and after BCR stimulation. IL-4 mediated
ERK activation in WT cells triggers the production of Opn to similar levels as Ik"",
suggesting that the ERK phosphorylation due to IL-4 could be important for the
autoimmune phenotype in Ik"" mice. In addition, the B cell signature of a subgroup of
quiescent SLE patients revealed an IL-4 signature, suggesting that an IL-4 pathway can be
involved in the development of lupus (Garaud et al., 2011). Thus, it will be interesting to

kL/L

analyze the effect of IL-4 for the phenotype seen in | mice (hyper-proliferation, ERK

phosphorylation and Opn and antibody production), This could be done by crossing an IL-4

knockout mouse with the Ik"*

kL/L

mouse, which should indicate if the deficiency of IL-4 affects

or enhances Ik~ phenotype.

How does lkaros control cell cycle entry and BCR mediated apoptosis? The increased

kL/L

proliferation in Ik~ cells could be supported by accelerated cell cycle entry and/or reduced

kL/L

apoptosis. We showed that | B cells display accelerated cell cycle entry/progression

after anti-IgM + anti-CD40 stimulation. One important molecule for cell cycle entry following
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the BCR stimulation is Cyclin D2 (Solvason et al., 2000). Its expression is controlled by BCR-
ERK signaling (Piatelli et al., 2002; Piatelli et al., 2004). However, the analysis of Cyclin D2
protein levels after anti-IgM +/- anti-CD40 revealed no difference between Ik“* and WT B
cells at the time points analyzed (0, 6, 9, 12 and 18h). Moreover, intracellular Cyclin D2
staining showed higher expression of Cyclin D2 in WT cells after 24h with anti-IgM

k" cells

stimulation (data not shown). These results suggest that the hyper-proliferation in |
could be independent of Cyclin D2. In addition, the other components of the G0/G1 to S
transition were expressed at similar levels in both genotypes. This means that the
components for the cell cycle entry are not affected. Another possibility is that the time
points that we analyzed were not the correct ones to a difference in the cell cycle
regulators and that we should investigate earlier time points.

Besides the accelerated cell cycle entry, we found less apoptotic cells in the IK-"

samples
compared to WT upon anti-lgM + anti-CD40 stimulation. ERK can down regulate Bim in
response to co-stimulatory signals (e.g. BAFF), and influence the BCR mediated apoptosis
(Craxton et al., 2005; Enders et al., 2003). Thus, increased ERK activation in k""" cells may
promote survival by the down regulating Bim. It would be interesting to measure Bim
expression after BCR stimulation. Thus, although the mechanisms by which Ik"" cells have
accelerated cell cycle entry and reduced apoptosis are not clear, they seem to be driven by
increased MAP kinase activation. The use of inhibitors or enhancer for ERK and p38
activation could determine the contribution of these MAP kinases to the cell cycle and
apoptosis. Furthermore, a better understanding of the mechanism that drives apoptosis in
Ik"" cells would be helpful to determine if the diminution of apoptosis is involved in B cell

tolerance, like what has been shown for lupus-prone mice (Tsubata, 2005).

Is the lkaros deficiency an important factor to B cell tolerance? We showed here that the
Ik" mice produce autoantibodies and that Ikaros deficiency in mature B cells was enough
to generate the autoantibodies as well as alter ERK phosphorylation. This is in line with the
diminution of Ikaros function by the expression of dn Ikaros isoforms in B cells that results
in reduced B cell activation thresholds and the expression of higher levels of

