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GENERAL ABSTRACT

T lymphoblastic lymphoma/leukemia (T-LL) represent malignant disease of T-cell
progenitors. Dysregulation of Notchl and IL-7R pathways promotes T-LL, however the
timing of these events remains unclear. Furthermore, the spectrum of Nofchl mutations has
not been fully characterized in T-LL models. Chapter 2 demonstrated 3 T-LLs classified
based on activated Notchl (ICN1) expression that arose spontaneously in mice lacking
ataxia telangiectasia mutated (ATM) protein. One group expressed truncated forms of ICN1
(T-ICN1) resulting from frame-shifting PEST mutations. T-LL cells but not normal
thymocytes expressed a proteoglycan, syndecan 1 (SDC1). SDCI" blasts were detected in
thymi with normal cellularity from clinically healthy mice, thus representing the earliest
discernible stage of T-LL progression. T-ICN1 and IL-7Ra were both aberrantly expressed
at this early T-LL stage. Therefore, these data suggest that Notchl mutations, aberrant
expression of IL-7Ra and SDCI1 arise early during T-LL progression. Chapter 3
demonstrated a paucity of HD mutations, yet T-LL cells proliferated in a Notch ligand-
independent fashion. Analysis of ICN1" T-LLs revealed truncated Notch! mRNAs lacking
ligand-binding domain and part of negative regulatory region. All truncated transcripts
contained the intramembranous methionine that has previously been shown to serve as the

translational start site. Collectively, our data identify truncated Notchl mRNAs in T-LLs
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that likely encode for polypeptides undergoing ligand-independent activation. The third
group lacked ICNI1 expression (UD-ICN1). Chapter 4 revealed that UD-ICN1 T-LLs
expressed low levels of Notch targets and proliferated independently of Notch signal. Gene
set enrichment analyses of genes differentially expressed between UD-ICN1 and T-ICN1 T-
LLs revealed higher levels of transcription factor kriippel-like factor 9 (KIf9) and other
transcriptional regulators associated with the highly proliferative pre-DP stage of normal T-
cell development. siRNA knockdown experiments demonstrated that KI/f9 promoted
proliferation of UD-ICN1 T-LL cells. Although further studies are warranted, the findings
in this thesis reveal oncogenic activation of Notchl as an early event in Afm™ T-LL
progression, and truncated Notchl transcripts likely represent a novel mode of ligand-
independent Notchl activation. On the other hand, KIf9 promotes proliferation of Notch-

independent T-LLs and may represent a potential therapeutic target for this T-LL group.
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Chapter 1:

INTRODUCTION



1. INTRODUCTION

T lymphoblastic leukemia and lymphoma (T-LL) represent a malignancy of the
immature T precursors that affects adults and children. T-LL often manifests clinically with
a mediastinal mass causing respiratory and cardiovascular distress, low blood counts and
fever'. Current therapy includes intensive, multi-agent chemotherapy with or without
cranial or mediastinal irradiation. The five-year event-free survival rates are 70-90% and 50-
60% for children and adults, respectively””. Relapses in the central nervous system, bone
marrow and mediastinum are frequent causes of treatment failure'*. Moreover, treatment-
related toxicity can cause significant long-term morbidity or death. Further improvement in
clinical outcome is hampered by a lack of prognostic markers that can be used to stratify
treatment intensity according to risk of relapse, as well as a lack of molecular targets for
design of safe therapy. These barriers can only be overcome by a more comprehensive
understanding of T-LL pathogenesis.

T-LL arises as a result of accumulation of genetic hits that cause T-cell
differentiation arrest, as well as enhanced survival and proliferation by co-opting
developmental pathways. One such pathway is Notch signaling, whose activation relies on
interaction with Notch ligands, and plays an instructive role in launching the T-cell
maturation program’. Gain-of-function NOTCHI mutations occur in 60% of human and
animal models of T-LL, which are frequently associated with Notch-dependence for survival

and proliferation®'".

In contrast, less is known about the remaining 40% of T-LL cases
harboring wildtype NOTCH1 that include a subgroup of Notch-independent T-LL. This

thesis aimed to gain molecular insights into Notch-dependent and -independent T-LL,

thereby identifying potential molecular targets for T-LL treatment.



1.1 T-cell Development

1.1.1 Overview of af T-cell development

Mammalian T-cell development begins when multipotent hematopoietic progenitors
migrate from the bone marrow or fetal liver to the thymus. The thymus provides an
essential micro-environment to induce and sustain T-cell differentiation, which necessitates
progenitors to gain T-cell specific functions (referred to as specification), while gradually
losing alternative lineage potential in a process called T-lineage commitment’. Both
processes progress over distinct phenotypic stages characterized by different surface
markers (Fig. 1.1). The most immature cells can be divided into four CD4/CD8 double
negative (DN1-4) phases according to their cell surface expression of CD117 (c-Kit) and
CD25. Development from the early T-cell-lineage progenitor (ETP or DN1) stage to the
DN3 stage occurs independently of T-cell receptor (TCR) signaling. ETP and DN2 cells
proliferate extensively until reaching DN3 stage, when proliferation ceases and
rearrangement at the TCRf locus occurs. Only thymocytes that successfully rearrange the
TCRp gene are allowed to proceed beyond DN3 stage via a process known as p-selection'”.
The nascent TCRf chain pairs with an invariant pre-TCRa (pTa) protein and CD3 proteins
to form a pre-TCR complex. Pre-TCR signals cell-autonomously to induce the (-selected
DN3 cells to survive, proliferate and differentiate into CD8 immature single positive (ISP),
then CD4/CD8 double positive (DP) thymocytes'>. DP thymocytes exit the cell cycle and
rearrange TCRa gene segments. Expression of cell surface TCRaf3 heterodimers is required
to allow MHC-mediated positive selection. Less than 5% of DPs survive this selection

process to mature as single positive (SP) CD4 or CD8 T cells and exit the thymus to form



the peripheral T cell repertoire'*.

During early T-cell development, Notch signaling is
essential in orchestrating the T-cell-lineage specification, commitment and proliferation of
early thymic precursors'>. In the subsequent sections, I review Notch signaling (section

1.1.2) and then examine its role in T-lineage commitment (section 1.1.3), and (-selection

(section 1.1.4).
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Figure 1.1 Overview of murine thymocyte development. Hematopoietic progenitors seed
the thymus and intrathymic differentiation proceeds sequentially through CD4/CD8 double-
negative (DN), immature single positive (ISP), CD4/CD8 double-positive (DP) and CD4 or
CD8 single-positive (SP) stages. The DN cells are subdivided based on their cell surface
expression of CD117 (c-Kit) and CD25: DN1, CD117°CD257; DN2, CD117'CD25"; DN3,
CD117CD25"; DN4, CD117CD25". pB-selection occurs at DN3 stage and only cells that
express a productively rearranged TCRP chain on their cell surface proceed to DN4 and
proliferate extensively. Notch signaling is essential for T-cell fate commitment and efficient
f selection during DN to DP transition. The IL-7 receptor signaling ensures survival and
expansion of DN2 cells. The pre-TCR complex signals cell-autonomously and mediates
survival, proliferation and differentiation of B-selected cells. Hatched circles indicate
cellular expansion.



1.1.2 Notch signaling

In 1917, Thomas H. Morgan first reported the ‘notch’ mutant phenotype in fruit flies
characterized by serration of the distal wing'®. Almost seventy years later, a partial loss-of-

function mutation in the Drosophila Notch gene was identified as the cause of the mutant

17,18 h19,20

phenotype Soon after, human and mouse homologs of Drosophila Notc were
identified. Notably, a translocation involving the human NOTCHI gene was implicated in
T-cell acute lymphoblastic leukemia?’. This puts Notch on the map for those studying
malignant and normal T-cell biology.

The Notch receptor is a single-pass transmembrane protein that is cleaved by furin
convertase at site S; soon after its synthesis >, giving rise to a heterodimeric receptor—
comprised of extracellular (N®©) and transmembrane (N™) domains—at the cell surface.
Binding of ligand to N € displaces the Lin12-Notch repeats (LNR) from an S, cleavage site
located in the extracellular portion of N™, allowing for proteolysis by ADAM
metalloprotease® (Fig. 1.2). The resulting membrane-tethered truncated receptor, called
NEXT (Notch extracellular truncation), is cleaved at an intramembranous S; site by y-
secretase complex, which releases Notch intracellular region (ICN) to the cytosol. ICN then
enters the nucleus and recruits transcription co-activators such as Mastermind-like protein
(MAML) to a DNA-binding transcription factor CSL (CBF1/Su(H)/Lag-1), thus activating
target gene transcription. Notch signaling therefore requires 3 events: 1) interaction between
Notch ligand and receptor; 2) receptor activation; and 3) assembly of a transcription

activation complex. I will first introduce the different elements of the Notch pathway and

then review the 3 steps involved in Notch signal transduction.
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Figure 1.2 The Notch signaling pathway. After synthesis, Notch preproprotein is cleaved
by furin convertase at site S1, and the extraccllular and intracellular portions are non-
covalently linked to form a mature heterodimeric protein localized at the cell surface.
Binding of Notch with its ligand activates 2 proteolytic events, first by metaolloprotease at
S2, followed by y-secretase at S3, which releases ICN (intracellular Notch) from the
membrane. ICN then translocates to the nucleus. ICN binds to its nuclear effector CSL and
recruits transcription coactivator MAML. The ICN-CSL-MAML ternary complex in turn
recruits additional coactivators to initiate transcription of target genes. Phosphorylated
serine residues in the PEST domain at the Notch C-terminus is recognized by Fbw7, an
ubiquitin ligase, which targets ICN for proteosomal degradation, thus concluding the Notch
signal.




1.1.2.1 Core components of the Notch pathway

Notch receptors

Notch receptors are synthesized as 300-350 kDa type I single-pass transmembrane
proteins. The fly Drosophila melanogaster has 1 Notch receptor, the worm Caenorhabditis
elegans has 2 (LIN-12 and GLP-1) and mammals have 4 (Notchl-4). Structures of
mammalian Notchl-4 differ in the number of epidermal growth factor (EGF)-like repeats
and in the length of transcriptional activation domain (TAD). The extracellular domain of

20,25-28

mammalian Notch proteins contains 29-36 EGF-like repeats , some of which facilitate

ligand interaction (Fig. 1.3). Specifically, EGF-like repeats 11 and 12 are necessary and

sufficient for receptor-ligand interaction between two cells (trans-interaction)®"; whereas,

EGF-like repeats 24-29 mediate cis-inhibition by ligands expressed on the same cell’'.
These EGF-like repeats can bind Ca®" that mediates ligand interaction. In particular,
mutation of calcium-binding residue in EGF-like repeat 12 of human Notchl abrogates
binding to Delta-like 1.

Within the extracellular domain, EGF-like repeats are followed by three LNR
modules that are part of the negative regulatory region (NRR). Each LNR module is made
up of 35-40 amino acids, contains 3 disulfide bonds among 6 cysteine residues, and acidic
and polar amino acids that coordinate a calcium ion to ensure proper folding and stability of
LNR*. Two 6-10-residue linkers separate 3 LNR modules®®. Point mutations in LNR
domain of worm Notch receptor Linl2 lead to gain-of-function phenotypes®”. Similarly,
deletion of LNRs results in activation of Notch signaling in reporter assays>®. These data

suggest an important role for LNR modules in preventing premature activation of Notch

signaling.



The Notch receptor is synthesized as a single-chain transmembrane precursor that is

cleaved by furin convertase at extracellular site 8122’23

. The resulting protein fragments are
held together at the heterodimerization domain (HD) by non-covalent interactions between
the C-terminal ~100 residues of N*© and the extracellular ~70 residues of N™ . HD
contains the S, metalloprotease cleavage site (located ~12 residues before the
transmembrane domain) that serves as a receptor activation switch®®. The LNR modules
keep the switch in an ‘OFF’ state in the absence of ligand, hence both HD and LNR
constitute what is known as the negative regulatory region (NRR)*. Following the HD
domain, a stretch of ~25 hydrophobic residues spans the membrane (transmembrane domain
- TMD), which harbors the y-secretase cleavage site (S3) between glycine 1743 and valine
1744 of mouse Notchl. Release of ICN from the plasma membrane occurs only after y-
secretase cleavage®. The ICN contains several functional domains important for association
with the CSL (CBF1/RBP-Jk/Su(H)/Lag-1) DNA-binding protein, MAML and other
transcription factors. These include (from N- to C-terminus) the RAM domain (RBP-Jk
association module), seven iterative ankyrin (ANK) repeats, and the transcription activation
domain (TAD). Both RAM and ANK domains are sufficient and necessary for interaction
with CSL*'**2, The ANK domain is flanked by two nuclear localization sequences (NLS).
Finally, located at the C-terminus of N™ are PEST sequences (a region rich in proline,

glutamic acid, serine, and threonine) that regulate ICN turnover***.

Collectively, ligand
binding triggers regulated intramembrane proteolysis of Notch, liberating ICN to activate a

CSL transcription factor complex in the nucleus.

Notch ligands
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Notch ligands are type I transmembrane proteins with the extracellular domain
characterized by an N-terminal (NT) domain, a DSL (Delta, Serrate, Lag2) domain and
variable number of EGF-like repeats™™’ (Fig. 1.3). Mammalian Notch ligands are
categorized as either Delta-like (DIl1, DI13 and DI14) or Serrate-like (Jaggedl and Jagged?2)
based on their homology to orthologs in Drosophila®. The NT and DSL domains of
Drosophila Delta are necessary and sufficient to mediate binding to Notch**. Following the
DSL domain, a conserved motif known as DOS (Delta and OSM-11-like proteins) is found
in some mammalian Notch ligands such as DII1, Jaggedl and Jagged2 but not in DII3 and
DIl4. The DOS motif cooperates with DSL to activate Notch signaling®. The intracellular
sequences of Notch ligands are highly divergent®® but most ligands, except DII3, contain
intracellular lysine residues that are potential sites for ubiquitination. Indeed, RING-
containing E3 ligases, Neuralized (Neur) and Mind bomb (Mib) have been implicated in
regulating ligand signaling activity by ubiquitination®'>°. While fruit fly Neur and Mib
appear to serve similar roles in Notch signaling, mammalian Neur and Mib E3 ligases have
evolved to perform non-redundant functions. For instance, removal of Mibl produces
embryonic lethal phenotypes similar to Notchl null mice®’; whereas Neurl, Neur2 and
Mib?2 genes are dispensable for normal development®®. Our knowledge on the structure and

function of Notch ligands is evolving, which will undoubtly enhance our understanding of

Notch receptor activation.

CSL transcription factor
All Notch signals ultimately cause changes in gene expression through activation of
CSL-dependent transcription. A highly conserved core region in CSL (~420 amino acids)

contains an N-terminal domain (NTD), followed by a B-trefoil domain (BTD) and a C-
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terminal domain (CTD)* (Fig. 1.3). CSL binds DNA as a monomer®'. The consensus DNA
sequence for CSL-binding is -CAGTGGGAA-"; however, more recent studies question the
selectivity of some residues®’. The NTD and BTD form an extensive electropositive surface
that contacts DNA: the NTD specifically recognizes the -GGGA- base pairs whereas the
BTD recognizes the —C/tG- residues. Notably, the BTD and CTD domains of CSL interact

with the RAM and ANK domains of ICN, respectively®.
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Figure 1.3 Functional domains of the core components of Notch pathway. Notchl is a
heterodimeric type I transmembrane protein. The extracellular portion consists of 36 EGF-
like repeats, of which repeats 11 and 12 (hatched) are necessary and sufficient for ligand
binding. These are followed by NRR comprised of 3 LNR (Lin12-Notch repeats) and HD
(heterodimerization domain). Following the transmembrane domain, the intracellular
portion of Notchl consists of RAM (RBP-J associated molecule), followed by the first NLS
(nuclear localization signal), 7 ankyrin repeats, a second NLS, TAD (transactivation
domain) and PEST (proline, glutamate, serine, and threonine) domain. Notch ligand, DII1,
is also a type I transmembrane protein that comprises extracellularly of DSL
(Delta/Serrate/LAG-2), DOS (Delta and OSM-11-like) and 6 EGF repeats. The CSL
transcription factor is a DNA-binding protein comprised of 3 functional domains as
indicated. Both NTD and BTD bind to DNA; whereas the BTD and CTD interact with
RAM and ANK of Notchl, respectively.
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1.1.2.2 Notch receptor-ligand interactions

Activation of Notch signaling normally requires binding of a ligand expressed on the
signal-sending cell to a Notch receptor on the signal-receiving cell (Fig. 1.2). Post-
translational modifications of Notch proteins regulate ligand-receptor interaction®. O-
linked glycosylation of Notch receptor is essential for Notch signaling in mammals and flies

although it has yet to be confirmed in C. elegans®*.

O-fucosyltransferase (O-futl in
Drosophila and POFUT1 in mammals) adds an O-fucose to serine or threonine residues on
EGF repeats containing the consensus sequence C,XXX(A/G/S)(S/T)C; (X indicates any

63-%5 " There are 13 evolutionarily conserved O-fucosylation sites in mammalian

amino acid)
Notch1®. Of these, homozygous mutation of T466A in EGF repeat 12 in mice results in
reduced binding to DIl and Notch signaling, which impairs thymocyte maturation®’.
Moreover, pairing of this mutant allele with a Notchl null allele resulted in embryonic
lethality. These data suggest that the T466A mutation is hypomorphic and that O-
fucosylation in the ligand-binding domain regulates interaction between Notchl on T cells
and DI11%7. The O-fucose at EGF repeats is a substrate for further sugar modification by
Fringe glycosyltransferase, which catalyzes addition of N-acetylglucosamine (GIcNAc) to
O-fucose®™®. In Drosophila, Fringe enhances responsiveness of Notch to Delta and inhibits
responsiveness to Serrate’’. Furthermore, in vitro studies using purified Fringe, Notch and
its ligands indicate that Fringe glycosylates Notch and addition of N-acetylglucosamine to
O-fucose on EGF domain of Notch is sufficient to enhance binding to Delta and inhibit

binding to Serrate’’. In mammals, the effect of Fringe on Notch-ligand interaction is

complicated by the numerous receptors, ligands and Fringe glycosyltransferases (Lfng,
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lunatic fringe; Mfng, manic fringe; and Rfng, radical fringe) involved”. In the case of
Notchl in T cells, Lfng enhances Notch signaling via interaction with Delta but not Jagged
ligands’®. However, the effect of Lfng differs among Notch paralogs. For example, Lfng
actually potentiates both Jagl- and DIl1-mediated Notch2 signaling”>. The explanation for
receptor-specific response to ligands will likely require crystal structures for each receptor-
ligand complex. Current data support a role for Notch glycosylation in modulating receptor-

ligand affinity and Notch signal strength®*.

1.1.2.3 Notch activation

The critical event regulating Notch activation is proteolysis by metalloprotease at S2,
which generates a substrate for subsequent y-secretase-mediated release of ICN from the
membrane (Fig. 1.2). Earlier studies indicate that the extracellular domain of Drosophila
and mouse Notch negatively regulates its activity’>’*. More recent findings have established
that LNR modules are responsible for preventing premature proteolysis at S2, whereas the
HD holds N*¢ and N™ together in a stable complex via non-covalent interactions. These
properties are conserved among mammalian Notch proteins®’. Importantly, the basis for
autoinhibition lies in the three-dimensional structure of LNR and conformation of this
region relative to site S2 within HD. Gordon et al. solved the NRR structure from human
NOTCH2 and NOTCHI1, which exhibit remarkable similarity. Notably, the three LNR
modules form a cap-like structure over the HD domain, which is stabilized by extensive
interactions between HD and linker connecting the first 2 LNRs (LNR-AB linker), LNR-B
and LNR-C. A hydrophobic plug that lies in LNR-AB linker sterically occludes S2 7>7°,

Deletion of the first 2 LNRs and their linker region is necessary and sufficient for ligand-
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independent Notch activation as shown in a cell-based reporter assay, consistent with the
structural findings that LNR-AB linker and LNR-B provide key protection for S2.

A key question remains: how does ligand interaction overcome autoinhibition when
the ligand binding region lies over 1000 amino acids N-terminal to S2? The autoinhibited
conformation of NRR predicts that a substantial conformational movement is required to
expose S2 ’°. Prevailing models that attempt to explain how ligand interaction transduces its
signal long-range to overcome an autoinhibited state at S2 are mechanotransduction-based**.
One of these proposes that trans-endocytosis of the Notch ectodomain into the ligand-
expressing cell provides mechanical force that lifts at least 2 of 3 LNR modules away from
HD and allows metalloprotease to access S2 — a model referred to as “lift and cut”’®. A
second model suggests that mechanical force from trans-endocytosis dissociates N°¢ and
N™ which, in turn, results in exposure of S2 " Evidence against this latter model comes
from studies on Drosophila Notch that is not processed by furin convertase, hence it exists
as a single transmembrane polypeptide without HD region. Yet ligand interaction can
activate Notch, whereas soluble ligands without the ability to lift LNR modules fail to
induce receptor activation’’. The findings in Drosophila suggest that heterodimer
dissociation is not an essential prerequisite for Notch activation; thus the “lift and cut” is a
more consistent model.