autoantibodies (Wojcik et al., 2007). In addition, we found higher autoantibody levels in the
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serum of 1k CD19-Cre* mice compared to k" CD21-Cre* mice. The CD19-Cre mediated
Ikaros deletion occurs in the BM at Fr. B-C, before the tolerance checkpoints (at Fr. E). The
CD21-Cre mediated lkaros deletion takes place in the spleen in cells already exposed to
some of this checkpoints. These results suggest that deletion of lkaros at an early stage of
B cell development enhances autoantibody production, and that this could be due to
alterations in B cell tolerance. However, the analysis of ERK phosphorylation levels and
proliferation has to be performed in Ik CD19-Cre B cells. To test the contribution of Ikaros
to B cell tolerance, a transgenic mouse model for auto-reactive B cells, such as the hen
egg lysozome (HEL) model (Goodnow et al., 1989), can be used. The MD4 mouse line
expresses the HEL specific immunoglobulin, and breeding this line to one that expresses
soluble HEL (sHEL) induces anergic MD4 B cells. These anergic cells are able to pass the
tolerance checkpoints, go to the periphery and produce little, if any, spontaneous HEL-
specific antibody (Goodnow et al., 1989). It was shown that the reduction of the activation
threshold by the over-expression of CD19 in the MD4/sHEL mouse results in the
production of anti-HEL antibodies suggesting the breakdown of peripheral tolerance (Inaoki
et al., 1997). Breeding the MD4/sHEL line with the Ik" CD19-Cre and Ik” CD21-Cre mouse
lines and the analysis of antibody production would help to determine if Ikaros is required

to maintain B cell anergy, and if this is important in early or late tolerance checkpoints.

Does lkaros deficiency contribute to SLE development? Genome-wide studies have
identified Ikaros polymorphisms in SLE patients (Han et al, 2009; Cunninghame Graham et al,
2011). We found that Ikaros deletion in the germ line and specifically in B cells, results in
SLE-associated antibody production. However, it is not clear if Ikaros is involved only in the
production of autoantibodies or in other parts of SLE development. To verify the
contribution of B cell specific Ikaros deficiency in the development of lupus, we could cross
of a lupus-prone mouse such as MRL/Ipr with the Ik CD21-Cre* to delete lIkaros
specifically in mature B cells. If Ikaros deficiency contributes to SLE, the lupus phenotype
would be enhanced in the MRL/Ipr mice and the development of the disease should appear

at early age.
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Is lkaros involved in the control of the proliferation only in B cells? Is the proliferation
sensitive to lkaros levels? The proliferative response of both B and T cells is sensitive to
Ikaros levels. It was previously shown in the lab that T cells of k" and Ik*" mice hyper-
proliferate in response to anti-CD3 stimulation in vitro (Dumortier et al., 2006). Thus, in both, B
and T cells, loss of Ikaros leads to enhanced proliferation, even after loss of a single allele.
Furthermore, Ikaros may control the proliferation of DN4 T cells, through signals via the
pre-T cell receptor (Kleinmann et al., 2008; Winandy et al., 1999). |karos deficiency also leads to
pro-B cell accumulation, although it is currently unclear if this reflects increased
proliferation downstream of the pre-BCR (Kirstetter et al, 2002). These observations suggest
that a common mechanism, for B and T cells, could mediate the control of proliferation by
Ikaros. It will be important to test if Ikaros-dependent modulation of ERK and p38-signalling
pathways also controls the pre-BCR, pre-TCR and TCR signaling responses as this may

have implications for the tumor suppressor function of lkaros in T cells.

In conclusion, our results suggest that ERK phosphorylation in Ik“* B cells are activated
differently than in WT cells. Altered B cell activation may lead to predisposition to SLE. The
evidence that enhanced ERK and p38 phosphorylation are involved in the hyper-activation
of B cells suggests that pharmacological inhibition of these molecules may be useful for the

therapy of SLE patients.

113



Section IV B cell activation and its relation with auto-immune symptoms in the k" mouse M and M

MATERIAL AND METHODS

1. Cell culture
Follicular B cells were enriched by depletion of CD43" cells followed by positive selection of
CD23" cells with MACS beads (CD43 (Ly-48) beads and Streptavidin beads after CD23-
biotin staining) (>90% purity, Miltenyi Biotech). Cells were incubated 24h with/without
10ng/ml IL4 (Peprotech). Cells were stimulated with 10ug/mL goat anti-mouse IgM F(ab’)
(Jackson Immunoresearch) and 10ug/mL mouse anti-CD40 (clone 1C10; ebiosience). The
following inhibitors were used: Ly294002 (2uM, Cell Signalling), Rottlerin (10uM,

Calbiochem).

2. Flow cytometry

For intracellular staining for phospho-ERK, cells were fixed in 2% Ultra-pure Formaldehyde
(Electron Microscopy Science) for 10 min at RT. Cells were pelleted and permeablized with
100% ice cold methanol and incubated for >30 min on ice or at -20°C. Cells were then
blocked in PBS supplemented with 10% FCS, 1% mouse serum, 1% rat serum and Fc
Block (1:50). Samples were stained with Phospho-ERK (p44/42-Thr202/Tyr204) followed
by biotin conjugated anti-rabbit IgG and Streptavidin-PE. Cells were analyzed with a
FACSCalibur (BD BioSciences) and FlowJo software (TreeStar).

3. RT-gPCR

Total RNA was extracted from 1.50x10° cells using the RNeasy micro kit (Qiagen). RNAs
were reverse-transcribed with SuperScript Il reverse transcriptase (Invitrogen). qPCR
reactions were performed in triplicate with cDNA from an equivalent of 15 x10* cells with
the Quantitect SYBR Green PCR kit (Qiagen; 40 cycles of 95°C 30 sec, 58°C 30 sec and
72°C 30 sec) and the LightCycler 480 Real-time PCR System (Roche). PCRs were
analyzed with the LightCycler 480 basic software and the concentration of amplified cDNA
was calculated relative to that of HPRT. Primers for Opn were from the Qiagen Quantitect
assay Mm_Spp1_1_SG. HPRT primers were: 5-GTTGGATACAGGCCAGACTTTGTTG
and 5'-GATTCAACTTGCGCTCATCTTAGGC.
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CONCLUSIONS

The transcription factor lkaros is essential for lymphopoiesis. The results shown here
display how lkaros deficiency affects B and T cells. |Ikaros plays mainly a role of a
transcriptional repressor, and it could be that this function is the same in all cells where it is
expressed. However the expression of specific lineage genes and the epigenetic factors in
each cell influences how lkaros affects different pathways and functions, resulting in

distinct phenotypes such as leukemia and autoimmune disease.

Ikaros function can be associated with the principal pathways that affect the normal
development and function of lymphocytes. In B cells, |Ikaros deficiency could affect the

k" B cells have enhanced ERK and

pathways downstream BCR signaling. We found that |
p38 activation after BCR stimulation which results in increased proliferation, reduced
apoptosis and autoantibody production. In T cells, lkaros competes with RBP-J of the
Notch pathway to affect the normal development of T cells. lkaros deficiency results in an
aberrant activation of the Notch pathway that results in leukemia. We found that the
deletion of the Notch1 promoter results in the generation of truncated ligand-independent
Notch1 proteins which accelerate the development of leukemia. However, we observed
that Notch activation is not sufficient for the development of leukemia, as the deletion of the
Notch1 promoter in a WT background does not generate tumors. This suggests that lkaros
function may touch other pathways perhaps downstream of the TCR to affect proliferation
and activation, similar to B cells where |karos affects the BCR signaling. It is important to
note that not all the effects of Ikaros deficiency in the germ line may be observed, as some
of them would have stronger consequences, like the fast development of leukemia which

could hide a later susceptibility to SLE.

Ikaros affects the proliferation of B and T cells, and this is sensitive for lkaros levels.
Abnormal proliferation in both cell lineages can be observed, not only in homo- but also in

heterozygote mice. The enhanced proliferation could be a consequence of the lower
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activation threshold. However, the effect could be cell-specific, and altered proliferation
could affect apoptosis-mediated selection differently in different cells. In B cells, this might

affect tolerance. In T cells, it would lead an accumulation and expansion of immature cells.