Metalloprotease-mediated proteolysis of Notch at S2 sheds the ectodomain and
generates NEXT with shortened extracellular domain™. Both ADAM 10 and
ADAMI17/TACE (TNFa converting enzyme) have been implicated in S2 cleavage in

79,80

vitro However, while Adam10 knockout mice display a phenotype similar to Notchl

null mice, Adam17 null mice do not®'. The short extracellular domain (< 30 amino acids) in
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NEXT becomes a substrate for intramembranous proteolysis by y-secretase complex®™.

The efficiency of proteolysis inversely correlates to the length of extracellular domain®’.
Consistent with this idea, inhibition of metalloproteases greatly reduces y-secretase-
dependent ICN production and target gene expression’’. The y-secretase complex contains
four proteins Psen (presenilin), Nct (nicastrin), Aph-1 (anterior pharynx defective 1) and
Pen-2 (presenilin enhancer 2)*; of which, presenilin forms the catalytic active

component*>%,

Following ectodomain shedding, y-secretase cleaves the transmembrane
domain of NEXT sequentially at multiple positions starting from S3, close to the
cytoplasmic border of the membrane, and ending at S4 near the middle of TMD®'. Cleavage
at S3 releases ICN from the membrane intracellularly*’; whereas S4-cleavage generates N

87,88

peptide, which is released to the extracellular space”™". ICN translocates to the nucleus to

activates target gene transcription via CSLY.

1.1.2.4 Assembly of a CSL transcription activation complex

Once ICN translocates to the nucleus, it activates target gene transcription via DNA-
binding protein CSL*® (Fig. 1.2). Whether CSL represses or activates transcription depends
on its interaction with corepressors or coactivators, respectively. CSL functions as a

transcription repressor was first reported in cultured mammalian cells’'?.

Subsequent
experiments demonstrated that mammalian ICN1 binds CSL and this interaction converts
CSL from a repressor to an activator’>. A number of corepressors that interact with CSL
have been identified. The two best characterized are Hairless in flies”* and MINT (Msx2-
interacting nuclear target protein) in mammals’.

Hairless interacts with and antagonizes the Drosophila CSL ortholog, Suppressor of

Hairless (Su(H))**”® by recruiting co-repressor proteins Groucho and CtBP’. Despite its
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conservation in insects, mammalian Hairless counterparts have not been identified.
However, studies have suggested that MINT might be a functional homolog of Drosophila

Hairless”>*8

. MINT competes with ICN for binding to CSL and represses Notch-mediated
transcription activation. Consistent with this biochemical findings, MINT deficiency
enhances Notch-dependent marginal zone B lymphocyte differentiation in mouse spleen’
and early mouse fetal thymocyte differentiation’. These data support the idea that Hairless
and MINT as important repressors of Notch target gene transcription.

Structural analyses and binding assays demonstrate that RAM and ANK domains of
ICN are sufficient and necessary for CSL binding*'*>. The RAM domain of ICN shows
high-affinity binding to the BTD domain of CSL; whereas the ANK domain interacts

99,100

weakly with the CTD region Once ICN is bound to CSL, this complex is able to

interact with transcription activator MAML protein'®"'*

. Interestingly, MAML can form a
ternary complex with ICN and CSL but not a binary complex with either. In this ternary
complex, MAML binds to the interface created by CTD of CSL and ANK of ICN as well as
the NTD of CSL®*'®. Assembly of this transcription activation complex occurs in a
stepwise manner. First, high-affinity binding of RAM domain of ICN to CSL promotes
association of ANK to CSL, which in turn dissociates co-repressor proteins. Second, the
ANK-CTD interface recruits coactivator MAML. Third, the ICN-CSL-MAML ternary
complex recruits histone acetyltransferases complexes such as p300-PCAF at the target gene
promoter to facilitate transcription activation®**°. Notch regulates differentiation, apoptosis
and proliferation by activating transcription of target genes including transcription repressor

Hes/Hey genes; T-cell genes such as [l2ra, Ptcra, and Gata3; proliferation gene Mjyc;

components of the Notch pathway such as Notchl, Notch3, ubiquitin ligase Dtx1; and Notch
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104-110

inhibitor Nrarp . Notch regulates some of its targets both positively and negative, a

process known as incoherent network logic. One example is Pten, which is directly induced
by CSL/Notch complex but also repressed by Hes1''"!!%,

Since Notch regulates important developmental processes such as T-cell
differentiation, the duration of its signal must be precisely controlled. Failure to do so, as in
the case of gain-of-function mutations in the PEST domain of human NOTCH1, leads to T-
cell acute lymphoblastic leukemia/lymphoma'®. In normal Notch signaling, while the ICN-
CSL-MAML ternary transcription activation complex is assembling, a process that leads to
ICN degradation has been initiated. MAML recruits Cyclin C:Cdk8 complex, which
phosphorylates Notch at serine residues, S*'*, $*'" and $**** within the PEST domain®'".
Fbw7, an E3 ubiquitin ligase, then recognizes the phosphorylated PEST domain and targets
ICN for proteasomal degradation®’. The destruction of ICN ends the Notch signal. Notch
signal regulates critical development processes such as T-cell lineage commitment (section

1.1.3) and maturation (section 1.1.4), hence its activity must be tightly controlled as noted

above.

1.1.3 Notch Signaling in T-cell Lineage Commitment

When a hematopoietic progenitor enters the thymus, it has access to different cell
fates including myeloid, dendritic (DC), natural killer (NK), B as well as T cell''.
Therefore to become a T cell, the thymic seeding progenitor must lose alternative
developmental fates prior to T-lineage commitment, which occurs at DN1/ETP and DN2, a
process that is induced by Notch signaling. Notchl1 loss of function mediated by conditional
inactivation of Notchl or transcription factor CSL results in a small thymus that lacks T

115,116

cells, and instead contains B cells , demonstrating a role for Notch in B-lineage
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suppression. Indeed, Notch signaling rapidly extinguishes B-cell potential irreversibly at the
ETP/DN1 stage''’. By late DN2 stage, referred to as DN2b, myeloid, NK and DC potentials
disappear, hence completing T-cell commitment''®'"”. Both the induction of alternative fate
potentials and their repression are regulated by a number of transcription factors. For
example, EBF-1 and Pax5 are essential for B-cell development'?’, and suppression of B-cell
fate is coordinated by 2 T-cell-specific transcription factors GATA-3 and TCF-1'*'. TCF-1
expression is upregulated by Notch signaling'??. Moreover, Notch signaling can also block
B-cell development in vitro in a GATA-3-independent manner'>. Therefore, Notch1, TCF-
1 and GATA-3 direct the B-cell exclusion program at the ETP stage. GATA-3 and TCF-1

126,127

also block PU.1'"**'® a key factor in myeloid and DC development In addition,

Runx1/CBFb complexes and Gfil repress PU.1 through its cis-regulatory elements'**'?. In

addition to PU.1, C/EBPa also promotes myeloid development'*’

and Notch signaling
antagonizes C/EBPo. activity possibly through Hesl1'**'"*'. The final stage of T-lineage
commitment involves suppression of NK potential that is achieved by T-lineage specific
transcription factor Bell 1b'*27'%*. Bel11b represses NK-specific regulatory gene Zfpl05 and
112rb among others to shut off NK cell development. Thus Notch signaling cooperates with
other regulators such as GATA-3, TCF-1, Runx and Bclllb to sequentially exclude
alternative potentials in order to achieve T-cell commitment.

In addition to commitment, the ETP to DN2 stage is marked by a wave of IL-7R and
Notch-dependent cellular expansion'®® (Fig. 1.1). Mice deficient in IL-7 or IL-7R
demonstrated a block in T-cell development at DN stage, which can be rescued by Bcl-2

overexpression'~°, suggesting a pro-survival effect of IL-7 signaling on T precursors. The

IL-7R is a heterodimer comprised of the IL-7Ra and common y (yc) chains. Expression of
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IL-7Ra rises from ETP to DN2 stage, then declines steadily, is absent at DP stage and re-

137-140

expressed at SP stage . This variable IL-7Ra expression is in contrast to constitutive

expression of yc chain. Binding of IL-7 leads to activation of the Janus kinases Jakl and
Jak3 that are associated with IL-7Ro. and yc chains, respectively'*''*. The Jak kinases
phosphorylate  IL-7Ra  cytoplasmic  tyrosine residues in order to  trigger
phosphotidylinositol-3-kinase ~ (PI-3K)/Akt and STAT5 signaling pathways'**"'.
Downstream target genes include Bcl2, Mcll, Cycdl, SocsI and Myc'*’. Therefore, IL-7R
signaling supports the survival and clonal expansion of T-lineage committed DN2

progenitors' ¥,

1.1.4 Notch Signaling in B-selection

Once the T-lineage committed DN2b cells reach the DN3 stage, they stop

proliferation and begin TCRf rearrangement: first, with D} gene segments rearranging to Jf3

151,152
LA

gene segments, followed by VB gene segments to DJf gene segments successful

in-frame rearrangement in DN3 cells generates a TCRf chain that can complex with pre-Ta

153,154

and CD3 to produce a pre-TCR, which signals in a ligand-independent fashion . Pre-

TCR signaling prevents DN3 cell death, and promotes clonal expansion and differentiation

12,15

into DP cells in a process known as [3-selection Cooperation between pre-TCR and

Notch signaling is required for effective p-selection (Fig. 1.1). For example, conditional

1" or its transcriptional mediator CSL"® at the DN2 stage results in a

deletion of Notch
partial block in DP development. However, it is unclear if Notchl activation lies upstream

or downstream of pre-TCR signaling. Using an in vitro OP9 stromal co-culture system,

Ciofani et al. showed that in the absence of Notchl activation, DN3 cells were blocked in
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their differentiation, failed to proliferate and died despite the presence of a pre-TCR'”.
Maillard et al. showed similar results in mice that conditionally expressed a dominant-
negative form of transcription co-activator MAML (DN-MAML), which prevented Notch
activation at DN2'*®. DN-MAML" DN3 cells failed to grow, proliferate and differentiate
into DP despite relatively normal TCRf3 expression, suggesting a requirement for Notch
activation independent of pre-TCR signaling during p-selection. Finally, Ciofani and
Zuniga-Pflucker demonstrated that trophic and anti-apoptotic effects of Notch signaling

1% and possibly involved Notch-mediated Pten downregulation''.

were Akt-dependent
These findings therefore suggest a pre-TCR independent role of Notch in promoting
metabolism, survival, proliferation and differentiation of DN3 cells undergoing (-selection.
Interestingly, T-LL cells frequently arrest at DN3 to DP stages that mark the B-selection

checkpoint, suggesting that thymic progenitors may co-opt developmental pathways such as

Notch in order to undergo malignant transformation.

1.2 T lymphoblastic leukemia and lymphoma (T-LL)

1.2.1 Clinical features of T-LL

T lymphoblastic lymphoma and leukemia (T-LL) represent a malignancy of T-cell
precursors that affect children and adults. The incidence of T lymphoblastic leukemia is 0.8
and 0.3 per 100,000 children and adults, respectively; whereas the incidence of T
lymphoblastic lymphoma is 0.2 per 100,000 children and 0.3 per 100,000 adults'®. With
intensive, high-dose, multi-agent chemotherapy, the five-year event-free survival rates for T-
LLs are 70-90% and 50-60% for children and adults, respectively”. Relapses in the central

nervous system, bone marrow and mediastinal compartments are common causes of
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treatment failure. Further improvement in clinical outcome has been hampered by a lack of
clinical or laboratory prognostic markers that can predict risk of relapse and guide treatment
modification. The heterogeneity in T-LL biology and the relative low disease incidence
contribute to the difficulty in identifying reliable prognostic factors'®'. Currently, only early
treatment response evaluated by minimal residual disease quantification is predictive of T-
LL relapse risk'®>. Providing a long-term cure for those patients who develop a relapse

4163162 There is a need for more specific and less toxic therapeutic

remains a challenge
agents designed to improve overall clinical outcomes. An understanding of how genetic

lesions result in aberrant activation of developmental pathways and contribute to the

malignant transformation of T-cell progenitors is a prerequisite to design such agents.

1.2.2 Cytogenetic subgroups of T-LL

Much of our current knowledge of T-LL molecular biology reflects studies on
recurrent cytogenetic aberrations, mutations and gene expression profiles. Chromosomal
translocations occur in ~ 50% of T-LL cases, although each type of aberration accounts for a
small fraction of disease. Chromosomal abnormalities can be categorized into three groups.
First, rearrangements of transcription factors TALI, LYLI, LMOI, LMO?2, TLX1, TLX3 and
the HOXA cluster, downstream of promoter or enhancer elements of T-cell receptor (TCR)
loci on chromosome 7 (TCRB and TCRG) or chromosome 14 (TCRA and TCRD), leading to
transcription factor gene overexpression. While some transcription factors, such as Lyl-1'%,
Tal-1166, and HoxA167, function in normal T-cell development or hematopoiesis, others are
ectopically expressed by transformed T-cells. Rearrangements of LMOI, LMOZ2 and TALI
are observed in 3-9% of patients; whereas rearrangments of 7.X/ and HOXA are found in

10% and 4% of patients, respectively'®’. The oncogenic potential of TALl and LMO
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proteins is likely due to their inhibitory effect on E2A transcriptional activity'®*"'". Second,
chromosomal translocations generate fusion genes coding for novel chimeric proteins or
leading to dysregulated expression of one gene under transcriptional regulatory elements of
another. Examples include SIL-TALI (10-25% of T-LL patients), TLX3-BCLI11B (20%),
CALM-AF10 (8%) and NUP214-ABLI (5%)'®". Bcll1b plays a critical role in T-lineage

commitment' ",

TLX3-BCLI11B translocation results in aberrant TLX3 expression through
regulatory elements downstream of BCLI1B'"*. CALM-AF10 fusion leads to upregulation of
specific HOXA cluster genes and disrupts normal hematopoietic differentiation'”*'’*. The
NUPZ214-ABL1 fusion encodes for a constitutively activated tyrosine kinase that is sensitive
to the tyrosine kinase inhibitor imatinib'”. Lastly, the third group of chromosomal
translocations juxtapose MLLI gene to different partner genes, accounting for 5-10% of T-
LL cases. Characterization of these translocations has increased our knowledge of T-LL

translocations; unfortunately, none of the translocations has provided a clinically useful

prognostic marker.

1.2.3 Gene expression profiles of T-LL

Gene expression profiling studies in T-LL have been instrumental in defining the
transcriptional networks that distinguish disease subgroups, in particular those lacking
known cytogenetic abnormalities. These profiling studies have identified at least 5 major
subgroups of T-LLs including HOX11/TLX1, HOX11L2/TLX3, TALI/LMO, HOXA, and
LYLI'™"7%177 (Fig. 1.4). These subgroups are associated with arrest at specific stages of T-
cell differentiation. For example, HOX11/TLXI-positive T-LLs express CDI/A4 and CDI0,
reflecting differentiation arrest at early cortical CD4/8 DP stage'’®. Furthermore, these T-

LLs express genes that can be targeted by drugs such as inhibitors of dihydrofolate reductase
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(methotrexate), topoisomerase Ila (anthracyclines) or glucocorticoid receptor

78181 1n contrast, T-LLs

(corticosteroids), which may explain their better clinical outcome
expressing HOX11L2/TLX3, a gene similar to HOXI1, are arrested a different stage of
differentiation and show a poor outcome in some'’®'® but not in all'’”® studies. Similarly,
the expression profile of TAL1/LMO" T-LL suggest two subgroups arrested either at a late
cortical DP or mature SP stage'””. The HOXA-positive group includes T-LLs that
ectopically express HOXA genes by CALM-AF10, SET-NUP214, MLL fusion proteins or

rearrangements to the TCR loci'’>!' 74177183

. The association between this T-LL group and
stage of T-cell differentiation has not been clearly established. A poor outcome is associated
with CALM-AF 10, but prognosis remains unknown for patients with HOXA" T-LL. CALM-
AF10, SET-NUP214 and MLL-AF10 T-LLs aberrantly express HOXA genes via recruitment
of H3-K79 methyltransferase DOTIL, to HOXA promoter region' "'**'® This finding is
clinically relevant because a DOTIL inhibitor targeting MLL leukemias'*® is currently in a
phase I trial. This inhibitor may also be a useful treatment for HOXA" T-LL (up to 15% of
T-LL patients), if recruitment of DOTIL to the HOXA promoter represents a common
mechanism used by this group.

The LYLI" T-LL group expresses early differentiation marker CD34 and LMO2 but
lacks CD3/4/8 expression, suggestive of a DN stage block in T-cell development'’®. The
signature of LYLI" cases resembles the expression profile seen in immature T-LL cases,
which includes high expression of LYLI, CD34 and LMO?2 as well as frequent expression of
myeloid markers CD13 and CD33'". Coustan-Smith and colleagues further characterized

the biology of this immature T-LL group. Using genes that distinguish early T-cell

precursors (ETP) from more mature T-cell subsets, they identified 13% of T-LL cases
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showing ETP features'®’. ETP leukemic cells lack CD1a and CD8, express either myeloid
(CD13, CD33, CD11b, CD65) or stem cell markers (CD34, CD117), and weakly express T-
cell antigen CD5. The ETP T-LL cases have elevated LYLI, ERG and LMOI expression
and contain higher number of genomic DNA copy number changes when compared to non-
ETP T-LLs, reflecting their genomic instability; however, no particular chromosomal
abnormality is associated with ETP T-LL. ETP T-LLs portend a poor prognosis in

children'®"'* but not in adults'®

. Gain-of-function mutations in genes regulating cytokine
and RAS signaling are common in T-LL (67% of cases; IL7RA, FLT3, JAK3, JAKI, NRAS
and KRAS) as are inactivating mutations in histone-modifying genes (EZH2, SUZI2, EED,
SETD2 and EP300) particularly in ETP T-LL samples'®' suggesting inhibitors targeting
these pathways may be therapeutic. In summary, most T-LL cases can be classified using
their gene expression profiles into 5 major subgroups, which tend to occur in a mutually
exclusive fashion'®'. There are early indications of prognostic significance associated with
some subgroups; however, these associations need confirmation from larger patient cohorts
treated with different protocols before using the information in a clinical setting. Gene
expression profiling studies have also increased our understanding of the biology of

different subgroups, e.g. ETP and HOXA" cases, and revealed potential molecular targets for

novel therapeutic strategies.

1.2.4 Common mutations in T-LL

In contrast to the mutually exclusive nature of most chromosomal rearrangements,
recurrent mutations are often found in multiple molecular subgroups of T-LL. These
mutations affect various cellular functions and developmental pathways including loss of

cell cycle inhibitors (CDKN24 and CDKN2B)"*'*°  activation of cytokine receptor
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signaling (IL7RA, JAKI, JAK3, PTEN, PI3K and AKT)"*'°, dysregulation of T-cell
differentiation (BCLIIB)****' and activation of Notch signaling (NOTCHI and
FBW7)'%2%2%5 " In this section, I will discuss CDKN24, CDKN2B, BCL11B and IL7RA
mutations (Fig. 1.4). Activating mutations of the NOTCH1 pathway will be reviewed in the
following section.

CDKN2A and CDKN2B are two neighbor genes located on chromosome 9p21 that
are most frequently inactivated in T-LL (up to 95%)**. CDKN24 encodes p16 and p14 that
are transcribed from different promoters, have first exons, but share exons 2 and 3.
CDKN2B encodes p15. Inactivation of p16 and p15, which prevent cyclinD/CDK4-mediaed
G1/S phase progression””’, occurs by deletion, mutation and methylation. Biallelic and

192,193

monoallelic deletion of 9p21 frequently involves both genes Point mutations and

promoter hypermethylation are additional mechanisms that result in CDKN2A/B

inactivation'?*!%>-2%

In TALIXLMOI transgenic mice, where expression of TALI and
LMOI was driven by SIL and LCK promoters, respectively, all developed T-LL by 7 months
of age?®’. Enforced expression of pl6™*** driven by LCK promoter prolonged the latency
(13 months) and reduced the incidence (35%) of T-LL. Furthermore, T-LL that developed

INK4A
6

in pl XTALIxLMOI transgenic mice frequently lost p/6 expression, indicating that

6™ ** inactivation is a critical event in human and murine T-LL development.

pl

BCLI11B is located on chromosome 14q32.2 and codes for 3 zinc-finger transcription
factors: o, p and y. Only Bell1b-a and - are highly expressed in the thymus®®. The gene
was first discovered when mutations and deletions were identified in irradiation-induced

mouse thymic lymphomas®”. In normal T-cell development, Bcll 1b is expressed starting at

the DN2 stage and it suppresses the alternative lineage choice (natural killer cells) and
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terminates self-renewal of DN2 cells prior to commitment''*'"".