Thus, Ikaros is an important transcription factor that affects both the development and the

function of lymphocytes.
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Résumé en francais

RESUME EN FRANCAIS

Ikaros, un facteur de transcription a doigt de zinc, est un régulateur essentiel de la lymphopoiése.
Ikaros est nécessaire a 'engagement des précurseurs lymphoides dans le lignage B (Wang et al.
1996), ainsi qu’a la différenciation des lymphocytes B matures (Kirstetter et al. 2002). lkaros joue
aussi un réle important dans la répression des génes cibles de Notch pendant le développement
des thymocytes T (Dumortier et al. 2006; Kleinmann et al. 2008).

La lignée de souris lkaros " a été générée dans notre laboratoire par insertion du géne rapporteur
LacZ dans I'exon 2 d’lkzf1 (le géne codant d’lkaros). Cette insertion entraine la délétion de la
séquence protéique codée par I'exon2 et une expression réduite (environs 10% du niveau normal)
d’'une protéine lkaros comportant les domaines de liaison a 'ADN et de dimérisation. Cependant,
bien que le phénotype lymphoide de ces souris soit atténué par rapport aux souris mutantes nulles
pour lkaros (qui ne possédent pas de cellules B), les souris k""" développent des lymphocytes B
aprés la naissance. Avec I'age, toutes les souris |k “* développent des leucémies T. Ces tumeurs
sont dépendantes de la voie de signalisation Notch et présentent souvent des mutations du gene
Notch1 similaires a celles trouvées chez les patients atteints de leucémie aigué lymphoblastique T
(LAL-T).

Au cours de mon travail de thése, jai étudié différents phénotypes liés a la perte d'lkaros dans les
cellules B et T chez les souris Ikaros “*. J'ai tout d'abord étudié les leucémies T chez ces souris,
notamment par rapport a leur dépendance vis-a-vis de la voie de signalisation Notch et la présence
de cellules initiatrices de leucémie. Plus récemment, je me suis impliquée dans I'étude du
mécanisme par lequel |karos contréle la tolérance de lymphocytes B, par régulation de la
signalisation des MAP kinases.

1) RG6le de Notch dans les leucémies T déficientes pour lkaros
Plus de 50% de LAL-T humaines ont des mutations activatrices du géne Notch1. Ces mutations
facilitent le clivage (activation) ou augmentent la stabilité de la protéine activée (Weng et al. 2004).
Par ailleurs, un pourcentage élevé de LAL-T ont des niveaux accrus d'’ARN messager du géne
Notch3 (Bellavia et al. 2002). Malgré ces données, il n'était pas connu si ces génes sont requis
dans le processus de leucémogenése T.

Pour étudier la dépendance du développement des leucémies T Ik“* vis-a-vis de la voie Notch,
nous avons délété RBPJ (le facteur de transcription médiateur de la réponse de la voie Notch) chez
les souris Ik"", par croisement avec des alléles floxés de RBPJ et le transgéne CD4-Cre. Nous
avons aussi étudié les roéles de Notch1 et Notch3 par croisement avec des animaux nuls pour
Notch3, ou par délétion de Notch1 dans les cellules T Ik"" (alléles floxés de Notch1 et transgéne
CD4-Cre). La suppression de RBP-J retarde I'apparition de la leucémie de 18 semaines & 30
semaines, montrant I'importance de la voie Notch. L’absence de Notch3 par contre n’a pas impact
sur la cinétique de développement et le phénotype des tumeurs. De fagon surprenante, la
suppression spécifique du promoteur et de I'exon1 de Notch1 accélere la leucémogenése. Ces
tumeurs montrent encore une forte activation de la voie Notch et expriment de fagon constitutive
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des protéines Notch1 activée. Nous avons montré que la délétion du promoteur de Notch1 est un
événement oncogénique, car elle conduit a l'activation de promoteurs cryptiques intragéniques
dans la région 3 du géne, qui générent des transcrits codant pour des protéines Notch1
constitutivement actives.