Heterozygous deletions
and inactivating mutations (frameshift and missense) of BCL11B have been reported in 16%
of TLXI-positive T-LL*™. In a cohort of unselected T-LL patients, 9% harbor monoallelic
BCL11B lesions, which co-exist with all major molecular subtypes of T-LL*"'. Loss of one
copy of Bclllb accelerates thymic lymphoma development in Trp53™ mice or after y-
irradiation, suggesting that Bcll1b haploinsufficiency causes T-LL*'’. These findings also
suggest that Bcll1b may be a tumor suppressor in T-LL. Based on its function in T-cell
progenitors, it is reasonable to speculate that loss of Bcll1b may allow T-LL cells access to
a self-renewal program at the DN2 stage to facilitate clonal expansion.

IL-7 promotes proliferation of up to 70% of human T-LL samples in vitro®'' and

12 Notably, activating mutations of JAK! and

affects their growth in xenograft models
JAK3, protein tyrosine kinases that bind IL-7Ra and yc, respectively, have been identified in
T-LL cases”""'***">. For example, in ~10% of pediatric T-LLs, gain-of-function in-frame
insertions or insertions-deletions are found in an exon coding for the extracellular

juxtamembrane-transmembrane region of IL-7Ra '*%'%°.

A majority of these mutations
result in unpaired cysteines that promote disulfide bond formation between mutant IL-7Ra.,
thereby activating downstream signaling via JAK1 in an IL-7 independent manner'”’. IL7R
mutations are often found in 7LX3" and HOXA" T-LL subgroups. Notably, mutant IL-7Rot-
expressing primary T-LL cells are sensitive to JAK-STAT pathway inhibition'*’.

In summary, recurrent mutations contribute to the malignant phenotype of T-LL. A
block in normal T-cell differentiation by inactivating a critical transcription factor BCLIIB

results in differentiation arrest as well as self-renewal capacity of transformed thymocytes.

Furthermore, inactivation of cell cycle inhibitors such as CDKN2A4/B, and acquisition of
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cytokine-independent growth by /L7R mutations ensure survival and proliferation of T-LL
cells. Importantly, constitutive activation of IL-7R signaling provides a novel therapeutic

approach to target downstream effectors such as JAK1 and STATS for this group of T-LL.

1.2.5 Oncogenic Notch pathway mutations in T-LL

Gain-of-function mutations in the Notch pathway are the second most frequent group
of recurrent mutations, occurring in about 60% of T-LL cases'*******. A role of NOTCH1
in T-LL pathogenesis was first proposed in 1991 when a rare balanced translocation
t(7;9)(q34;q34.3) placed intracellular NOTCH1 coding sequence downstream of the TCRf
locus, aberrantly activating expression of a truncated protein’’. Importantly, enforced
expression of truncated form of NOTCHI1 (ICN1) transformed mouse bone marrow
progenitors and induced T-LL in 50% of transplanted animals, thus demonstrating the
oncogenic potential of ICN1 specifically in immature T-cell precursors®'®. Aberrant Notch
signaling was later found to occur more frequently than thought.

Most NOTCHI mutations cluster in two hotspots: the HD and C-terminal PEST
domains'® (Fig. 1.3). Mutations in the HD domain occur in 44% of human T-LL, which are
more frequently detected than PEST mutations (30%). Moreover, about 12% of samples
harbor both mutations on the same allele. The HD mutations consist of missense mutations
as well as small in-frame insertions or deletions. Biochemical studies of mutant NRR region
suggest that these mutations destabilize the heterodimer to varying degrees, hence increasing
its susceptibility to metalloprotease cleavage at S2. Rarely, a mutation increases
susceptibility to metalloprotease by displacing the protective LNR away from the S2 site
without altering stability of the heterodimer®’. Structural studies on NOTCHI NRR

confirmed the above findings and revealed that HD mutations mainly locate to the
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hydrophobic core harboring metalloprotease cleavage site, S2. Furthermore, these mutations
increase the susceptibility of S2 by destabilizing NRR and/or increasing exposure of S2 .
Notably, all HD mutant NOTCHI1 proteins retain their dependence on y-secretase for
receptor function, hence validating y-secretase inhibitor as a rational therapeutic strategy for
Notch-dependent T-LL'*?"”.

NRR mutations outside of the HD domain rarely occur in T-LL”>. The H1545P
missense mutation in LNR-C modestly affects stability of the heterodimer. Thus it is
postulated that this amino acid substitution disrupts the Ca’**-binding site in LNR-C and
induces a conformation change extensive enough to allow for access of the metalloprotease
to S2, independent of ligand interaction. Another type of mutation (~3% T-LL) occurs in
the extracellular juxtamembrane region causing juxtamembrane expansion (JME)*'°.
NOTCHI JME mutants contain in-frame insertions of 11 or more amino acids that displace
NRR away from the membrane without affecting stability of the heterodimer. The activity
of JME mutants remains dependent on metalloprotease and y-secretase proteolysis but
independent of ligand interaction. = The mechanism of increased metalloprotease
susceptibility resulting from JME mutations remains unclear.

NOTCHI mutations also occur within sequences coding for the C-terminal PEST
domain. The PEST region targets proteins for proteolytic degradation*. Mutations scatter
across the last NOTCHI exon and consist of nonsense mutations, insertions or deletions
resulting in a premature stop codon'’. Mutant ICN1 proteins lack at least 42 amino acids in
the C-terminus (residues 2515-2556) that contains serine phosphorylation sites critical for
protein degradation, e.g. S*'” and S*** by CycC:CDKS8 complex™'"*. One degradation

mechanism requires Fbw7, an E3 ubiquitin ligase that targets nuclear ICN1 for proteasomal
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217219, Supporting the idea that FBW7 negatively regulates Notch, inactivating

degradation
mutations in substrate-binding WD40 repeats of FBW7 occur in 9-16% of human T-LL and
lead to ICN1 accumulation, thus increase Notch activity”*>***. Mutant FBW7 proteins fail
to bind a degron in ICN1 containing phosphorylated T*'?, $*'* and S*'” and target it for
destruction. Homozygous inactivation of Fbw7 in DN2 T-lineage progenitors is oncogenic
in mice’”’. Therefore FBW7 loss-of-function mutants and NOTCH1 gain-of-function PEST
mutants aberrantly sustain intracellular NOTCHI stability and contribute to T-LL
development. Studies have shown that NOTCHI gain-of-function mutations commonly
found in human T-LL impart different signal strength and leukemogenic potential®?'. PEST
mutations alone confer a weak NOTCH signal and fail to initiate T-LL when expressed in
mouse bone marrow progenitors. This likely reflects the limited amount of NOTCH ligand
available in the microenvironment to activate mutant NOTCHI1 proteins. Consistent with

this explanation, expression of PEST and HD mutations in cis synergistically increases

Notch activity enough to initiate T-LL.
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Figure 1.4 Overview of genetic subgroups of T-LL. The genetic subgroups are defined by
cytogenetic abnormalities or associated gene expression profiles in relation to their stage of
T-cell differentiation arrest. Recurrent mutations found in different genetic subgroups are
also indicated. (This figure is modified from ref. **%).



32

1.2.5.1 Notchl mutations in murine T-LL models

In mice, PEST mutations are commonly found in T-LLs arising from a variety of
genetic contexts such as dysregulated expression of Tall® or Lmo®; deficiency of E2A** or
Tkaros™**; constitutive activation of K-ras’. Surprisingly, HD mutations occur infrequently
in these mouse T-LL models, suggesting that mechanisms for aberrant Notch1 activation are
yet to be uncovered. The first clue came from retrovirus insertional mutagenesis studies that

identified frequent integration sites in the Notchl gene®>*.

Specifically, insertion sites
cluster around exon 26 and intron 26 (NRR domain), resulting in truncated Notchl proteins
that lacked most if not all of their ectodomain. Our second clue came from studies on
radiation-induced lymphomas arising in scid or Atm-deficient mice, where genomic
rearrangements of Notchl were detected. These often involved deletions at the 5° end,

however the consequence of deletions was unclear’> >

. In some cases, the deleted regions
were flanked by recombination signal sequences (RSS), indicating that Rag-dependent
illegitimate V(D)J recombination was likely involved. These studies suggest that disruption
of NRR frequently occur in mouse T-LL models and involve diverse mechanisms.

Two recent studies further characterize the mechanisms and consequences of
genomic rearrangements involving the 5’ end of Notchl in different T-LL-prone mouse

strains. Ashworth et al. identified two types of 5’ deletions of Notchl***

. Type 1 deletions,
the more common type, likely resulted from illegitimate Rag-mediated recombination and
were previously described by Tsuji et al. The deletions removed exon 1 and its promoter,
and transcription initiated at a cryptic promoter within exon 25. In contrast, Type 2

deletions retained exon 1 and a region comprised of exon 2 to exon 26-28 was deleted

instead. These deletions appeared to be Rag-independent and possibly resulted from other



33

non-homologous end-joining mechanisms. Even though the aberrant Notchl transcripts
originated from distinct mechanisms, they nonetheless shared the same fate: translation
initiated at methionine 1727 within the transmembrane domain, and upstream of y-secretase
cleavage site, S3. Hence these 5’-deleted transcripts coded for truncated Notchl proteins
devoid of extracellular domain sequences, which underwent ligand-independent, yet y-
secretase-dependent activation.

In another study, conditional deletion of the Notchl promoter and exon 1 hastened T-
LL development in Ikaros-deficient mice>. These T-LL cells used a cryptic intragenic
promoter at exon 25 in a similar fashion as those harboring type 1 deletions mentioned
above. lkaros is a transcription factor that associates with negative chromatin-remodelling
factors such as histone deacetylases to regulate early T-cell differentiation”*?*®. Therefore,
loss of Ikaros and deletion of Notchl promoter reprogrammed the epigenetic landscape at
the Notchl locus and facilitated accumulation of active chromatin marks at the intragenic
cryptic promoter. In contrast, 5> NOTCHI deletion has only been described in one case of
human T-LL*’, suggesting HD mutations as the main contributor to aberrant activation of
NOTCH]1 signaling in human T-LL.

In summary, 5’ deletions of the Notchl locus lead to disruption of NRR and ligand-
independent activation of Notchl. These deletions are found in various T-LL-prone mouse
models and may represent a predominant mechanism for ligand-independent Notchl
activation since HD mutations are rare. Genomic rearrangements of Notchl have been
described in Atm-deficient T-LLs but their impact has not been examined; hence we studied

their consequence in chapter 3.
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1.2.5.2 Notchl targets in T-LL

Following activation, ICN1 translocates to the nucleus to activate CSL by recruiting
co-activator MAML'*"'*?. The formation of ICN1-CSL-MAML ternary complex is critical

in upregulating target gene transcription®***.

These target genes promote survival,
proliferation and growth of T-LL cells. Notable direct transcriptional targets of Notch in
this context include Hes/ 106, Mycmg'lm, and 1177°°°.

Hesl, a transcription repressor belonging to the basic helix-loop-helix (bHLH)
family, is an evolutionarily conserved direct Notch target and its expression has often been
used as a surrogate for Notch signaling®*’. There are 7 mammalian Hes genes (HesI-7), of
which Hes!, Hes5 and Hes7 are regulated by Notch?*'. Hesl and Hes5 are expressed in T

cells and hematopoietic stem cells*****.

Hesl represses transcription by recruiting
corepressors such as histone deacetylases or Groucho (mammalian homologs: TLE1-4)
and/or sequestering other bHLH transcription factors through dimerization®*'. ICNI1-

>, However,

induced T-LL in mouse bone marrow progenitors strongly upregulated Hes
overexpression of Hesl or Hes5 in bone marrow progenitors failed to induce T-LL,
suggesting that Hes proteins are insufficient for T-LL initiation. Recently, Wendorff et al.
re-examined the role of Hesl in T-LL induction using conditional Hesl-deficient mice.
These mice were crossed to mice that conditionally expressed an oncogenic form of ICNI1,
and Hesl-deleted ICN1-expressing offspring failed to develop T-LL**. Furthermore, this
group demonstrated a critical role for Hesl in maintenance of ICNI-induced T-LL.
Similarly, shRNA-mediated knockdown of Hesl in a human T-LL cell line impaired cell

growth and induced apoptosis. Taken together, these findings suggest that Hes is necessary

for Notch-mediated T-LL induction and maintenance, but insufficient to initiate T-LL.
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Notch regulates a number of key signaling pathways including PI3K-Akt''"'.

Notchl-induced Hesl represses transcription of lipid phosphatase PTEN, which antagonizes
PI3K action; hence Notchl strengthens PI3K-Akt signaling in human and murine T-LL'".
Palomero et al. further demonstrated that PTEN loss conferred resistance to Notch inhibition
by GSI, at least in established human T-LL cell lines. Medyouf et al. recently challenged
the generalizability of this phenomenon to all T-LL cases since they observed no correlation
between PTEN status and GSI sensitivity in primary human T-LL samples®*®. Notchl also
directly activates transcription of /L 7R**°, which upon binding to ligand triggers downstream

211,247

signaling including PI3K-Akt in thymocytes and T-LL cells Hence, cross-talk

between Notchl and PI3K-Akt signaling occurs at several levels. Although mutational

activation of Notchl can be an initiating or early event in T-LL development®?'****

, 1t 18
unclear whether other potentially cooperating pathways such as IL-7R signaling are also
activated early in T-LL progression. This question will be addressed in chapter 2. This may
have clinical implications since drugs targeting of initiating events could well eradicate
cancer-propagating clone and achieve a durable remission***.

Another notable direct Notchl target is Myc'**''°.

c-Myc drives cell growth and
proliferation of most if not all cells** including thymocytes and T-LL. Without c-Myc, pre-
TCR-expressing immature DN3 and DN4 thymic precursors fail to undergo clonal
expansion and subsequent differentiation into DP cells**’. Similarly, c-Myc stimulates T-LL

cell growth and proliferation'®®''’. These findings posit Notchl as a master transcriptional

regulator of cell growth and proliferation of normal and malignant thymocytes.
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1.2.5.3 NOTCH]I mutations as a prognostic marker

Since gain-of-function NOTCHI mutations occur in more than 50% of human T-LL
cases, several groups have studied whether mutation status correlates with treatment
outcome. The results of this analysis are inconsistent and depend on treatment
protocol'®'*'.  Specifically, protocols such as ALL-BFM 2000 that included cranial
radiation (CRT) as central nervous system (CNS) prophylaxis observed a favorable outcome
associated with NOTCHI pathway mutations®'*>*; whereas regimens without cranial
irradiation did not?>*°. For instance, the largest study (301 patients) of the ALL-BFM
2000 protocol reported a better S-year event-free survival for NOTCHI-mutated vs. -
wildtype patients (p = 0.005)*". This result may indicate that the NOTCHI-mutated disease
is particularly sensitive to BFM-type treatment strategy. A better understanding of the
biology of NOTCH I-wildtype disease may help facilitate design of novel targeted treatment
to improve outcome for this patient group.

A mechanistic link between aberrant Notchl activation and CNS dissemination has
recently been proposed from mouse T-LL studies’®. Buonamici ef al. demonstrated that
ICN1-driven T-LL upregulated chemokine receptor Ccr7 that was necessary and sufficient
to target T-LL cells to the CNS. In light of this, one could speculate that CRT effectively
prevented CNS relapse that are frequently associated with NOTCH-mutated T-LL, thus a
more favorable outcome was only seen for this disease group treated when regimen
included CRT. Consistent with this idea, another study reported a higher incidence of CNS
relapse in NOTCHI-mutated vs. NOTCHI-wildtype high-risk patients (high-risk group
defined by poor response to early treatment determined within the first 10 weeks by blast

count in peripheral blood or minimal residual disease; BCR-ABL" or MLL-AF4" disease)™.
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In contrast, CNS relapses were rarely found in patients treated with BEM-type therapy®'. It
will be interesting to determine whether CNS relapses are associated with a higher incidence
of CCR7" T-LL cases. Controversies exist regarding the use of prophylactic CRT for
children with T-ALL, the findings presented here identify a subgroup of patients, those
harboring NOTCH1 mutations and responding poorly to early treatment, who may benefit
from CRT prophylaxis.

Aberrant NOTCHI1 activation occurs in 60% in human T-LLs, making this pathway
an attractive therapeutic target. Early clinical trials using y-secretase inhibitor MK-0752 in

261

patients with relapsed T-LL were met with dose-limiting severe gut toxicity™ . Recently,

intermittent rather than continuous daily dosing of GSI dramatically improves toxicity

262263 Fyture trials should assess the

profile for children and adults with solid tumors
toxicity profile and efficacy of intermittent dosing regimen of y-secretase inhibitors in
treatment of T-LL. Finally, less is known about biology of T-LL without aberrant Notch
activation as found in 40% of T-LL patients. These patients fare worse in some treatment
protocols, hence warranting further studies to identify novel therapeutic targets. Since

studies on identifying signaling pathways in Notch-independent T-LLs are lacking, we

examined their biology in chapter 4.

1.2.6 Atm-deficient mice as a model for human T-LL

The mouse is a key model organism for studying molecular mechanisms of human

disease. Our laboratory has studied 4zm™ mice since a majority developed T-LL before 5

264-266

months of age . Atm, a PI3K-like protein kinase, regulates DNA damage surveillance

267,268 /-

and repair Atm™ mice share similar phenotypes to humans suffering from ataxia

telangiectasia (AT) including immunodeficiency, genomic instability, a high incidence of
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leukemia/lymphoma, and radiation hypersensitivity””®. AT patients have 70 to 250-fold
increased risk of developing leukemia/lymphoma, particularly of the immature phenotype®”.
We have studied the molecular and developmental basis of T cell deficiency and
susceptibility to T-LL in A¢m-deficient mice. Similar to AT patients, Afm” mice show
thymic hypoplasia, reflecting a paucity of mature single-positive (CD4" or CDS8")
thymocytes and nearly all develop aggressive pre-T-ALL between 2-5 months of age®®* 2.
These murine T-LL blasts display predominantly an immature CD8 ISP and/or DP

phenotype that is similar to the leukemic blasts seen in human T-LL*"'. Thus, 4tm” mice

provide an animal model for studying T-LL development.

1.3 Rationale and Hypothesis

Mutation-based aberrant Notchl activation contributes frequently to T-LL
oncogenesis, however the timing of their occurrence has not been clearly defined.
Furthermore, the rarity of HD mutations observed in mouse T-LL models relative to humans
suggests additional mechanisms may confer ligand-independent Notchl activation in mice.
Less is known about the subgroup of T-LL containing low/absent Notchl expression, yet
according to some treatment protocols this subgroup portends a less favorable prognosis.
Using Arm™ mice as a tool to understand T-LL pathogenesis, the specific aims of this thesis
are as follows: 1) to determine the timing of occurrence of Notchl mutations during T-LL
progression (chapter 2); 2) to characterize the mechanisms of Notchl activation in Notch-
dependent T-LL (chapter 3); and 3) to identify proliferation and survival signal in Notch-

independent T-LL (chapter 4).
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2. ABERRANT NOTCH1 ACTIVATION OCCURS EARLY IN
ATM™ T-CELL LYMPHOBLASTIC LYMPHOMA

TRANSFORMATION

2.1 Abstract

T-cell lymphoblastic lymphoma/leukemia (T-LL) is a malignant disease of lymphoid
precursors that affects children and adults. Both Notchl and interleukin-7 receptor (IL-7R)
activation contributes to T-LL development. Gain-of-function NOTCHI mutations and
aberrant IL-7R expression are frequently detected in human and murine T-LL yet the
relative timing of their occurrence in T-LL progression is unclear. Using a spontaneous
mouse model of T-LL due to a deficiency of ataxia telangiectasia mutated (ATM), we
identified 3 groups of T-LL stratified by active Notchl (ICN1) expression: truncated ICN1
(T-ICN1, 63%); non-truncated ICN1 (17%); and undetectable ICN1 (UD-ICN1, 20%).
Truncated ICN1 resulted from frameshift mutations at the PEST domain, and infrequently
HD mutations (9%). In order to study early events in T-LL progression, we identified a
proteoglycan, syndecan 1 (SDC1), that is highly expressed on T-LL cells but not normal

" mice and identified an

thymocytes. We screened a cohort of young clinically healthy A#m”
abnormal SDC1" blast subset in mice that otherwise had normal thymic cellularity. We also
detected truncated ICN1 and aberrant IL-7R expression in these samples. Collectively,
these data suggest that Notchl mutations as well as aberrant SDC1 and IL-7R expression

/

arise early during T-cell lymphomagenesis in Atm™ mice, promoting abnormal survival and

proliferation.
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2.2 Introduction

T lymphoblastic lymphoma/leukemia (T-LL) is a malignancy of lymphoid
precursors. The overall incidence of T-cell lymphoblastic leukemia is 0.8 and 0.3 per
100,000 children and adults, respectively. The incidence of T-cell lymphoblastic lymphoma
is 0.2 per 100,000 children and 0.3 per 100,000 adults'®. With conventional multi-agent
chemotherapy, the five-year event-free survival rates are 70-90% and 40-60% for children
and adults respectively”. Further improvement in clinical outcome has been hampered by a
lack of prognostic markers that can effectively predict at diagnosis the patients who are at
high risk of disease relapse so that treatment can be intensified. Moreover, providing long-
term cure for those patients who develop a relapse remains a challenge. There is a need for
more specific and less toxic therapeutic agents designed to improve overall clinical
outcomes. An understanding of how aberrant activation of developmental pathways
contributes to the malignant transformation of T-cell progenitors is a prerequisite to design
such agents.

Notch signaling plays a critical role in intra-thymic T-cell development and
pathological activation of the pathway results in T-LL. There are four mammalian Notch
proteins, Notchl-4. Loss-of-function and overexpression of Notchl suggests its unique
requirement in T-lineage specification, commitment and maturation'>"*®#>2”  Notchl is a
transmembrane receptor that, after cleavage by furin-like convertase at the S1, appears as a

22,23

heterodimer on the cell surface Binding of its extracellular domain to Notch ligands

3880 and y-secretase complex™’, which release

triggers proteolytic events by metalloprotease
the intracellular part of Notchl (ICN1) from the membrane. ICN1 then translocates to the

nucleus, binds to a transcription factor known as recombination signal binding protein for
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immunoglobulin kappa J (RBP-J, also known as CSL) to activate transcription of target

1°°. Notch signaling is necessary for T-lineage specification and

genes such as Hes! and Ditx
commitment during CD4/8 double negative-1 (DN1), DN2 and DN3 stages. Moreover,
Notch signaling promotes proliferation and differentiation of thymocytes in transit from
DN3 to CD4/8 double positive (DP), during a process called P-selection '7'°%24,
Collectively, Notch signaling plays an inductive role in intra-thymic early T-cell
differentiation.

Interestingly, gain-of-function mutations in the NOTCHI gene have been frequently
detected in human and mouse T-LLs. Most are clustered in two regions of NOTCHI: the
heterodimerization (HD) domain and the C-terminal PEST domain'®. The HD domain
together with Lin12-Notch repeats (LNR) form the negative regulatory region (NRR), which
normally prevents ligand-independent proteolytic release of ICN1*’. On the other hand, the
PEST domain, which is subjected to ubiquitination by Fbw7 ubiquitin ligase, regulates the
half-life of ICN1*. Hence, HD and PEST mutations result in ligand-independent release of
ICN1 and prolonged intracellular ICN1 stability, respectively'®. However, it remains
unclear whether these mutations promote initiation or maintenance of T-LL.

Interleukin-7 receptor (IL-7R) signaling is required for early T-cell development and
aberrant expression of IL-7 and IL-7R contributes to T-LL progression. The IL-7R
comprises IL-7R alpha-chain (IL7Ra) and common cytokine receptor y-chain (yc). Upon
ligand binding, IL7Ra and yc heterodimerize®”” and activate downstream signaling, mainly
JAK/STAT and PI3K/AKT pathways®’. In normal T-cell development, IL-7Ra is

138

expressed at the DN2-DN4 stages, absent at the DP stage, and re-expressed in SP cells ™.

Dysregulated expression of IL7Ra in thymic progenitors of AKR/J mice was associated
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with spontaneous thymic lymphoma®’®. Furthermore, human T-LL cells frequently express
IL-7R and their proliferation can be induced by exogenous IL-7*'"*""2"°_ Our laboratory has
recently demonstrated aberrant expression of IL7Ro. by Atm-deficient T-LL cells®*’;
however, when this aberration occurs during T-LL development remains to be determined.
The answer to this question may have clinical implications, since drugs targeting initiating
events are more likely to provide a durable remission by eradicating cancer-propagating
clone(s)**.

In order to study kinetics of Notchl mutations and aberrant expression of IL-7Ra in
T-LL, we studied a genetically sensitized mouse model involving targeted disruption of Atm

(ataxia telangiectasia mutated)”****’

. In order to study early stages of T-LL development,
we sought a marker of early transformation. Our previous gene expression profile of Azm™
T-LLs revealed ectopic expression of Sdc/ (syndecan-1), a transmembrane heparan-sulfate-
bearing proteoglycan. We validated SDC1 expression on the surface of T-LL blasts. Both
SDC1 and IL7Ra were detected on thymocytes at the earliest discernible stage of
lymphomatous progression, demonstrating only an increased frequency of blasts in clinically
healthy Asm™ mice. Interestingly, thymocytes at this earliest stage of transformation

expressed truncated ICN1 resulting from PEST mutations. Therefore, Notchl mutations and

aberrant IL-7Ra and SDC1 expression can be early events in Atm”™ T-lymphomagenesis.
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2.3 Materials and Methods

2.3.1 Mice

129S6/SvEvTac-Atm™***/J heterozygotes®® (Jackson Laboratory, Bar Harbor, ME) were
mated to generate Arm™, Atm™" and Atm™" progeny. B6.129S6-Rag2™'™* (Rag2™") mice
were purchased (Taconic Farms, Germantown, NY). All mice were housed under pathogen-
free conditions at the Toronto Centre for Phenogenomics (Toronto, ON). Pre-malignant
thymocytes were harvested from Asm™ mice at 4-6 weeks of age. Thymocytes harvested

from moribund Atm™

" mice with enlarged thymi were the source of primary T-LL samples,
and thymocytes from Asm™" littermates were used for comparisons. All procedures met the

requirements set forth by the Guidelines and Policies of the Canadian Council on Animal

Care.

2.3.2 Genomic DNA extraction

High molecular weight genomic DNA was prepared from T-LL single cell suspensions by
proteinase K digestion, followed by phenol-chloroform extraction®™'. Briefly, 1x107 cells
were digested in 800 ul of buffer containing 10mM Tris-CI (pH 8.0), 25 mM EDTA (pH
8.0), 100 mM NaCl, 0.5% SDS and 0.1 mg/ml proteinase K (Invitrogen) for 12-18 hours at
50 °C. DNA was extracted sequentially with equal volume of phenol (pH 8.0), 25:24:1
(v/v/v) phenol:chloroform:isoamyl alcohol and chloroform. At each extraction step, the top
aqueous phase was transferred to a clean tube. After chloroform extraction, DNA was
precipitated by increasing the NaCl concentration to 200 mM and adding 2 volumes of ice-

cold 100% ethanol. DNA was spooled onto an end-sealed 5-3/4 inch glass pipette and
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washed successively in 70% and 100% ethanol, air dried for 5', resuspended in Tris buffer

(pH 8.0) and stored at 4 °C.

2.3.3 Notchl mutation analysis

The following primers were used to amplify exons 26, 27 and 34a of mouse Notchl from
genomic DNA (45 ng) by phenol-chloroform extraction®™': HD1 fwd,
GCTGAGTTTCTTTAGAGTC; HDI1 rev, CCTCCCCTGAGGTTACACCT; HD2 fwd,
GAGTGTCCCATTGCGGGGCT; HD2 rev, TGCAGAGGTCAGAAAGTGTT;
PEST1 fwd, GCTCCCTCATGTACCTCCTG; PESTI1 rev,
TGCTGGGTCTGCACCAGGTGA;  PEST2 fwd, @ TACCAGGGCCTGCCCAACACG;
PEST2 rev, GCCTCTGGAATGTGGGTGAT. PCR cycling conditions were: 94 °C for 2';
35 cycles of 94 °C for 15", 62 °C for 30" and 72 °C for 1'; 72 °C for 10'. PCR products were
purified with QIAquick PCR purification kit (QIAGEN, Toronto, ON) and sequenced at the
Toronto Centre of Applied Genomics facility (TCAG, Hospital for Sick Children). In some
cases, heteroduplex analysis was used to detect PEST mutations®™*. 5’-FAM-conjugated
PEST2 fwd & PEST2 rev primers were used to amplify part of exon 34a where PEST
mutations frequently clustered. Amplified products were denatured at 95 °C for 10 min and
then gradually cooled to 40 °C to form mismatch heteroduplexes in mutated samples. These
samples were incubated with CEL I (a mismatch-specific endonuclease) at 40 °C for 1 h

followed by analysis of the fragments with ABI Prism Model 3100 capillary electrophoresis

machine and GeneMapper software (Applied Biosystems, Carlsbad, CA).
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2.3.4 Western blotting

T-LL cells and thymocytes were lysed in modified RIPA buffer supplemented with
phosphatase inhibitor cocktail and protease inhibitor cocktail (Thermo Scientific, Rockford,
IL), according to Millipore technical publication mcproto402 (www.millipore.com). Protein
concentration was determined by Lowry assay (Bio-rad, Missisauga, ON). Whole cell
lysates (15-20 ug) were separated by 8% SDS-PAGE, transferred onto PVDF membrane,
which was incubated first with rabbit polyclonal antibody against cleaved Notchl, or rabbit
monoclonal antibody against B-actin (Cell Signaling Technology, Danvers, MA), followed
by horseradish peroxidase-conjugated secondary goat anti-mouse or anti-rabbit antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA). Blots were developed by chemiluminescence

using ECL reagents (GE Healthcare).

2.3.5 Flow cytometry

Live single-cell suspensions were prepared from thymi. Once harvested from euthanized
mice, thymi were placed in cold staining media (SM: Hank’s Balanced Salt solution (HBSS)
(Invitrogen, Burlington, ON), 2% calf serum (Wisent, Inc, QC), 10 mM HEPES, pH 7.2
(Wisent, Inc, QC)). Thymi were processed on ice by cutting with non-serrated scissors into
small pieces, followed by gentle pressing through 100 um wire mesh with a 3-ml plunger.
Cell suspension was then filtered through 70-mm Nitex nylon screen prior to centrifugation
at 400 xg for 5 min at 4 °C. Cell pellets were washed with 20 ml of SM and cells collected
by centrifugation. An aliquot of resuspended cells was stained with Trypan blue (Sigma
Aldrich,Oakville, ON; 1/4 dilution of stock in 1xPBS, with 2 mM NaNj3) and live cells

(unstained) were counted using a hemocytometer (Hausser Scientific, Horsham, PA). 1-2 x
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10° cells were resuspended in 50 ul of SM containing a saturating amount (pre-determined
by titration experiments) of antibodies raised against the following proteins: CD4 (RM4-5),
CD8a (53-6.7), CD25 (7D4) and TCRp (H57-597), CD127(A7R34), CD138 (281-2). These
antibodies were conjugated to FITC, PE or APC. All antibodies were purchased from BD
Bioscience, eBioscience, or the Sunnybrook and Women’s Hospital Research Institute
(SWRI) Antibody Core Facility. After incubating for 30 min on ice, cells were washed with
10 volumes of SM, underlaid with 5 volumes of calf serum (CS) and collected by
centrifugation. The pellets were resuspended in 500 ul of SM containing 1 ug/ml of
propidium iodide (Sigma Aldrich, Oakville, ON) to exclude dead cells. Unstained cells
were used for comparison. Stained cells were analyzed by LSR II cytometer (BD) and

FlowJo software (Tree Star, Ashland, OR).
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2.4 Results

2.4.1 Spontaneous T lymphoblastic lymphomas in Atm™ mice exhibit a spectrum

of Notchl activity

ATM deficiency resulting in genomic instability that leads to T lymphoblastic

lymphoma (T-LL) development may serve as a relevant model for human T-LL*. A

/

majority of Atm™ mice (83%, n=36) died from respiratory failure resulting from thymic

230,264

lymphomas as reported in prior studies (Fig. 2.1A). The median age of disease onset

/ /

was 17 weeks (range = 9-32 weeks), all Atm™" or Atm"" mice remained disease free at 36
weeks of age. We first determined if 4zm™™ T-LLs expressed activated Notchl by Western
blotting lysates from 35 primary ex vivo samples using an antibody that recognizes an
epitope created by y-secretase-mediated cleavage of Notchl. In wildtype mice, this cleavage
generates a ~110 kD ICN1 fragment. As expected from other studies on Asm™ mice
202828 many T-LLs (63% in this cohort) expressed high levels of truncated ICN1 due to
mutations in the C-terminal PEST domain (Fig. 2.1B, Table 2.1). We found PEST
mutations in 70% of cases (n=16). In 9 cases, PEST mutations were identified by
sequencing genomic PCR products and included missense, as well as nonsense (1756),
insertion and deletion mutations that altered reading frame (Table 2.1). Alignment of
translated PEST domain sequences showed frame shifts that lead to premature translational
stop codons, explaining truncated ICN1 (Fig. 2.2). Importantly, all truncated proteins lacked

the degron sequence targeted by Fbw7 for proteasomal degradation®=2’>2%

, thereby
stabilizing ICN1. We identified PEST mutations in the remaining 7 cases using a

heteroduplex assay>**, which detects mismatch between mutated and wildtype sequences. In
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contrast to the high frequency of PEST mutations, HD mutations were identified in only
2/23 cases (9%), and were thus infrequent, as seen in other murine T-LL models. HD
mutations were found in samples also containing PEST mutations (1756 and 6106; Table
2.1). It seems likely that both mutations were present on the same Notchl allele in these
samples, since 18% of human T-LLs contain compound mono-allelic HD+PEST mutations.
Both HD mutations are located in the C-terminal portion of HD. The missense L1668P
mutation found in sample 1756 and identified in other murine T-LL models®’ and human T-
LLs ', increased susceptibility to ligand-independent metallopreotease cleavage thereby
activating a Notch signal’">. The missense A1710P mutation found in 6106 was novel.
Alanine 1710 and valine 1711 span metalloprotease cleavage site, S2, suggesting that this
missense mutation might also mediate ligand-independent Notch activation™.

We detected ICN1 protein with the same apparent molecular weight as wild-type
ICN1 in samples that lacked mutations in HD and PEST sequences (Table 2.1). Thus, in
these samples with non-truncated (NT-ICN1), Notchl signaling was activated in the absence
of “hotspot” mutations. Finally, other samples lacked detectable ICN1 protein, and were
designated undetectable ICN1 (UD-ICN1). Thus, we identified 3 groups of T-LLs based on
ICN1 expression that modeled the spectrum of ICN1 expression in human immature T-cell

malignancy®’.

2.4.2 Atm™ T-LLs arrest at an immature stage of T-cell development and

aberrantly express syndecan 1

Human T-LLs are frequently arrested at pre-T and cortical thymocyte stages of

286

development These features are also common in T-lineage leukemias and lymphomas
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found in children with ataxia-telangiectasia®®’. We analyzed CD4 and CD8 expression in 40
Atm™™ T-LL samples to determine if they exhibited a similar maturation arrest to the human
disease. Thymi from mice with T-LL cells contained excessive proportions of large cells
with high forward scatter (blasts) than normal thymocytes (Fig. 2.3, panel i) and commonly
displayed one of three abnormal immunophenotypic profiles: 1) DP; 2) CDS single positive
(SP); and 3) mixture of DP and CD8 SP (Fig. 2.3, Table 1). Furthermore, these
lymphoblasts exhibited low to intermediate level of TCRf on the cell surface (Fig. 2.3),
consistent with their previously documented defect in TCRa rearrangement®’ %525,
Therefore, similar to human T-LL, Atm™ T-LLs were arrested at CD8 ISP and DP stages of
thymocyte differentiation.

A previous gene expression microarray study revealed that syndecan-1 (Sdcl) was
highly expressed in Azm™ T-LL cells but not normal thymocytes®™’. SDC1 (CD138) is a

transmembrane heparan sulfate proteoglycan that binds cytokines®”’

and regulates cell
adhesion®”'. We validated cell surface expression of SDC1 in all T-LL samples by flow
cytometry (Fig. 2.3, panel iv; Table 1). SDC1 was present on T-LL cells with variable

CD4/8 profiles, suggesting that it was a useful a marker of malignant transformation in Atm-

deficient thymocytes.

2.4.3 SDC1 and IL7R o expression during T-LL development

We next examined a cohort of apparently healthy 10-17 week-old Azm™ mice for
immunophenotypes suggestive of early stages in T-LL development. SDC1 was not
expressed in any of the samples lacking features of transformation, i.e. thymic enlargement,

abnormal thymocyte numbers®* (mean = 74x10°), increased blast frequency (< 15%), or
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abnormal CD4/8 profiles (Table 2.2). In contrast, SDC1 was expressed in all samples that
displayed these features (Table 2.2); e.g. in mice that were entirely populated by cells at late
stages of malignant transformation, as evidenced by increased thymic cellularity (>100
x10°) and cell size (>90% blasts). However, 8 samples had normal thymic cellularity (mean
= 77x10°) but had notably increased numbers of blasts (mean = 58%). Furthermore, 6 of
these showed an abnormal DP and/or CD8 ISP immunophenotype (Table 2.2). The
remaining 2 samples (7546 & 7826) showed increased blast fractions (>15%) and abnormal
SDC1 expression as the only abnormalities and thus representeding the earliest stage of
disease detectable in our cohort. IL7Ra expression mirrored to a great extent that of SDC1
in these cohort samples. IL-7Ra is normally expressed on DN and mature SP subsets but
not DP cells"**'*. Similar to SDC1, IL-7Ra was not detected in DP cells of all 12 samples
that lacked other evidence of malignant transformation (Table 2.2). One of the 2 samples
that showed the earliest sign of transformation (#7826), i.e. increased blast frequency,
expressed IL-7Ra in the DP subset. IL-7Ra was aberrantly expressed in all 8 samples that
displayed abnormal CD4/8 profiles. Therefore, both SDCI1 and IL7Ra were atypically
expressed in early stages of lymphoma progression.

We compared immunophenotypic profiles of thymocytes from Asm” mice
representing distinct stages of lymphoma progression (Fig. 2.4A). Mouse #7833 displayed
no evidence of transformation, whereas #7826 demonstrated increased blasts (47%)
including SDC1" (Fig. 2.4A, panel iii) and IL7Ra." (Fig. 2.4A panel iv) sub-populations
despite a relatively normal CD4/8 profile (Fig. 2.4A panel ii). The SDC1" blasts were
arrested at the DP stage (Fig. 2.4A panel v). Samples #7618 and #7465 represented later

disease phases evident by higher blast frequency (Fig. 2.4A panel 1), and abnormal CDS8 ISP
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and/or DP thymocyte accumulation (Fig. 2.4A panel ii). Our findings suggested that both

SDC1 and IL7Ra were aberrantly expressed at an early stage of lymphoma progression.

2.4.4 Truncated ICN1 marks early stages of ymphoma progression

Since PEST mutations resulting in expression of T-ICN1 occurred frequently in A¢tm”
" T-LLs, we assessed ICN1 expression during different stages of lymphoma progression in
thymocytes from a cohort of 23 apparently healthy A4zm™ mice. Six of the 8 thymi with
normal thymocyte numbers but increased blast frequency also expressed T-ICN1 (Table
2.2). Three out of four samples expressed T-ICN1 (Fig. 2.4B). Importantly, sample 7826
expressed markers of the earliest stage of disease expressed T-ICN1. Therefore, aberrant

Notchl activation occurs at an early stage of T-LL progression in this mouse model.
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Table 2.1 Summary of CD4/8 profiles, ICN1 and SDC1 expression, HD and PEST
domain mutation status of 41 T-LL samples. Nucleotide position corresponds to Notchl
coding DNA reference sequence (NM_0087714.3). Amino acid substitutions resulting from
missense HD mutations are indicated. *PEST mutations were detected by heteroduplex
assay. HD=heterodimerization domain; WT=wildtype sequence; ND=not determined. ICN1
was detected by Vall744 antibody: T=truncated; NT=non-truncated; UD=undetectable.