2) Analyse des cellules initiatrices de leucémie dans le modele murin
de LAL-T déficient pour Ikaros

Alors que la vision traditionnelle était qu'un cancer est un ensemble de cellules toutes équivalentes
entre elles qui se divisent de fagcon incontrélée, de nombreux travaux récents ont suggéré qu'il
existe une grande hétérogénéité cellulaire dans les cancers, et que seules certaines cellules rares
possédent la capacité de se diviser de facon indéfinie. Ces cellules ont été appelées cellules
souches tumorales. En se divisant, elles peuvent donner naissance a une cellule équivalente, ou a
une cellule tumorale qui ne posséde qu'un pouvoir réduit a proliférer. Ce concept a été établi pour
de nombreux cancers, mais sa validité pour les leucémies T reste a confirmer. Les cellules
souches tumorales sont en général des cellules qui proliferent peu, et qui sont épargnées par les
thérapies traditionnelles qui ciblent les cellules en prolifération. Leur préservation pourrait étre a
I'origine des rechutes et des échecs thérapeutiques. Il est donc essentiel de mieux comprendre la
biologie de ces cellules pour pouvoir définir dans I'avenir des stratégies thérapeutiques pour les
éliminer.

J'ai entrepris d'analyser les tumeurs Ik pour déterminer si des cellules souches leucémiques
existent ou pas. Par des essais de transplantation j'ai testé la capacité des cellules tumorales Ik"" &
initier des tumeurs chez les souris receveuses irradiées de fagon létale. Les transplantations
effectuées par dilution limite indiquent que le nombre de cellules initiatrices de leucémie présentes
dans les tumeurs Ik n’est pas si rare, puisqu'il est possible de générer des tumeurs avec
l'injection d’au moins 500 cellules tumorales. J'ai aussi montré que toutes les cellules leucémiques
de ces souris ne sont pas équivalentes et que certaines d'entre elles sont plus agressives. Par des
transplantations en série, ou la tumeur générée dans les premiéres souris receveuses est utilisée
pour générer des tumeurs chez des souris receveuses secondaires puis tertiaires, j'ai montré que
les cellules tumorales Ik" ont une capacité d’auto-renouvellement a long-terme, une
caractéristique importante de cellules souches. J'ai par ailleurs détecté une population minoritaire
(environ 1% des cellules leucémiques) qui posséde des propriétés normalement associées aux
cellules souches, et qui est fortement enrichie parmi les cellules résistantes a la thérapie par le 5-
fluorouracil.

3. Ikaros contrble latolérance de lymphocytes B en limitant la

signalisation des MAP kinases

Des études récentes d'association génétique ont montré qu'un polymorphisme du géne humain
IKZF1 prédispose au lupus érythémateux systémique (SLE) (Han et al, 2009), maladie
caractérisée par la production d’auto-anticorps anti-nucléaires et de lésions rénales.
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Résumé en francais

La cellule B peut étre activée par liaison des antigénes au récepteur des cellules B (BCR), ou un
seuil de signal est nécessaire pour provoquer une réponse proliférative qui est déterminée par
I'affinité de I'antigéne pour le BCR et la densité de I'antigéne (Batista and Neuberger, 1998). La
cellule B peut aussi étre activée par les cellules T aprés I'engagement des molécules CD40
exprimées a la surface des cellules B avec leur ligand CD40L. Cette co-stimulation supprime la
réponse apoptotique et favorise I'entrée dans le cycle cellulaire (Niiro and Clark, 2002). Dans le
laboratoire, nous avons précédemment montré que les cellules B Ik"" sont hyper-prolifératives
suite a la stimulation par le BCR (Kirstetter et al. 2002).