Mouse CD4/8 profile HD PEST ICN1 SDCl.
1D mutation mutation status expression
10 CDS8 ISP, DP WT c.7544 7545insC ND ND

1124 CDS ISP ND ND T Y
1178 DP ND ND UD Y
1536 DP ND ND T ND
1690 CDS ISP, DP WT ¢.7082delinsCCC T ND
1752 CDS ISP ND ND T ND
1755 DP WT WT UD ND
1756 CDS ISP ¢.5003T>C (p.L1668P) ¢.7300C>T T ND
1898 DP ND ND UD ND
1902 DP ND ND T Y
1910 DP WT WT NT ND
1927 CDS ISP ND ND T Y
1975 DP WT Yes* T ND
2037 CDS8 ISP, DP WT Yes* T ND
2103 DP ND ND NT Y
2170 CDS ISP WT Yes* T Y
¢.7195 7196insGG
2313 CDS ISP, DP WT c.7417T>A; ¢.7437 _7438del; T Y
c.7442C>T
2317 CDS ISP ND ND T Y
2490 DP WT WT NT Y
2612 DP ND ND T Y
2633 DP ND ND NT Y
2967 DP WT Yes* T Y
2971 DP WT WT NT Y
3157 CDS ISP ND ND T Y
3169 CDS ISP WT ¢7402delinsGC ND ND
3496 CDS ISP WT ¢.7082G>C; ¢7083 7084insC T Y
4299 DP WT WT UD ND
5052 CDS ISP ND ND T Y
5173 DP WT Yes* T ND
5290 DN, CD8 ISP ND ND T ND
5759 DN, CD4 SP ND ND NT Y
6106 CDS8 ISP, DP ¢.5128G>C (p.A1710P) Yes* Y
6620 CDS ISP, DP WT c.7352_7364d81é"/(3ACCACTAC v
6625 DP, CD4 SP ND ND UD Y
6652 DP ND ND UD Y
6658 CDS ISP, DP WT Yes* T Y
6924 DP ND ND UD Y
6925 DP, CD4 SP WT ¢.7082delinsAAAAA T Y
8528 DN, CD8 ISP WT WT* ND ND
8641 CDS ISP WT WT ND ND
9000 CDS ISP, DP WT ¢.7082G>C; c¢7083 7084insC ND ND
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Table 2.2 Summary of immunophenotypic profiles, SDC1, IL7Ra and truncated ICN1
expression in thymocytes from 22 Atm™" mice. CD4, CDS8, IL7Ra and SDC1 expression
was determined by flow cytometry. Detection of truncated ICN1 was determined by
immunoblotting of whole cell lysate prepared from thymocytes.

Mouse Age  No. oflive SDC1 IL7Ra Truncated
ID (ng) cells (x10° % Blasts CD4/8 Profile Expression  Expression ICNI1

D7009 17.5 15 14 Normal - - -

D7016 17 52 11 Normal - - -

D7007 16.5 100 11 Normal - - -
7472 14 127 11 Normal - - -
7531 12.5 76 15 Normal - - -
7532 12.5 83 15 Normal - - -
7535 12.5 88 9 Normal - - -
7543 12.5 88 11 Normal - - -
7664 11 52 13 Normal - - -
7665 11 105 13 Normal - - -
7833 10.5 40 10 Normal - - -
7814 10 70 13 Normal - - -
7546 12 94 53 Normal + - -
7826 10.5 55 47 Normal + + +
7534 12.5 86 36 CDS8 ISP, DP + + +
7855 10 29 37 CDS8 ISP, DP + + +
7618 12 106 76 CDS8 ISP, DP + + +
7835 11 100 90 CDS8 ISP, DP + + +
7620 12 86 65 DP + + +
7832 10 59 60 DP + +

D7145 16 228 94 DP + + +
7465 14 276 98 DP + + +
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Figure 2.1 Spontaneous T-LL development in Atm”"” mice and ICN1 expression in Atm”

" T-LLs. (A) Thymic lymphoma-free survival in Arm™ (n=36, |), Atm™"~ (n=6, X) and
Atm™ (n=6,¥) mice. (B) Western blotting for ICN1 expression in whole cell lysate
prepared from 9 T-LL samples. T-LL 2971 contains ICN1 of wildtype size, ~110 kD.
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Figure 2.2 Alignment of translated PEST mutations found in 9 T-LL samples. The top
sequence represents reference Notchl protein sequence (NP _032740.3) and numbers
indicate amino acid positions. Underlined are amino acid sequences generated by frame-
shifting insertions and deletions. * indicates end of sequence due to stop codon. Highlighted
in red is Fbw7 degron sequence.
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Figure 2.3 Immunophenotypic profiles of T-LL samples. Flow cytometric analysis of
Atm™" thymocytes and 3 representative T-LL samples. (i) SSC vs. FSC profiles; (ii) CD4
vs. CD8 staining profiles (number in quadrant gates represent percentage of cells). (iii)
TCRP surface staining; (iv) SDCI1 surface staining (dashed line represents isotype control).
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Figure 2.4 Immunophenotypic profiles and ICN1 expression of thymocytes harvested
from 4 Atm”" mice (10-14 wks) at different stages of lymphoma development. (A) Flow
cytometry phenotypic profiles. (i) Side scatter vs. cell size profiles. (ii)) CD4 vs. CDS8
profiles. (iii) SDC1 expression vs. cell size (positive gate was set to include 1% of Atm™"
thymocytes from littermate control). iv) Expression of IL-7Ra was determined for
CD4/CD8 DP subsets of Arm™ 7833 & 7826 and bulk populations of Atm™ 7618 & 7465
(dashed line: IL-7Ra expression by Arm™" DP thymocytes; positive gate was set to include
1% of Atm™ DP cells). (v) CD4 vs. CD8 profiles of SDC1" cells. (vi) CD4 vs. CD8
profiles of SDC1" cells. Numbers in quandrants indicate percentage of subsets. (B) Notch
expression at different stages of T-LL progression. Whole cell lysate (WCL) prepared from
thymocytes was subjected to immunoblotting for ICN1 ( €indicated non-truncated ICN1; *
represents truncated protein). ‘C’ represents WCL prepared from 4-wk-old Rag2” thymus.
B-actin shown as a loading control.
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2.5 Discussion

In this study, we define 3 subgroups of T-LL with different levels of Notch activity
that arise spontaneously in mice lacking the A¢m tumor suppressor. In agreement with prior
studies™"***, we found that most Atm™ T-LLs (63% in our cohort of 35 samples) had HD
and/or PEST mutations in Notchl, similar to those found in human T-LL. Accordingly, this
T-ICN1 subgroup expressed high levels of known Notchl target genes and grew in a Notch-
dependent fashion. Although most T-ICN1 samples had PEST but not HD mutations, one
sample harbored a novel alanine to proline substitution at position 1710 in the HD region. A
prior study showed that substituting glutamine for alanine at this position allows ligand-
independent ICN1 production®. Although it is possible that the proline at position 1710
might impair metalloprotease cleavage, we speculate that this bulky residue likely would
nonetheless disrupt conformation of the negative regulatory region to allow ligand-
independent y-secretase cleavage and ICN1 release.

The timing of Notchl mutation in T-LL progression may have therapeutic
implications since drugs targeting initiating events may eradicate initiating cells that
perpetuate the disease, hence achieving a durable remission’*®. In order to study early
transformation, we needed a protein marker that distinguished transformed cells from
normal thymocytes. Our previous gene expression profiling study of A4zm™ T-LL samples
suggested ectopic expression of Sdc/ when compared to pre-malignant Atm” thymocytes.
Here, we validated expression of SDCI as an early harbinger of T-LL. SDC1 was also
detected in thymi with normal CD4/8 profiles and absolute cell numbers harvested from

clinically healthy Afm™™ mice. The only appreciable abnormality that accompanied SDC1
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expression was an increased frequency of blasts likely representing the earliest discernible
stage of T-LL transformation. One such sample also had detectable truncated ICNI.
Therefore Notchl mutations can be an early event in T-LL progression in Atm™™ mice.

Notchl mutations have also been identified as an early transforming event in other
murine T-LL models. TAL1/SCL and LMO (LMOI1 or LMO?2) are ectopically expressed in
50-60% human T-LLs'’®. Not surprisingly, SCL*LMOI" mice®** and a related model,
Tall/Lmo2 mice®* develop T-LL which frequently harbor Notchl mutations. In the pre-
leukemic phase, both models show accumulation of DN3 and DN4 progenitors carrying
Notchl PEST mutations. In these studies, serial transplantation experiments identified
leukemia-initiating potential enriched in DN3 and/or DN4 populations. Notch inhibition
decreased leukemia-initiating cell frequency and delayed disease onset’®. Enforced
expression of constitutively active ICN1 at the DN2 stage in Notchl®SCL*LMOI' mice
accelerated the onset of leukemia and conferred leukemogenic potential to DNI1-4
progenitors from pre-leukemic mice®’. These findings suggest that aberrant Notchl
activation may occur early and drive T-LL transformation.

In Ikaros-deficient mice, aberrant Notch activation can be observed at different
stages of T-LL progression. In hypomorphic Ikaros (Zk“™) expressing mice, upregulation of
Notch targets, Hes! and Dtx] was detected in pre-malignant DP thymocytes™*, however it
was not clear whether these abnormalities were linked to gain-of-function Notchl mutations.
In contrast, in Ikaros-null (ZkzfI"") mice, accumulation of ICN1 and increased levels of its
transcriptional targets were detected only at a late stage of transformation characterized by
increased thymic cellularity and an abnormal population of CD8 TCRof™™ or CD4"CD8"

TCRof™" blasts™”. Collectively, these data suggest that Notchl mutations can be an early
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event that confer disease-initiating potential or, alternatively, may occur later in T-LL
progression, suggesting that accumulation of genetic changes rather than the order of their
appearance is key to the neoplastic transformation in T-LL>°.

Activating NOTCHI mutations have also been reported as an early and possibly

27 Specifically, HD mutation was detected in

initiating event in human T-LL development
a neonatal Guthrie blood spot obtained from a patient diagnosed with T-LL at 7 years of age.
At diagnosis, both NOTCHI HD mutation and a secondary event, a SIL-TALI fusion
transcript, were identified. These results suggest the likely prenatal origin of NOTCHI
mutations and secondary genetic changes acquired postnatally, such as SIL-TALI fusion, are
required to complete the transformation process.

The earliest discernible stage of T-LL transformation seen in Asm™ mice is
reminiscent of the pre-leukemic phase seen in adult patients with ataxia-telangiectasia (AT).
Unlike children with AT who are prone to develop T-LL, adult AT patients are predisposed
to develop mature peripheral T-cell leukemia known as prolymphocytic leukemia (T-PLL).
For some patients, the diagnosis of T-PLL can be preceded by 1-15 years of an abnormal
circulating T-cell clone marked by translocations. Interestingly, this clone gradually takes
over the T-cell compartment without elevating the absolute lymphocyte count™’, similar to
the finding reported here that normal thymocyte numbers can be maintained in SDC1" Atm™
thymi with Notchl mutations. Transformation to T-PLL occurs upon acquisition of
additional cytogenetic changes, which facilitate elevation of circulating lymphocyte number.
Additional oncogenic events are therefore likely required for pre-malignant thymocytes in

/

Atm™ mice to escape cell number regulation.
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IL-7 promotes survival and proliferation of T-LL cells, and dysregulated expression

276.277.219.298 - Qurprisingly, enforced expression of IL7Ra

of IL-7 or IL-7R is oncogenic
throughout T-cell development resulted in a decreased thymocyte number in adult //7ra-
transgenic mice, due to competition with DP progeny for a limited supply of endogenous IL-
7 in the thymus'’. Hence, downregulation of IL-7R by DP cells in wildtype thymus has
been termed an ‘altruistic’ act to ensure adequate supply of IL-7 for DN subsets. Indeed, in
IL-7- and IL7Ra-deficient mice, afy T-cell development still occurs, albeit with a dramatic

299300 " implying a role for IL-7R signaling in controlling

reduction in thymocyte number
thymic size. Our results show aberrant expression of both SDC1 and IL7Ra at an early
stage of lymphoma development. SDCI is a transmembrane proteoglycan that bears
heparan sulfate chains that mediate cell adhesion and migration by binding to extracellular
matrix™*' 2. One proposed mechanism for syndecan-mediated growth regulation is via the
extracellular heparan sulfate (HS) chains, which limit diffusion of growth factors and serve
as a reservoir for HS-binding growth factors’®. Indeed, enzymatic removal of heparan
sulfate on SDC1-expressing pro-B cells dramatically reduces binding and responsiveness to
IL-7, which is critical for early B-cell development™®. Therefore SDC1 expression by T-LL
may positively regulate IL-7R-driven signal by capturing IL-7 through their HS moieties.

Further studies are required to examine whether changes in SDC1 expression alter IL-7 dose

responsiveness in T-LL cells.
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3. IDENTIFICATION OF TRUNCATED NOTCH1

TRANSCRIPTS IN NOTCH-DEPENDENT ATM™ T-LLS

3.1 Abstract

Gain-of-function NOTCH1 mutations have been identified in ~60% of human T-LL
and activating HD domain mutations predominate. However, murine T-LL models arising
from diverse genetic background reveal a paucity of HD mutations, instead PEST mutations
that result in increased intracellular Notchl stability occur commonly. Recent reports
identify two types of intragenic deletions that lead to ligand-independent Notch1 activation.
Types 1 and 2 deletions initiate transcription within exon 25 and at exon 1, respectively.

Using Atm™

“mice as a spontaneous T-LL model, we identified PEST mutations in 70% of T-
LLs, of which only 9% of cases concomitantly harbored HD mutations. However, T-LL
cells lacking HD mutations proliferate in a Notch-ligand-independent fashion. We
hypothesized that these cases harbored intragenic deletions. Yet, we only found Types 1
and 2 deletions in 4% and 13% of T-LL cases respectively. Eight ICN1+ T-LL samples
contain truncated Notchl mRNA and their sequences initiate either in the middle of exons
25/26 or exon la, an exon upstream of exon 1. All truncated transcripts contain the
intramembranous methionine M'’*’ that has been shown to be the translation start site for
truncated Notchl proteins in previous studies. Collectively, our data identify truncated

Notchl transcripts in Arm™ T-LLs that likely encode Notchl polypeptides that undergo

oncogenic activation.
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3.2 Introduction

Notch signaling plays critical roles in normal development and disease. There are 4
mammalian Notch proteins, Notchl-4, of which Notchl is best characterized. Notchl is
synthesized as a precursor type I transmembrane polypeptide that is cleaved by furin
convertase at the Golgi, forming a heterodimer. At the cell surface, interaction between the
extracellular EGF repeats of Notchl with ligand leads to displacement of LNR repeats,
which shields the S2 cleavage site. Together, the HD and LNR repeats are known as the
negative regulatory region (NRR). ADAM metalloprotease-mediated S2 cleavage is a
prerequisite for proteolysis at the intramembranous S3 site by y-secretase complex, which
releases the intracellular portion of Notchl (ICN1) from the membrane. ICN1 translocates
to the nucleus and activates target gene transcription via the DNA-binding transcription
factor CSL. The Notch signal is shut off when ubiquitin ligase Fbw7 recognizes a
phosphorylated degron located in the C-terminal PEST domain, thereby targeting ICN1 for
proteosomal degradation”. Thus, Notch regulates important developmental processes by
activating target gene expression and of its signal duration must therefore be precisely
controlled.

Aberrant Notch signal causes cancer. The first clue came from identification of a
chromosomal translocation t(7;9)(q34;q34.3), which juxtaposes the intracellular half of
NOTCHI downstream of the TCR joining region, in <1% of human T-LL?*'. Importantly,
constitutive expression of a truncated form of NOTCH1 in mouse bone marrow progenitors

214
1

causes T-LL, hence establishing the oncogenic potential of NOTCH1°". Gain-of-function

NOTCHI mutations were found subsequently in ~60% of human T-LL cases'’. These
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mutations can be categorized into two groups. The first consists of truncating PEST

202.203  Mutations that

mutations that remove degron sequence hence increasing its stability
allow ligand-independent NOTCHI1 activation form the second group and these include
mutations in the NRR that destabilize the HD domain (class 1) or enhance sensitivity to
metalloprotease at S2 site (class 2)*">. PEST and HD mutations are found in 12% and 26%
of human T-LLs, respectively; moreover, both mutations occur in 18% of human T-LLs™.
These NOTCHI mutations are identified in all molecular subtypes of T-LLs including
TALI", LYLI", HOX11", HOX1IL2", LMOI", LMO2", suggesting aberrant Notch signal as a
key contributor to T-LL development'’®. Amino acid insertions that expand the NOTCH]
juxtamembrane extracellular region are functionally similar to class 2 HD mutations and
have been identified in 3% of human T-LLs*'®. Survival and proliferation of these T-LLs are
dependent on Notch signaling. Hence functional NOTCHI mutations frequently occur in
human T-LLs.

Mouse models of T-LL also frequently acquire Notchl mutations, however the
spectrum of mutations differs from that seen in humans. Nonsense and frame-shifting PEST
mutations are detected in 30-90% of T-LLs arising from transgenic mice of diverse genetic
backgrounds including those with deregulated expression of Tall’, Lmol®, E2A%*, Ikaros***
as well as in radiation->*' or chemical-induced T-LLs®. In contrast HD mutations are rarely
detected (0-10%) in these T-LL models. Functional studies on Notchl mutations suggest
that PEST mutations alone weakly activate Notchl and are not capable of initiating T-LL

221

development Yet, most of these T-LL cells are sensitive to Notch inhibition by y-

secretase in vitro, indicating that their survival and proliferation are dependent on Notch.
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Thus, the mechanism of Notchl activation in mouse T-LL models lacking HD mutations
remains unclear.

Two recent studies identify novel activating Notchl mutations in murine T-
LLs**?%  Ashworth and colleagues identify 2 types of intragenic Notchl deletions that
result in abnormal transcripts lacking the extracellular ligand-binding domain. Both types of
transcripts code for truncated Notchl proteins that undergo ligand-independent but y-
secretase-dependent activation. The 2 types of transcripts differ in their transcription start
sites: type 1 transcripts initiate transcription at cryptic sites in the middle of exon 25 due to
genomic deletion spanning exon 1 and the normal Notchl promoter; whereas, type 2
transcripts begin at exon 1 which is spliced into exons 27/28 as a result of intragenic
deletion between intron 1 and exons 26-28. Furthermore, type 1 deletions are flanked by
recombination signal sequence (RSS)-like sequences and involve addition of bases
consistent with N- and P nucleotides, suggesting that RAG-mediated non-homologous end
joining as a likely mechanism for deletion. In a different mouse T-LL model, Jeannet and
colleagues deleted exon 1 and Notchl promoter, which gives rise to truncated mRNA
similar to type 1 transcripts. These findings suggest that ligand-independent Notchl
activation is highly selected for and identify deletion-based mechanisms for oncogenic
Notchl activation.

In this study, we find that 70% of Azm™™ T-LLs contain PEST mutations giving rise to
truncated ICN1, whereas only 9% of T-LLs concomitantly harbor HD mutations. ICN1+ T-
LL samples are sensitive to Notch inhibition by y-secretase inhibitor, suggesting that their in
vitro expansion is Notch-dependent. Yet, proliferation of T-LL cells lacking HD mutation

does not require Notch ligand interaction. We hypothesize that these cases harbor Type 1 or
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Type 2 deletions™>. However, we find Type 1 and Type 2 deletions in only 4% and 13% of
cases, respectively. Eight ICN1+ T-LL samples contain truncated Notchl mRNA and their
sequences initiate either in the middle of exons 25/26 or exon 1a, an exon upstream of exon
1. All truncated transcripts contain the intramembranous methionine that has been shown to

2223 - Collectively,

represent a translation start site for Notchl proteins in previous studies
our data identify truncated Notchl transcripts in Atm”™ T-LLs that likely code for Notchl

polypeptides with oncogenic potential.
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3.3 Materials and Methods

3.3.1 Mice

129S6/SvEvTac-Atm™***/J heterozygotes®® (Jackson Laboratory, Bar Harbor, ME) were
mated to generate Arm™, Atm™" and Atm™" progeny. B6.129S6-Rag2™'™* (Rag2™") mice
were purchased (Taconic Farms, Germantown, NY). All mice were housed under pathogen-
free conditions at the Toronto Centre for Phenogenomics (Toronto, ON). Pre-malignant
thymocytes were harvested from Asm™ mice at 4-6 weeks of age. Thymocytes harvested

from moribund Atm™

" mice with enlarged thymi were the source of primary T-LL samples,
and thymocytes from Asm™" littermates were used for comparison. All procedures met

requirements set forth by the Guidelines and Policies of the Canadian Council on Animal

Care.

3.3.2 T-LL culture

Single cell suspensions were prepared from enlarged thymic masses removed from

moribund Atm”

“mice under sterile conditions. Live cells were identified by Trypan blue
exclusion and resuspended at 2 x 10° cells/ml of T-LL media: RPMI 1640 media (Wisent,
St-Bruno, QC) containing sodium pyruvate, glutamine, non-essential amino acids, HEPES,
2-mercaptoethanol, penicillin (100 U/ml, Invitrogen), streptomycin (100 ug/ml, Invitrogen),
and 10% (v/v) fetal bovine serum (FBS, Invitrogen). Cells were grown in the presence of 10

ng/ml of recombinant mouse interleukin-7 (IL-7, Peprotech, Rocky Hill, NJ). Where

indicated, cells were incubated with either 1 uM of GSI X (Calbiochem, Billerica, MA) or
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0.1% (v/v) DMSO vehicle control for 48 hours. CellTiter-Blue reagent (Promega, Madison,

WI) was used according to manufacturer’s instructions to assay viability.

3.3.3 Co-culture of T-LLs on OP9 stromal cell lines

Mouse bone marrow stromal OP9 and OP9-DL1 cell lines were provided by Juan-Carlos

157

Zuniga-Pflucker (Toronto) and were maintained as described previously Stromal cell

lines were passaged in OP9 media: a-MEM, 20% FBS, penicillin and streptomycin (all from
Invitrogen). A day prior to experiment, 2 x 10 stromal cells were plated in each well of a
24-well plate in 250 pl of OP9 media. Cocultures were established by adding 5 x 10° T-LL
cells (in 250 ul of T-LL media) into each well containing 5 ng/ml of IL-7. Cells were
incubated at 37 °C in a humidified atmosphere with 5% CO,. T-LLs cells were harvested at

indicated timepoint to determine live cell number from triplicate wells by Trypan-blue

exclusion.

3.3.4 Genomic DNA extraction

High molecular weight genomic DNA was prepared from T-LL single cell suspensions by
proteinase K digestion, followed by phenol-chloroform extraction®™'. Briefly, 1x107 cells
were digested in 800 ul of buffer containing 10mM Tris-CI (pH 8.0), 25 mM EDTA (pH
8.0), 100 mM NaCl, 0.5% SDS and 0.1 mg/ml proteinase K (Invitrogen) for 12-18 hours at
50 °C. DNA was extracted sequentially with an equal volume of phenol (pH 8.0), 25:24:1
(v/v/v) phenol:chloroform:isoamyl alcohol and chloroform. At each extraction step, the top
aqueous phase was transferred to a clean tube. After chloroform extraction, DNA was

precipitated by increasing the NaCl concentration to 200 mM and by adding 2 volumes of
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ice-cold 100% ethanol. DNA was spooled onto an end-sealed 5-3/4 inch glass pipette and
washed successively in 70% and 100% ethanol, air dried for 5', resuspended in Tris buffer

(pH 8.0) and stored at 4 °C.

3.3.5 Detection of Notchl deletions by genomic PCR

The DNA fragments with Notchl deletions were amplified from T-LL genomic DNA (30-
150 ng) by PCR using Phusion® Hot Start II high-fidelity DNA polymerase (Thermo Fisher
Scientific). The following primer pairs were used to detect type 1 and 2 deletions as
previously described™®: N1 intronla fwd, ATGGTGGAATGCCTACTTTGTA and
N1 _intronl_rev, CGTTTGGGTAGAAGAGATGCTTTAC; N1 _intronl_fwd,
TCTACCCATGGTGGAATGCCTAC and N1 _exon28 rev,
GCCCACAAAGAACAGGAGCACGAA. A final concentration of 300 nM was used for
each primer. The cycling conditions for detecting Notchl deletions were: 98 °C for 2'; 35
cycles of 98 °C for 10", 64 °C for 30" and 72 °C for 90°'; 72 °C for 5'. After agarose gel
electrophoresis, the PCR products were purified with QIAquick PCR purification kit
(QIAGEN, Toronto, ON) and sequenced at the Toronto Centre of Applied Genomics facility

(TCAG, Hospital for Sick Children).

3.3.6 Total RNA extraction and poly(A) mRNA enrichment

Total RNA was extracted from T-LL cells and Rag2”~ thymocytes using either the

guanidinium thiocyanate-phenol-chloroform method*®®

or an RNeasy Plus Mini Kit
(QIAGEN, Toronto, ON). RNA integrity quality control was performed on the Agilent
2100 Bioanalyzer (Illumina, San Diego, CA) analysis. Poly(A) mRNA was purified from

total RNA using the MicroPoly(A)Purist™ Kit (Ambion, Inc.). Briefly, 20-50 ng of total
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RNA was mixed with oligo(dT) cellulose to enrich poly(A) mRNA for 60 min at room
temperature. The oligo(dT) cellulose was washed twice before elution of poly(A) RNA.
The eluted RNA was precipitated with 100% ethanol, washed with 70% ethanol, air dried
for 5° and resuspended in RNA storage solution. Total and poly(A) RNA was quantitated

with NanoDrop spectrophotometer (Thermo Scientific).

3.3.7 Northern blotting

Total RNA was electrophoresed in 1% agarose containing 1X MOPS and 3%(v/v)
formaldehyde for 16 h at 55 V. RNA was transferred to Nylon membranes in 20X SSC after
washing with 0.05 N NaOH and neutralizing with 2X SSC. RNA was UV cross-linked to
membranes and hybridized with **P-labelled Notchl ¢cDNA fragments (corresponding to
exon 34a) obtained from restriction digest of Notchl ¢cDNA plasmid with EcoRV and
HindIII overnight at 42 °C. Membranes were washed with 1X SSC/0.1% SDS twice for 10
min followed by 2x5 washes with 0.2X SSC/0.1% SDS at 65 °C. X-ray film was developed
after 2-5 days of exposure at -80 °C. Membranes were stripped and reprobed with Hprt

cDNA as loading control.

3.3.8 Rapid amplification of cDNA ends (RACE)

RACE was performed using 50-200 ng poly(A) mRNA and the FirstChoice® RLM-RACE
kit (Ambion, Inc.) according to manufacturer’s instrunctions. The poly(A) selected RNA
was treated with calf intestinal alkaline phosphatase (CIP) to remove free 5’-phosphates
from fragmented mRNA, or contaminating genomic DNA, rRNA and tRNA. The CIP
reaction was terminated by phenol:chloroform and chloroform extraction steps. The CIP-

treated RNA was then treated with tobacco acid pyrophosphatase (TAP) to remove 7-
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methylguanosine caps found at the 5’ end of intact mRNA. The decapped mRNA with a
free 5’-monophosphate was ligated to a 45-base RNA adaptor using T4 RNA ligase. The
ligated RNA was reversed transcribed with random primers to give cDNA, which was
subjected to 2 different nested PCR amplifications using Expand Long Template PCR
system (Roche Applied Science), as well as 5’ outer and inner adaptor primers:
RACE adaptor outer fwd, GCTGATGGCGATGAATGAACACTG;
RACE adaptor _inner fwd, GAACACTGCGTTTGCTGGCTTTGATG. Two pairs of

Notchl specific 3’ outer and inner primers were used: 1) N1 e28 RACE rev (outer),

GCCCACAAAGAACAGGAGCACGAA, and N1 €27 RACE rev (inner),
CACACATTGCCGGTTGTCGATCTC; 2) N1 e31 RACE rev (outer),
CAGCAGGTGCATCTTCTTCT, and N1 €30 RACE rev, (inner)

GCTCCTCAAACCGGAACTTCT. The first set of Notchl specific RACE primers was
described previously by Jon Aster’s group™>.  The PCR conditions were the same for outer
and inner reactions: 94 °C for 2'; 35 cycles of 94 °C for 15", 60 °C for 30" and 68 °C for 5';
68 °C for 7'. After agarose gel electrophoresis, RACE products were purified, cloned and
sequenced at the Toronto Centre of Applied Genomics facility (TCAG, Hospital for Sick
Children). Cloning of RACE products was performed using a TOPO® TA Cloning® kit
(Invitrogen) according to manufacturer’s instructions. The potential open reading frame
(ORF) of RACE products was determined using the ATGpr program®”’ (Helix Research

Institute, http:// atgpr.dbcls.jp/).

3.3.9 Western blotting

T-LL cells and thymocytes were lysed in modified RIPA buffer supplemented with

phosphatase inhibitor cocktail and protease inhibitor cocktail (Thermo Scientific, Rockford,
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IL), according to Millipore technical publication mcproto402 (www.millipore.com). Protein
concentration was determined by Lowry assay (Bio-rad, Missisauga, ON). Whole cell
lysates (15-20 ug) were separated by 8% SDS-PAGE, transferred onto PVDF membrane,
and these were incubated first with rabbit polyclonal antibody against cleaved Notchl, or
rabbit monoclonal antibody against (-actin (Cell Signaling Technology, Danvers, MA),
followed by horseradish peroxidase-conjugated secondary goat anti-mouse or anti-rabbit
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). Blots were developed by

chemiluminescence using ECL reagents (GE Healthcare).
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3.4 RESULTS

3.4.1 Short-term proliferation of ICNI+ Atm™ T-LL cells does not depend on

Notch ligands

As shown in chapter 2, 80% of Arm™ T-LLs (29 of 36 cases) expressed ICN1 (Table
2.1) and here we demonstrated sensitivity of a cohort of 10 ICN1-expressing T-LL samples
to Notch inhibition. The viability of all tested samples decreased by 40-90% after 48-72
hours of in vitro exposure to y-secretase inhibitor, GSI (Fig. 3.1A). Furthermore, to confirm
that GSI treatment prevented ICN1 production, we measured ICN1 level in 5 T-LL samples
by immunoblotting with an antibody that recognizes the valine 1744 epitope created by y-
secretase-mediated cleavage, and found that GSI diminished or abrogated ICNI1 as
represented by sample 5759 (Fig. 3.1A). These data suggest that expansion of ICN1+ T-LLs
was dependent on Notch activation. Since gain-of-function Notchl mutations contribute to
human and animal models of T-LL'*? 14’308, we test for these. Indeed, we found that 70% of
Atm™ T-LL cases (16 of 23 cases) contained PEST mutations; whereas only 2 cases (9%)
concomitantly harbored ligand-independent activating HD mutations (Table 2.1). It seems
likely that both mutations were present on the same Notchl allele in these samples, since
18% of human T-LLs contain compound mono-allelic HD+PEST mutations'’. Both HD
mutations are located in the C-terminal portion of HD. The missense mutation found in
sample 1756 (p.L1668P) was identified in other murine T-LL models®’ and some human T-
LLs (p.L1679P)", which increased susceptibility to metallopreotease cleavage in a ligand-

215
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independent fashion, thereby activating Notch signal”~. However, the missense mutation

(c.5128G>C) found in 6106 that resulted in A1710P amino acid substitution was novel.
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Notably, alanine 1710 and valine 1711 normally span the metalloprotease cleavage site (S2),
and missense mutation of either might mediate ligand-independent Notch activation as
well®.

The infrequent occurrence of HD mutations suggested that most ICN+ T-LLs
required ligand interaction for Notch activation. To determine whether proliferation of
these T-LL samples was reliant on ligand-dependent Notch activation, we co-cultured T-LL
cells on a bone marrow stroma-derived cell line, OP9, overexpressing Notch ligand Delta-
like 1 (OP9-DL1) that induces T-cell differentiation of hematopoietic progenitors in vitro>”.
We measured proliferative expansion of ICN1-expressing T-LL cells on control OP9 vs.
OP9-DLI1 stromal cells over 2 days (between days 3 and 5 of culture). The expansion of T-
LLs ranged from 2.8 to 7 folds and 4 to 7.7 folds when cultured on OP9 and OP9-DL1 cells,
respectively (Fig. 3.1B) and was not significantly different. =~ Moreover, no statistically
significant difference was observed in the number of live T-LL cells recovered on days 3
and 5 between the two co-culturing conditions. In summary, these results demonstrated that

although in vitro expansion of these ICN1+ T-LL samples was Notchl-dependent, Notch1

activation occurred in a ligand-independent fashion.

3.4.2 Intragenic Notchl deletions detected in some T-LLs

During the course of our investigation, we became aware of studies showing
abnormal transcripts resulting from deletions involving the 5° end of Notchl that resulted in

ligand-independent activation®'*?

. We used the same sets of primers from the study by
Ashworth et al. to determine if 23 of T-LL samples showed deletions of 5° deletions. We

amplified Notchl genomic sequences between introns la and 2, as well as between introns 1
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and 27. PCR products from these reactions were sequenced to look for Type 1 and Type 2
intragenic deletions, respectively. Type 1 deletions, which likely occur via RAG-mediated
non-homologous end joining, lack exon 1 and its upstream promoter, hence transcription
begins at a cryptic promoter located within exon 25. In contrast, Type 2 deletions involve
region from intron 1 to exons 26-28, hence the truncated transcripts contain exon 1.
Although Type 1 and Type 2 intragenic Notchl deletions are highly prevalent in other

2 in our cohort of 23 ICN1-expressing Atm™™ T-LLs, Type 1 and Type

murine T-LL models
2 deletions occurred in only 1 (4%) and 3 (13%) of samples, respectively. Sample 8652 had
a deletion from nucleotide 4927 (intron 1a) to nucleotide 16673 (intron 2) that was similar to
RAG-mediated Type 1 deletions characterized by Ashworth et al., since the deleted region
was flanked by putative recombination signal sequences and the junction contained non-
templated N- and P-nucleotides (Fig. 3.2A). This large deletion would include the normal
transcriptional start site for Notchl upstream of exon 1, allowing for abnormal transcription

d#3323$32%5 I contrast,

initiation from a cryptic promoter in exon 25, as recently describe
samples 2967, 2740 and 6620 had even larger genomic deletion from intron 1 to either
intron 26 or 27 (Fig. 3.2B), similar to deletions that result in Type 2 transcripts described by
Ashworth ef al. In summary, Type 1 and Type 2 deletions were found in 17% of ICN1+ T-

LLs.

3.4.3 Identification of truncated Notchl transcripts in T-LLs

To determine whether deletions lead to aberrant Notchl transcripts, we performed
Northern blotting to characterize Notchl mRNA in 10 ICN1+ T-LLs using a Notchl probe

corresponding to part of exon 34a. We chose this probe for two reasons: 1) it encodes part
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of ICN1; 2) it is likely to capture most of the truncated transcripts resulting from intragenic
deletions. Two samples harboring HD and PEST mutations (1756 and 6106) contained only
full-length major (9.3 kb) and minor (8 kb) Notchl mRNA transcripts (Fig. 3). The
difference in length between major and minor transcripts is due to different transcription
termination. The former contains exons 1-34b and the latter contains exons 1-34a>'.
Because exon 34b contains only non-coding sequence, the open reading frame is identical
between major and minor transcripts. The 9.3 kb Notchl mRNA predominated in Rag2™”
thymocytes. Notably, the remaining 8 examples lacking HD mutations all contained
abnormal truncated transcripts, in addition to the 9.3 and 8.0 kb full-length transcripts.
Samples 1910, 2971, 2490, 6925, 6658, and 8652 expressed two truncated Notchl
transcripts of approximately 3.5 kb and 5 kb. In 2967, the truncated transcripts were smaller
in size, about 3 kb and 4.5 kb. Both 1910 and 2971 also contained 2.6 kb transcripts. Sample
6658 also contained a prominent 7.5 kb band and sample 1910 contained an additional faint
6 kb band. Finally, sample 3496 contained faint 9.3 kb and 3.2 kb transcripts. Collectively,

T-LL samples lacking HD mutations expressed truncated Notchl transcripts that contain the

last exon encoding for the C-terminal intracellular domains.

3.4.4 Truncated Notchl transcripts start at sites other than exon 1

In order to characterize the 5’ends of truncated Notchl mRNA transcripts, we
performed 5’ rapid amplification of ¢cDNA ends (RACE) by ligating an adaptor
oligonucleotide to the 5° ends of mRNA, which was followed by reverse transcription. The
cDNAs were then used as templates for nested PCR amplification with 5’ adaptor primer

and 3’ Notchl specific primers corresponding to exons 27/28 or exons 30/31 in order to
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capture most of the truncated transcripts. RACE product sequences are shown in Fig. 3.4
and summarized schematically in Fig. 3.5. We were unable to identify the transcription
initiation sites of 7.5 kb (in 6658) or 6 kb (in 1910) transcripts by RACE possibly because
the long transcript length was not amplified efficiently. Most 5’RACE products began in the
middle of exon 25 (1910, 2971, 6925, 8652 and 6658) or exon 26 (3496). T-LL samples
with transcripts initiated in exon 25 expressed two truncated Nofchl transcripts of
approximately 3.5 kb and 5 kb detected by Northern blotting (Fig. 3.3). This size difference
corresponded to the length of exon 34b (1.3 kb); hence they likely resulted from different
transcription termination as observed in other studies>. Sample 3496 contained a RACE
product that began in exon 26, which likely corresponded to the 3.2 kb mRNA detected by
Northern blotting. The RACE product in sample 1910 started in the middle of exon 25;
furthermore, due to a splicing error, the splice donor site occurred at the 5™ nucleotide of
intron 25, rather than at the 5’ end, resulting in an extra 4 nucleotides at the splice junction
of exons 25 and 26. The truncated transcripts in sample 2967 started 83 nucleotides
upstream of exon la, followed by exons 1b and Ic, which was spliced to exon 28 and
presumably continued to the end of exon 34 (Fig. 3.4B). The transcription start site
upstream of exon la contained a transcription initiator (Inr) element CTA™'CTCA that
matched closely to the consensus sequence, YYA"'NWYY?>'. Interestingly, sample 2967
harbored a genomic deletion downstream of exon 1 (Fig. 3.1B); yet, despite the predicted
presence of exon 1, transcription began upstream of exon la suggesting that the deleted
region likely contained elements important for proper promoter activity at exon 1. Indeed,
exon la has been identified as an alternative transcription initiation site in thymocytes and

radiation-induced T-LLs>'. The predicted size of abnormal transcripts ending with exon
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34a or exon 34 b would be 3.3 kb and 4.5 kb, which approximated the size of truncated
transcripts seen in Fig. 3.3. In summary, the 5> RACE studies identified transcriptional starts
for truncated transcripts in exons la, 25 and 26.

We used the ATGpr program to identify potential ATG (methionine) translation
initiation codons followed by an open reading frame (ORF) in each 5° RACE product. The
ATGpr prediction criteria include conservation of the Kozak consensus sequence
[A/G]xxATGG from analysis of 660 initiation codon-containing DNA sequences™’’. The
most likely initiator methionine for each sample is shown in Fig. 3.5 and the predicted
polypeptide sequences for each truncated transcript are shown in Fig. 3.6. In sample 1910,
the polypeptide was predicted to initiate at an ATG codon with a strong Kozak consensus
(GggATGQG, Fig. 3.4A) at nucleotide 48266 of the Notchl gene. Since the ATG codon was
not in frame with the coding sequence of Notchl, the initial 55 amino acids did not
correspond to the Notchl protein sequence. However, due to an insertion of 4 intronic
nucleotides at the exon 25/26 junction, the protein sequence was put back into frame at the
56™ amino acid, which corresponded to amino acid 1529 of Notch1 (Fig. 3.6). The putative
initiator methionine was immediately followed by a 12-residue hydrophobic segment that
could serve as a signal sequence. However, the absence of a hydrophilic region preceding
the hydrophobic segment was atypical®''. This predicted polypeptide lacked the first 2 LNR
repeats that would likely disrupt NRR function to allow ligand-independent Notchl
activation.

The initiator methionine for RACE products found in samples 2971, 6925, 8652,
6658 and 3496 was predicted to correspond to amino acid 1615 of Notchl, which would

allow expression of a truncated Notchl protein lacking all 3 LNR repeats but retaining the
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S1, S2 and S3 proteolytic cleavage sites. Following the initiator methionine, a hydrophilic
region (positions 1622 to 1633) including positively charged amino acids such as arginine
(R) and lysine (K), followed by a hydrophobic segment (position 1636-1648) could serve as
signal sequence’'. Lastly, in sample 2967 the first in-frame ATG codon was located in exon
28 and encoded for methionine at position 1727. The hydrophobic segment immediately

1727 (positions 1728 to 1747) possibly functioned both as a signal sequence

following Met
and a transmembrane segment as in a start-stop transfer sequence’''. Importantly, the

predicted translation products of all RACE products would retain the S3 y-secretase

cleavage site.