Nous avons montré que la réponse transcriptionnelle provoquée par la stimulation du BCR dans les
cellules B déficientes pour Ikaros est similaire a celle cellules B de type sauvage. Par contre, lkaros
contréle des réseaux de genes dans les cellules B naives qui limitent la réactivité des MAP kinases
Erk et p38, apres signalisation par le BCR. Nous avons montré que l'activation excessive d’Erk et
p38 dans les cellules B k""" stimulées par le BCR et CD40L détermine leur phénotype d'hyper-
prolifération. Nous avons également analysé la production d’auto-anticorps chez ces souris, et
avons observé que les souris Ik"* produisent des auto-anticorps caractéristiques du SLE comme
les anticorps anti-chromatine, anti-ADN et anti-nucléaire. J'ai montré que les phénotypes d'hyper-
prolifération des cellules B aprés stimulation, d'hyper-activation d’Erk et de production d'auto-
anticorps sont également présents chez les souris ou la suppression d’lkaros est induite
spécifiqguement dans les cellules B matures. Ces résultats suggérent qu'lkaros contréle la tolérance
des lymphocytes B en régulant I'activation de la voie des MAP kinases.
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Déficit en lkaros: de LAL-T a la maladie auto-immune

Le facteur de transcription lkaros est un régulateur essentiel de la lymphopoiése. Ikaros
est nécessaire a la différenciation des lymphocytes B et joue aussi un réle important dans
la suppression des leucémies leucémie aigués lymphoblastique T (LAL-T). Contrairement
aux souris mutantes nulles pour lkaros, les souris mutantes hypomorphes Ik""
développent des lymphocytes B matures aprés la naissance. Avec I'age, toutes les souris
Ik"* développent des leucémies T Notch dépendantes avec des mutations similaires a
celles trouvées chez les patients atteints de LAL-T. La souris Ik est donc un excellent
modéle pour étudier l'activation des cellules B matures et la pathogenése des LAL-T.
Nous avons montré que la délétion spécifique du promoteur et de 'exon 1 de Notch1 dans
les cellules T conduit a I'activation de promoteurs cryptiques dans la région 3’ du géne, qui
génerent des transcrits codant pour des protéines Notch1 constitutivement actives qui
accélérent la leucémogenése dans la souris k™. De plus, nous mettrons en évidence
I'existence de cellules initiatrices de leucémie dans les tumeurs k" puisque nous avons
trouvé que des cellules ayant la capacité de s’auto-renouveler représentent 1 sur 500. En
outre, nous avons démontré que certaines cellules tumorales ont la capacité de rejeter le
colorant de Hoechst et que ces cellules sont enrichies dans les cellules quiescentes.
Enfin, nous avons montré que les cellules B Ik""* ont une activation excessive de ERK et
de p38 apres la stimulation du BCR, ce qui résulte en une hyper-prolifération et une
production d’autoanticorps liés au lupus systémique érythémateux. Nos résultats
suggerent qu’lkaros est un régulateur négatif de I'activation des lymphocytes B.

Ikaros deficiency: from T-ALL to auto-immune disease

The lIkaros transcription factor is a critical regulator of lymphopoeisis. lkaros is needed for
the differentiation of B cell and plays an important role in tumor suppression in T cells.
Contrary to the other Ikaros targeted mutant mice, the Ik“" mouse develops mature B cells
after birth. With age, it develops Notch dependent tumors with similar mutations as those
found in human T cell acute lymphoblastic leukemia (T-ALL). Thus, the Ik mouse is an
excellent model to study mature B cell activation and T-ALL tumor development. Here, we
have shown that the deletion of the promoter and exon1 of the Notch1 gene in Ik"" T cells
activates a cryptic promoter in the 3’ region which leads to the production of truncated,
constitutively activated Notch1 proteins that accelerate tumorigenesis in the k" mice.
Moreover, we give evidence for the existence of LICs in the Ik“* tumors as we have found
a specific subpopulation of cells with a frequency of 1 in 500 which show self-renewal
capacity. In addition, we demonstrated that some tumor cells have the ability to efflux the
Hoechst dye and that this side population is enriched in quiescent cells. Finally, we
elucidate that Ik“" B cells display an enhanced activation of ERK and p38 after BCR
stimulation that results in hyper-proliferation and the production of autoantibodies related
to systemic lupus erythematosus (SLE). Our results suggest that |karos is a negative
regulator of B cell activation.