3.4.5 T-LL cells containing aberrant transcripts express y-secretase-cleaved ICN1

proteins

Since all truncated transcripts were predicted to encode proteins containing the
Notchl transmembrane domain and S3 site in exon 28, we next determined whether
truncated proteins were cleaved by y-secretase. Lysates from T-LL samples were analyzed
by Western blotting with an antibody specific for V1744, the first residue of y-secretase
cleaved Notchl. All samples contained y-secretase cleaved Notchl that were < 110 kD (Fig.
3.7 and Fig. 2.1B). Sample 1756 contained a HD mutation that has previously been
demonstrated to result in ligand-independent Notch activation’'” and a PEST mutation that
truncated 100 amino acids from the carboxyl terminus of ICNI1, giving rise to a 75-kD
product. Similarly, sample 6106 contained a ~85 kD truncated ICN1 (Fig. 2.1B). It was

likely that both types of mutations occurred in the same alleles since only one protein size
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was detected. Samples 1910, 2490 (Fig. 3.7) and 2971 (Fig. 2.1B) contained truncated
Notchl proteins with an intact PEST domain, hence 110-kD protein was observed in all
three samples. The remaining samples (3496, 6106, 6925, 2967, 6658) contained truncated
ICNI1 of varying size likely due to different locations of PEST mutations (Table 2.1; Fig.
2.1, 2.2 and 3.7). Truncated ICNI1 that likely resulted from PEST mutations detected in
samples 6106, 6925, 6658 and 2967 was relatively more abundant than ICN1 containing
wildtype PEST domain found in sample 2971 (Fig. 2.1B). This was consistent with the idea
that PEST mutations result in removal of the degron sequence that signals for proteosomal
degradation, hence increasing ICN1 stability”. These results demonstrate that T-LL
samples that contain abnormal Notchl transcripts express y-secretase-cleaved ICN1 protein.
Collectively, we detected truncated Notchl transcripts that started in the middle of exons 25,
26 and upstream of exon la. 17% of T-LL samples also contain intragenic Notchl deletions
that might result in truncated mRNA. All aberrant transcripts lacked part or all of NRR
region but retained y-secretase S3 cleavage site in T-LL samples. Consistent with these
findings, most of these transcripts were found in T-LLs that were sensitive to Notch
inhibition by GSI and expressed y-secretase-cleaved ICN1 but proliferated in Notch ligand-

independent fashion.
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Figure 3.1 Notch ligand-independent proliferation of ICN1-expressing T-LLs. (A)
Sensitivity of T-LL cells to Notch inhibitor was determined by CellTiter-Blue viability assay
or Trypan-blue exclusion after in vitro culture with 1 uM y-secretase inhibitor X (GSI) or
0.1% (v/v) of DMSO in the presence of 10 ng/ml of IL-7. Relative viability was calculated
as the ratio of fluorescence measurements between GSI-treated and DMSO-treated cells.
Whole cell lysate (10 ng) prepared from T-LL 5759 cells cultured as above after 24 and 48
hours was immunoblotted for ICN1. (B) Freshly harvested T-LLs cells (5 x 10°) were
cultured in triplicates on OP9 or OP9-DL1 monolayers for 3 or 5 days before determining
viable cell counts. Average number of live cells was determined from triplicate wells. (B)

Proliferation of T-LLs cells is greatly reduced by GSI and is associated with abrogation of
ICNI1.
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Figure 3.2 Notchl gene deletions in T-LL samples. Total DNA isolated from primary T-
LL cells was subjected to amplification with 2 primer pairs: 1) intron la and intron 2
primers; and 2) intron 1 and intron 27 primers. The PCR products were gel electrophoresed
and then sequenced. Samples 8652, 2967, 2740 and 6620 contain deletions at the Notchl
gene. The deleted region of 8652 contains recombination signal-like sequences (RSS,
indicated by rectangle) at 5° and 3° ends. RSS contains 12- or 23-bp spacer flanked by
conserved heptamer and nonamer (* indicates conserved nucleotides). In the middle are N-
and P-nucleotides (underlined) that were added at the joining. In 2967, a deletion between
nucleotides 14379 (in intron 1) to 50728 (in intron 27) was observed. In 2740 and 6620,
deletions were identified between introns 1 and 26 at nucleotides 14260-49419 and
nucleotides 14563-49674, respectively. The reference Notchl gene sequence used is
AB100603.1 from GenBank.
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Figure 3.3 Notchl-dependent T-LLs contain truncated Notchl mRNA transcripts.
Total RNA (9-12 ug) from Rag2” thymocytes and T-LLs was gel-electrophoresed,
transferred to nylon membrane and hybridized with **P-labeled Notchl exon 34a and Hprt
(as a loading control) cDNA probes sequentially. Full-length wildtype Notchl transcripts
are 9.3 kb and 8 kb. The size of Hprt transcript is 1.4 kb.
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AB220

TG G T T AR e T CAC T TAA TAN TCAC G CA TG TECC TOCCATCE TRCCCAC TCC TCOCTCARC TTCAATCACCOC TOCAMGANC TOCACCCACT
AR TAAGC T IO AMC T C A TOTAA TAR TCACCCA TG T CC T OOl T CCCCAC IO TCOC TCARC TTCAATCACCOC TOCARGAMNC TECRCCCACT
AR TAAGC T IO AMC T A IO TAA TAR TCACCCA T C T C TGO A TGO T CCCAC IO TCCCTCARC T TCAATCAC COC TOCAMCARC TOCACCOACT
AR TAAGC T IO AMC T A IO TAA TAR TCACCCA T C T C TGO A TGO T CCCAC IO TCCCTCARC T TCAATCAC COC TOCAMCARC TOCACCOACT

T TG AAC T A IO TAA TAR TCACCCATC T TECOA TGO TECHCAE T TCCCTCARC T TCAATCAC COC TOCAMCARC TOCACCOACT
ACGCATCTECC TOC AT TRCCCAC IO TCOCTCARC T TCAATCACCOC TOCAAGANC TOCACCCACT

LI TACAC TG C T GG ARG TAT T T TAGC CACC OO CAC T e TOACAC O CAC T C AR TOCGC R C T C T T T TOAT OO TTOOACTECCASC TCACCORG O
LI TACAC TG C T GG ARG TAT T T TAGC CACC OO CAC T e TOACAC O CAC T C AR TOCGC R C T C T T T TOAT OO TTOOACTECCASC TCACCORG O
LI TACAC TG C T GG ARG TAT T T TAGC CACC OO CAC T e TOACAC O CAC T C AR TOCGC R C T C T T T TOAT OO TTOOACTECCASC TCACCORG O
LI TACAC TG C T GG ARG TAT T T TAGC CACC OO CAC T e TOACAC O CAC T C AR TOCGC R C T C T T T TOAT OO TTOOACTECCASC TCACCORG O
I TAC A TG T GG ARG TAT T T TG ECACC OO CAC T e TOACAC O CAC T C AR IO GO C T C T T T TOAT OO TTOOAC T CCACSC TCACCOAG O
LI TACAC TG C T GG ARG TAT T T TAGC CACC OO CAC T e TOACAC O CAC T C AR TOCGC R C T C T T T TOAT OO TTOOACTECCASC TCACCORG O
AE?EU
ACARCTGCAM OO C T TATCACCAC TAC TEC AN CACCACT TCAS TGATCOOCAC T CCACCACCOC TS TARMCACTCCCCAMATCTOCRACTOCCATOS
ACACTGCAMGtAaC OO C T TATCAC CAS TR TEC ARG O CACT TCAC TCAT GO CAC T CGAC CACGOC T TARMCACTOCCCAMTCTCRCTOCCATOD
ACARCTGCAM OO C T TATCACCAC TAC TEC AN CACCACT TCAS TGATCOOCAC T CCACCACCOC TS TARMCACTCCCCAMATCTOCRACTOCCATOS
ACRCTGCAN < C T TA T GAC C A TAC TG AN G CAC T T A TR T GG CAC T CGAC CACCCC T TARCACTCCCOAATE TCACTGOCNTCC
ACARCTGCAM OO C T TATCACCAC TAC TEC AN CACCACT TCAS TGATCOOCAC T CCACCACCOC TS TARMCACTCCCCAMATCTOCRACTOCCATOS
ACARCTGCAM OO C T TATCACCAC TAC TEC AN CACCACT TCAS TGATCOOCAC T CCACCACCOC TS TARMCACTCCCCAMATCTOCRACTOCCATOS

CCTAROAC IO IO TOACCATCTACC oA CCC TOOCAC OO COCAC CC T OO TCC TOC TOCTOC TCC T T CACCCCACCACC TACCOARC AN TCCTTOCRC
CCTRCAC TG TG TG AGCA T TAC O G AC OO TG AC OO S CACCC TGO IO IO TOC T C T TTOCAC O OO RO CACC TACCOARCAAC TCC TTCCRC
CCTRCAC TG TG TG AGCA T TAC O G AC OO TG AC OO S CACCC TGO IO IO TOC T C T TTOCAC O OO RO CACC TACCOARCAAC TCC TTCCRC
CCTRCAC TG TG TG AGCA T TAC O G AC OO TG AC OO S CACCC TGO IO IO TOC T C T TTOCAC O OO RO CACC TACCOARCAAC TCC TTCCRC
TG T C TG T GG A T TAC O LG A GG TG o AL OO SO CC T GG T e TG T oG TG C T T T CAC OO GACCACC TACCOANCARC TCCTTOCAC
CCTRCAC TG TG TG AGCA T TAC O G AC OO TG AC OO S CACCC TGO IO IO TOC T C T TTOCAC O OO RO CACC TACCOARCAAC TCC TTCCRC

T I TCTCCEECRGC ICACCCACO TEC TOCAC RO C AR IO T C T CARGC G TOA TC O S CARGCCCACCACATCATCTTCCOC TACTATCECCACCRGOARG
T I TCTCCEECRGC ICACCCACO TEC TOCAC RO C AR IO T C T CARGC G TOA TC O S CARGCCCACCACATCATCTTCCOC TACTATCECCACCRGOARG
TITCTCCEECAGC ICACCCACC TCC TOCAC RO CARC S TCC T C TTC ARG C TOA TO O CANGCCCAC CADRTOAT CTTCOOS TRC TATEOCCACCRCGIRAG
T I T TGO CAGC TCACCCACC TR TOCAC A CARCC T TC T O ARG C TOA TGOS C AR GO CCAC LA A TOA T CTTCOOC TACTATCECCACCACTARG
TITCTCCEECAGC ICACCCACC TCC TOCAC RO CARC S TCC T C TTC ARG C TOA TO O CANGCCCAC CADRTOAT CTTCOOS TRC TATEOCCACCRCGIRAG
T ITCTOCCCCACC TCACCCACCTOO TOCAC RO A TOC T C T ARG O TCATCOCCARGOCCAC LA TOAT CTT COOO TACTATCOCCACCRCOANRG

CACCTECTGCAC A AR S T TC T ARG C TEA T OO C ARG CCCAC CANATOAT CTTCOOSTACTATGOCCACCRGOARG

ACCTCCCCARCCACCCAR T ARG C T TACAS TOCS TTE GO CACC T T T CAC T T TOC IGCTACCAC TEE TGO CCOCACCECACOCRGC TOCACCC
ACCTCCCCARCCACCCAR T ARG C T TACAS TOCS TTE GO CACC T T T CAC T T TOC IGCTACCAC TEE TGO CCOCACCECACOCRGC TOCACCC
ACCTCCCCARCCACCCAR T ARG C T TACAS TOCS TTE GO CACC T T T CAC T T TOC IGCTACCAC TEE TGO CCOCACCECACOCRGC TOCACCC
ACCTCCCCARCCACCCAR T ARG C T TACAS TOCS TTE GO CACC T T T CAC T T TOC IGCTACCAC TEE TGO CCOCACCECACOCRGC TOCACCC
ACCTCCCCARCCACCCAR T ARG C T TACAS TOCS TTE GO CACC T T T CAC T T TOC IGCTACCAC TEE TGO CCOCACCECACOCRGC TOCACCC
ACCTOCOCAMCCACCCAATCAMC OO TCTACAS IO T TOOCCCACC T I TCAC T TTOC TOCTACCAC TOO TOCOC OO ACOOCRCOORCO TOCACCC
ACCTCCCCARCCACCCAR T ARG C T TACAC TOCE TTCCACCACCTC T T CAC T T TOC IGCTACCAC TEE TOCOC QOO ACCECACOCRGC TOCACCC
50045

ﬂmh?CCCTGGéTCChTTGTETAEETGCHE&TEEAEMEE‘ECCMTG’I’CTG

CATCOACATCCC TGO TCCATICTC TRCC TCCACATCCACAMCCCOCANTGTGIC

CATCOACATCCC TGO TCCATICTC TRCC TCCACATCCACAMCCCOCANTGTGIC
CATCOACATCOCTGOC TCCATICTC TARCCIGOACATCCACAMCOCCCANTOTOTC | Exon 27

CATCOACATCCC TGO TCCATICTC TRCC TCCACATCCACAMCCCOCANTGTGIC
CATCOACATCCCTOOC TCCATTOTC TACC TCCACATCCACAMCOCOCANTOTOTC

CATCOACATCCC TGO TCCATICTC TRCC TCCACATCCACAMCCCOCANTGTGIC

-B3
gtgaccoagagacagacocagaatocagocagagoaaaaggttgoagottoccacoocacatggotggtgggtgotgat ot teCTCCTGEIG TG TTCAGGT
ACARACCTECAATCCACGACCOCA TG C TCTCC T TR T GGG CARC AR COAGC ICTGC TT TC TGO C TRCC TOAC TOC TCECCTC T TOOC TTOCAGCTCCR
TR T T CAN G CCC T T ToAC AR T IO T O TG TOGATC TT T TOC TOACGA T TCAS TAAGACAC OO TG C COAGOTATCAGO TCTECANMC CACTGCOACCT
GOGAAGACACC TC TRCAA TCARCAMN. TCAAA TACAC TCACCARC AR TCOACCATCOACCAA TS CACATC TCTCRCC CTC TCOTOACARC TECO TR TCT
AT TR TCCAC O T AR T TC T oG T e C ARG E CAC ARG TCACC CCCTOCACCC TGO T OO TOCCACC T CCACCICACCTAC CTCOCAGC O
oG T TG TG T CC NG T T T T T T GO o TG a G T e T C T T C OO G C ARG C OO Do GO CACC AT GO CCAGC TC TOC T TOC D TOACCO TT TCAMAGT
CICACAC O CACCARCARCANGCOOACACACCCCC T OGO CAC A TC AL IO CC OO TCAR G C OO TCAMG AR TC OO TCACA TOC TGO TC TOAT OO GRC
ARTCACARCCARCTCOCOACACGANGACCTOCACRCCAACAMS TTCCOCT TTCACCAGC
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Cupp 18
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Figure 3.4 Sequences of 5 RACE products. Poly(A) mRNA isolated from T-LL cells was ligated to an
adaptor at the 5 end, reversed transcribed and subjected to nested amplification with an adaptor primer and
Notchl specific exons 27/28 in (A) or 30/31 primers in (B). RACE products were purified by gel
electrophoresis, cloned and then sequenced. Nucleotide 48220 is located in the middle of exon 25. The 5’
sequences of all RACE products correspond to the inner RACE adaptor sequence. Lowercase represents
intronic sequence. Different exons are distinguished by alternating black and blue color. Number on top of the
sequence corresponds to position in reference Notchl gene (GenBank AB100603.1). Underlined are Kozak
sequences that contain possible translation initiation ATG codon. In 1910, gtaa corresponds to the first 4
nucleotides of intron 25.
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Figure 3.5 Truncated Notchl transcripts start at sites other than exon 1. Schematic
diagrams showing RACE products as detailed in Fig. 3.4. Notchl specific inner primers at
exon 27 (A) and exon 30 (B) are represented by horizontal arrow. In sample 2967,
transcription initiation site occurred at 83 nucleotides (nt) upstream of first base of exon la.
TM represents transmembrane domain. S1, S2 and S3 denote proteolytic cleavage sites of
furin-convertase, ADAMI10 metalloprotease and y-secretase complex, respectively. M
indicates potential translation initiation methionine as predicted by the ATGpr program.
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Figure 3.6 Predicted amino acid sequences of 5> RACE products.

The amino acid

position is shown on top of the Notchl reference sequence. LNR-C denotes the third Lin12-
Notch repeat. S1, S2, S3 indicate proteolytic cleavage sites. TM represents transmembrane
domain. Underlined methionines (first amino acid of 1910, at 1615 and 1727) represent

putative translation initiation sites predicted by ATGpr program.

In 1910, translated

sequence began out-of-frame (gray letters), and it was put back into reading frame by a 4-

nucleotide insertion (see Fig. 3.4).
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Figure 3.7 Detection of ICN1 in T-LL samples. Western blotting of whole cell lysates
from T-LL samples and Rag2”" thymocytes for ICN1 with an antibody that recognize y-
secretase-cleaved Notchl.
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3.5 Discussion

The goal of this study is to determine how Asm™ T-LL cells activate Notch signaling
since HD mutations that render ligand-independent Notchl activation occur rarely.
Surprisingly, T-LLs cells lacking HD mutations do not depend on ligand binding in vitro for
their proliferation even though they are Notch-dependent. These results suggest that an
alternative ligand-independent mechanism of Notch activation must be operative in these
cells. Indeed a recent study has reported spontaneous development of two types of
intragenic deletions as mechanisms for aberrantly activating Notch signal in a ligand-
independent manner from other genetic models of T-LL*?. Type 1 deletions occur at
breakpoints in intron la (upstream of exon 1) and intron 2. These deletions have also been
reported in radiation-induced and Afm™ thymic lymphomas®****°; however, their functional
consequences in the Asm” model have not been determined. Notably, deleted regions
contain RS-sequences on both ends, suggesting that illegitimate V(D)J recombination was
responsible. These deletions remove exon 1 and promote intragenic transcription within
exon 25 resulting in truncated transcripts lacking extracellular ligand-binding sequences and
part of the NRR. These truncated transcripts are also detected when exon 1 and its promoter

have been targeted for deletion in Ikaros-deficient thymic lymphomas®”.

In this study we
identified truncated transcripts lacking exon 1 in Notch-dependent Asrm™ T-LLs. The
detection of truncated Notchl transcripts in T-LLs arising from diverse genetic background

suggest that ligand-independent activation of Notch is highly selected for during T-LL

development.
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When we looked for RAG-mediated Type 1 deletions by genomic PCR, we found

these in 4% of Atm™ T-LL, in contrast to >75% incidence found in other studies®**

. Tsuji
et al. also reported a lower frequency of RSS-flanked Notchl deletions in their Atm™ T-LL
cohort (24%)>". The relative low frequency of RAG-mediated deletion observed in ATM-
deficient T-LLs may be related to ATM’s function in repair of double-strand DNA break
(DSB). Indeed, a loss of y-H2AX foci has been observed in ATM-deficient cells and is

2

indicative of defective DSB repair’'>. Moreover, in ATM-deficient lymphocytes, a partial

block in coding join formation results in accumulation of unrepaired coding ends?’'**".
Thus, ATM deficiency compromises the fidelity of non-homologous recombination repair,
which may explain the lower incidence of Type 1 deletions observed in Afm™ T-LLs. Tsuji
et al. identified deletions without RSS in 41% of Am™ T-LL cases, which were
accompanied by microhomology sequences or nucleotide additions at their breakpoints®’.
The deleted regions (nucleotides 5105-25304) in these cases often lied outside of the Type 1
deleted region, hence the primers used here to amplify regions containing Type 1 deletions
(nucleotides 4760-17005) would fail to detect such non-RAG-mediated deletions. Most
non-RSS-mediated deletions remove exons 1b, 1c, 1 and 220 ATM deficiency also causes
an increased frequency of intrachromosomal homologous recombination that can result in
intragenic deletions®'®, possibly involving repetitive DNA sequences such as Alu repeats or
long interspersed elements (LINE). Non-allelic homogolous recombination has been
described as a mechanism for genomic deletions of NFI*'°, causing the tumor-predisposition
syndrome neurofibromatosis. Moreover, non-homologous recombination between Alu and
LINE-1 repetitive elements can cause deletions in the dystropin gene resulting in muscular

316

dystrophy” °. Examination of the Notchl locus identifies multiple Alu elements in introns
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la and 2, as well as LINE repeats in intron 2. Hence, recombination between repetitive
elements could be another potential mechanism for intragenic Notchl deletions. Lastly, the

frequent Type 1 Notchl deletions found by Ashworth et al.***

could result from a strong
selection for ligand-independent mutations in murine T-LL cell lines.

Our results reveal a unique case of truncated Notchl transcript that begins
transcription 83 nucleotides upstream of exon la. The presence of an initiator (Inr) element
supports this as a transcription start rather than the first nucleotide of exon 1la that lacks Inr
and other upstream transcription initiation elements such as TATA or GC-rich boxes. The
use of an alternative promoter at exon 1a has been reported in thymocytes, radiation-induced
thymic lymphomas and Ikaros-deficient T-LLs*'***>. At the genomic level, the
breakpoints for deletion in our case are located in intron 1 and intron 2, similar to those
found in Type 2 deletions. It is unclear to us why transcription starts at a 5’ alternative
promoter in spite of an intact exon 1 with its promoter. We hypothesize that other
oncogenic events, for example loss-of-function mutations in Ikaros, may alter the epigenetic
profile of Notchl such that transcription may begin at non-canonical promoters. In fact,
Gomez-del Arco et al. has recently shown that loss of lkaros, which normally represses
Notchl transcription at canonical (exon 1) and non-canonical promoters such as exon 1a and
exon 25, increases chromatin accessibility to transcription machinery at these sites®””. The
possibility that loss-of-function mutations in 7kzf1 may facilitate use of alternative promoters
deserves further study in our model.

Deletion-based mechanisms of Notchl activation and HD mutations are observed in

30% of Notch-dependent Afm™ T-LLs. There are likely other mechanisms for ligand-

independent activation of Notch signaling. For instance, other genomic rearrangements
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involving the Notchl locus include inversions, duplications and translocations with TCR
loci have been reported, but their functional significance has not been determined”’.
Notably, duplications and translocations frequently involve sequence downstream of intron
23 of Notchl, which would remove all extracellular EGF repeats and might disrupt NRR.
Another possibility is epigenetic remodeling of the Notchl locus to permit transcription
from alternative promoter, such as that within exon 25, as shown in k""" T-LLs*.

The truncated Notchl transcripts identified in our studies contain 3 methionines (2
locate in exon 26 and one in exon 28) as possible translation initiation sites. Sample 1910
also contains a methionine in exon 25. Ashworth and Gomez-del Arco have examined
which methionine in exons 26 and 28 is used as initiator>>**>. Both groups have mutated all
3 methionines and express in cell lines. Interestingly, only mutation of Met 1727 (exon 28)
abrogated expression, suggesting this as the initiator Met. Therefore, we conclude that the
exon 28 methionine is likely responsible for initiation of the truncated transcripts found in
our study.

Do intragenic deletions of NOTCHI occur in human T-LLs? The answer is yes.
Ferrando’s group has recently identified a T-LL case that harbors a Type 1 deletion®’. This
deletion results in a truncated transcript that begins in exon 26 and codes for a highly active
form of NOTCHI1 lacking extracellular sequences including NRR; hence, the truncated
protein functions in a ligand-independent manner. Intragenic deletions of NOTCHI are
likely rare events in human T-LLs since analysis of ~200 human T-LL samples fail to detect

232
d—”.

abnormality although small focal deletions could have been misse Nevertheless,

intragenic deletions add to a growing list of activating NOTCH I mutations found in human
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T-LLs including HD mutations'® and t(7;9) that juxtaposes TCRp locus to exon 25 of

NOTCHI?'.
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4. KRUPPEL-LIKE FACTOR, KLF9, PROMOTES
PROLIFERATION OF NOTCH-INDEPENDENT T

LYMPHOBLASTIC LYMPHOMAS

4.1 Abstract

Notchl signaling is required for normal T-cell development, but ectopic Notchl activity
causes T lymphoblastic leukemia/lymphoma (T-LL). Binding to Notch ligands triggers
intramembranous Notchl cleavage, releasing active intracellular Notchl (ICN1) from the
plasma membrane. Gain-of-function NOTCHI mutations that promote ligand-independent
cleavage or increase ICN1 stability are very frequent in human and mouse T-LLs. However,
some studies suggest that wild-type NOTCH1 portends a worse prognosis for human T-LL.
Therefore, we set out to define signals that promote proliferation and survival of ICN1-
negative T-LLs that develop spontaneously in mice lacking the Ataxia-telangiectasia
mutated (Atm) tumor suppressor gene. Although Arm™ T-LLs that were ICN1" displayed
Notch-dependent growth, about 20% of Asm™™ T-LLs had undetectable ICN1 (UD-ICN1),
expressed low levels of Notchl targets and exhibited Notch-independent growth. Gene set
enrichment analyses of genes differentially expressed between UD-ICN1 and ICN1" T-LLs
revealed that UD-ICN1 T-LLs expressed higher levels of Kriippel-like factor 9 (KIf9) and
other transcription factors associated with the highly proliferative pre-double positive
(preDP) stage of normal T-cell development. KIf9 regulates proliferation and survival of
non-T-cell malignancies. siRNA knock-down experiments showed that KI/f9 promoted

proliferation of UD-ICNI1 cells.



99

4.2 Introduction

T lymphoblastic leukemia and lymphoma result from malignant transformation of T-
cell progenitors. Both are regarded as different manifestations of the same disease
distinguished by degree of bone marrow infiltration®'’. Childhood survival rates for T-LL
are 70-90%°'%; whereas adult survival is worse (50-60%) regardless of disease type’".
Unfortunately, refractory or relapsed T-LL portends a dismal outcome™'**'**. Hence, there
is a need to discover more effective therapies. Because gain-of-function NOTCHI mutations
occur in >50% of human and murine T-LL'**'. NOTCH1 signaling has recently emerged as
a new therapeutic target in T-LL***%%,

Notchl is a heterodimeric transmembrane receptor critical for T-cell-lineage
specification, commitment and proliferative expansion of committed T-cell progenitors®>.
Ligand binding to Notchl extracellular sequences relieves the “auto-inhibited” juxta-
membrane negative regulatory region. This exposes the heterodimerization domain (HD) to
cell surface ADAM metalloproteases, which cleave between positions 1710 and 1711 of
mouse Notch1?*. The Notchl transmembrane region is then cleaved by y-secretase complex
to release active ICN1 into the cytoplasm, after which it migrates to the nucleus and binds a
transcription factor known as recombination signal binding protein for immunoglobulin
kappa J (RBPJ)'°***". ICNI1 displaces transcriptional co-repressors and recruits co-
activators to RBPJ, inducing expression of Notchl target genes such as Hesl, DtxI, 112ra
and Notch3'°*'%®, ICN1 is highly unstable because its C-terminal PEST domain is subjected

to Fbw7-mediated ubiquitination and proteosomal degradation®'"*'®. Thus during normal T-

cell development, Notchl activation is spatially restricted to Notch ligand-bearing niches
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and is of limited duration. However in T-LL, HD mutations allow for ligand-independent
Notchl activation, whereas PEST mutations increase ICN1 stability, leading to ectopic
and/or excessive Notch! activity' 2%,

Survival and proliferation of T-LL blasts can be greatly attenuated by treatment with
y-secretase inhibitors (GSI) in cell culture, suggesting that they remain “addicted” to active
NOTCHI signaling'®**. This finding, coupled with the high frequency of Notch pathway
mutations has made Notch a target for therapeutic intervention’'. The prognostic
significance of NOTCHI mutations in human T-LL remains controversial. Some studies

256,259,326

conclude that NOTCH] status is not predictive of patient outcome In contrast,

other studies suggest that an absence of NOTCH pathway mutations is associated with less

favorable clinical outcomes®>'*?’

. Thus, it is important to identify mechanisms controlling
proliferation of NOTCH-independent T-LLs in order to identify potential therapeutic targets
for this subgroup of T-LL.

The phosphatase and tensin homologue (PTEN) tumor suppressor gene is frequently
deleted or inactivated in murine and human T-LLs''"""*"#%2% " T 055 of PTEN function can
sometimes bypass the need for active Notch signaling in established T-LL cell lines with
mutant NOTCHI''"'. However, a more extensive study of primary murine and human T-LL
cells did not support the conclusion that PTEN inactivation endowed T-LLs with Notchl-
independent growth capacity®*®. Thus, pathways that promote proliferation and survival of
T-LL cells in a Notch-independent fashion are not well defined.

T-LLs arise from a disordered developmental process that leads to accumulation of

malignant blasts that show many similarities to normal T-cell progenitors. Most commonly,

T-LL blasts resemble early to intermediate stages of normal T-cell development that take
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place in the thymic cortex. These stages include CD4/CDS8 double negative (DN), CDS8 ISP
and DP progenitors’. T-cell development begins when Notchl signaling drives T-lineage
specification and commitment of thymus-seeding progenitors to progress from DN1 to DN3
in the thymic cortex. Progression through the remaining cortical phases requires successful
Tcerb gene rearrangement to allow for expression of TCRf protein, which rescues DN3
thymocytes from cell death by allowing expression of pre-TCR complex. Notchl and pre-
TCR signaling collaborate to promotes self-renewal of TCRB" DN cells followed by their
differentiation through DN4 and CDS8 ISP stages to generate a large number of DP
thymocytes in a process known as B-selection'”’?*. DN4 and CD8 ISP progenitors
proliferate extensively. These cells are known as “preDP” because they rapidly differentiate
into DP cells in the absence of cytokines or stromal cells’*’. Their DP progeny divide less
extensively and eventually give rise to quiescent small DP (smDP) cells'****. Proliferation
of “B-selected” DN3 and DN4 thymocytes remains highly Notchl-dependent, but
proliferation of CD8 ISP and DP cells is Notchl-independent'*'****'. Thus, ICN1+ T-LLs
arrested at the CD8 ISP or DP stages inappropriately retain Notch-dependence for
proliferation.

In this study, we set out to define signals that promote proliferation and survival of
murine T-LL cells lacking ICN1 expression. Mice lacking Atm, a PI3K-like tumor
suppressor protein kinase, develop aggressive T-LLs between 3-6 months of age”®. Similar
to human T-LLs, Atm™™ T-LL blasts arrest during cortical stages of thymocyte maturation
and harbor translocations involving TCR loci**>. Thus, Arm” mice provide a relevant
animal model for understanding precursor T-cell malignancy. By characterizing a large

cohort of primary T-LLs from Afm” mice we identified a subset that lacked ICNI,
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expressed very low levels of Notchl target genes and grew in a Notch-independent fashion.
Here we provide evidence that KIf9, a member of the Kriippel-like factor family of

transcriptional regulators implicated in development and differentiation of many cell

333-335

types , regulates proliferation of Notch-independent T-LLs, suggesing that KIf9 may

provide a novel therapeutic target for human T-LLs lacking activating NOTCH I mutations.
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4.3 Materials and Methods

4.3.1 Mice

129S6/SvEvTac-Atm™***/J heterozygotes®® (Jackson Laboratory, Bar Harbor, ME) were
mated to generate Arm™, Atm™" and Atm™" progeny. B6.129S6-Rag2™'™* (Rag2™") mice
were purchased (Taconic Farms, Germantown, NY). All mice were housed under pathogen-
free conditions at the Toronto Centre for Phenogenomics (Toronto, ON). Pre-malignant
thymocytes were harvested from Asm™ mice at 4-6 weeks of age. Thymocytes harvested

from moribund Atm™

" mice with enlarged thymi were the source of primary T-LL samples,
and thymocytes from Asm™" littermates were used for comparisons. All procedures met the

requirements set forth by the Guidelines and Policies of the Canadian Council on Animal

Care.

4.3.2 Cell culture

Atm™™ T-LL cell lines were established by culturing viably frozen T-LL cells in RPMI 1640
media (Wisent, St-Bruno, QC) containing sodium pyruvate, glutamine, non-essential amino
acids, HEPES, 2-mercaptoethanol, 10% fetal bovine serum and murine interleukin-7 (IL-7).
The cells were maintained by passaging in fresh media containing IL-7 every 2-4 days. Cell
lines were established when cells were proliferating and attaining >80% viable cell recovery
with each passage. T-LL cell lines were then maintained in the same media in the presence
of IL-7.  Where indicated, cells were incubated with either 1 uM of GSI X (Calbiochem,
Billerica, MA) or 0.1% (v/v) DMSO vehicle control for 48 hours. CellTiter-Blue reagent

(Promega, Madison, WI) was used according to manufacturer’s instructions to assay
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viability. For in vitro proliferation assays, BrdU (10 uM) was added one hour prior to cell
harvest, and labeled cells were detected using a BrdU flow kit according to the

manufacturer’s protocol (BD).

4.3.3 Western blotting

T-LL cells and thymocytes were lysed in modified RIPA buffer supplemented with
phosphatase inhibitor cocktail and protease inhibitor cocktail (Thermo Scientific, Rockford,
IL), according to Millipore technical publication mcproto402 (www.millipore.com). Protein
concentration was determined by Lowry assay (Bio-rad, Missisauga, ON). Whole cell
lysates (15-20 ug) were separated by 8% SDS-PAGE, transferred onto PVDF membrane,
which was incubated first with mouse monoclonal antibody against PTEN (clone 6H2.1;
Cascade Bioscience, Winchester, MA), rabbit polyclonal antibody against cleaved Notchl,
or rabbit monoclonal antibody against f-actin (Cell Signaling Technology, Danvers, MA),
followed by horseradish peroxidase-conjugated secondary goat anti-mouse or anti-rabbit
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). Blots were developed by

chemiluminescence using ECL reagents (GE Healthcare).

4.3.4 Flow cytometry

For immunophenotyping, live single-cell suspensions of T-LLs and littermate Asm ™"
thymocytes were stained using standard techniques®’' with antibodies purchased from BD
Biosciences (San Diego, CA) specific for CD4 (RM4-5), CD8a (53-6.7), CD25 (7D4) and
TCRP (H57-597) conjugated to FITC, PE or APC. After staining, cells were re-suspended in
propidium iodide (1 ug/ml). Unstained cells were used for comparison. For detection of

BrdU and activated caspase-3, T-LL cells were stained with Fixable Blue (Invitrogen, Grand
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Island, NY), fixed and permeabilized prior to staining separately with APC-conjugated anti-
BrdU and FITC-conjugated anti-activated caspase-3 (BD), according to manufacturer’s
protocols. Stained cells were analyzed by LSR II cytometer (BD) and FlowJo software (Tree

Star, Ashland, OR).

4.3.5 Notch1 mutation analysis

The following primers were used to amplify exons 26, 27 and 34a of mouse Notchl from
genomic DNA (45 ng) by phenol-chloroform extraction®™': HD1 fwd,
GCTGAGTTTCTTTAGAGTC; HDI1 rev, CCTCCCCTGAGGTTACACCT; HD2 fwd,
GAGTGTCCCATTGCGGGGCT; HD2 rev, TGCAGAGGTCAGAAAGTGTT;
PEST1 fwd, GCTCCCTCATGTACCTCCTG; PESTI1 rev,
TGCTGGGTCTGCACCAGGTGA;  PEST2 fwd, @ TACCAGGGCCTGCCCAACACG;
PEST2 rev, GCCTCTGGAATGTGGGTGAT. PCR cycling conditions were: 94 °C for 2';
35 cycles of 94 °C for 15", 62 °C for 30" and 72 °C for 1'; 72 °C for 10'. PCR products were
purified with QIAquick PCR purification kit (QIAGEN, Toronto, ON) and sequenced at the
Toronto Centre of Applied Genomics facility (TCAG, Hospital for Sick Children). In some
cases, heteroduplex analysis was used to detect PEST mutations®*. 5’-FAM-conjugated
PEST2 fwd & PEST2 rev primers were used to amplify part of exon 34a where PEST
mutations frequently clustered. Amplified products were denatured at 95 °C for 10 min and
then gradually cooled to 40 °C to form mismatch heteroduplexes in mutated samples. These
samples were incubated with CEL I (a mismatch-specific endonuclease) at 40 °C for 1 h

followed by analysis of the fragments with ABI Prism Model 3100 capillary electrophoresis

machine and GeneMapper software (Applied Biosystems, Carlsbad, CA).
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4.3.6 Northern blotting

Total RNA was extracted from T-LL cells and Rag2”™ thymocytes using either the
guanidinium thiocyanate-phenol-chloroform method’®® or the RNeasy Plus Mini Kit
(QIAGEN, Toronto, ON). RNA was quantitated on a NanoDrop spectrophotometer (Thermo
Scientific). Total RNA was electrophoresed in 1% agarose containing 1X MOPS and
3%(v/v) formaldehyde for 16 h at 55 V. RNA was transferred to Nylon membranes in 20X
SSC after washing with 0.05 N NaOH and neutralizing with 2X SSC. RNA was UV cross-
linked to membranes and hybridized with *?P-labelled Notchl c¢DNA fragments
(corresponding to exon 34a) obtained from restriction digest of Notchl cDNA plasmid with
EcoRV and HindIII overnight at 42 °C. Membranes were washed with 1X SSC/0.1% SDS
twice for 10 min followed by 2x5” washes with 0.2X SSC/0.1% SDS at 65 °C. X-ray film
was developed after 2 days of exposure at -80 °C. Membranes were stripped and reprobed

with Hprt cDNA as loading control.

4.3.7 Quantitative real-time PCR

Total RNA was reverse transcribed using oligo dT to yield cDNA which was amplified
using the following primer pairs: Ptprc fwd, AAGTCTCTACGCAAAGCACGG;
Ptprc_rev, GATAGATGCTGGCGATGATGTC; Dtx1 fwd,
CCGCATCGTCTATGACATC; Dtxl rev, GAGCAATCTCAGCACCTTTC; Hesl fwd,
CACAGACCCGAGCGTGTTG; Hesl rev, GACAGGAAGCGGGTCACCTC;
Notch3 fwd, CAGGCGAAAGCGAGAACACG; Notch3 rev,

CACCCTTGGCCATGTTCTTCA. 5’-FAM- and 3’-TAMRA-conjugated Hesl probe
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(CGCGCCGGCTTCAGCGAG) was used along with the primer pair. Primer and probe
mixes for /2ra and KIf9 were purchased from Applied Biosystems Inc. under these
conditions: 95 °C for 10'; 40 cycles of 95 °C for 15" and 60 °C for 1'. Standard curves
prepared from plasmid DNA (cDNA clones obtained from Open Biosystems) were included

for absolute quantification.

4.3.8 KIf9 knockdown

The following Accell siRNA reagents were obtained from Thermo Scientific Dharmacon:
SMARTpool - mouse K/f9 siRNA (siKlf9), non-targeting siRNA #1 (siNT), and delivery
media. Cultured T-LL cells were washed twice with PBS prior to seeding at 250,000
cells/well in 500 ul of serum-free Accell delivery media containing mouse IL-7 (5 ng/ml,
Peprotech, Rocky hill, NJ) and 2 uM siKIf9 or siNT. After 48 hours, cells were harvested

for RNA extraction, BrdU and activated caspase-3 staining.

4.3.9 Gene expression microarray and data analysis

Twenty primary T-LL samples as well as 4 samples of non-malignant At thymocytes
(Thy) from 4-6 week old mice were subjected to genome-wide expression profiling using
[1lumina mouse Ref8 v1.1 gene expression microarray chips according to standard protocols
(TCAG facility). Raw signals from 24,613 probes were subjected to pre-processing steps
including background correction, transformation and normalization using the /umi package
from Bioconductor’®. Pre-processed data were then analyzed with Bridge-PLSR*>’ (partial
least squares regression) a supervised dimension reduction method that represents the
underlying variation in the data set by a two-dimension plot. The axes of this plot are

referred to latent variables (LV1 and LV2) and they accounted for 27% and 17% of variation
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in the data set. The following statistical analyses were also performed on the data set using
Limma (linear model for microarray analysis) package®®: principal component analysis,
unsupervised hierarchical clustering, ANOVA F-statistics, and moderated t-statistics. Pre-
processed expression values of Notch target genes were used for hierarchical clustering
using the complete-linkage method within the R package. Data processing and other

statistical analyses were performed with R software.

4.3.10 Gene set enrichment analysis (GSEA)

We selected UD-ICN1 vs. T-ICN1 and UD-ICN1 vs. pre-malignant Asm” thymocyte
comparisons and generated gene lists ranked according to differential expression in each 2-
group comparison. Expression data from the 24,613 probe-sets were first collapsed to
17,133 unique genes by selecting probesets with the highest ANOVA F-statistics among
those representing the same genes. Unique genes were then ranked for each comparison
using moderated t-statistics, a value that reflects the difference in mean expression values
for the two groups (magnitude of differential expression) as well as the variance of that
gene’s expression within each group. Gene sets compared to our ranked lists of
differentially expressed genes encompassed diverse biological functions and pathways and
were obtained from 5 sources: National Cancer Institute /Nature Pathway Interaction
Database (http://pid.nci.nih.gov/PID/index.shtml), Biocarta pathways
(http://www.biocarta.com), KEGG Pathway Database
(http://www.genome.jp/kegg/pathway.html), the Gene Ontology database
(http://www.geneontology/org/), and the Pfam  protein families database

(http://pfam.sanger.ac.uk/). In addition, a list of transcription regulators differentially

expressed between preDP and smDP stages of murine T-cell development was obtained
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from Tabrizifard et al.”** and used to generate 2 gene sets: PreDP > SmDP and PreDP <
SmDP.

GSEA was performed as described previously’*. Briefly, an enrichment score (ES)
was calculated according to weighted Kolmogorov-Smirnov-like statistic to reflect the
degree of which genes in each set clustered toward either end of the ranked list of
differentially expressed genes. Statistical significance for ES (nominal p value) was
estimated by permutating genes in the gene set and re-calculating the ES to generate a null
distribution. The nominal p value represented the frequency that ES of the permuted data =
observed ES. With multiple gene sets, the estimated significance of ES was further adjusted
for multiple hypothesis testing to give the false discovery rate (FDR) q value. We included
gene sets containing 10-500 genes, and performed 2,000-8,000 gene-set permutations.
GSEA results were visualized using Cytoscape and Enrichment Map software®'. The
following filtering criteria were used for displaying gene sets: nominal p < 0.01, FDR q <

0.05, and the overlap coefficient was set to 0.5.
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4.4 Results

4.4.1 Atm™ T-LLs exhibit a spectrum of Notchl activity and CD4/CD8 phenotypes

As shown in chapter 2, 63% of T-LL expressed high levels of truncated ICN1 due to
mutations in the C-terminal PEST domain, whereas 17% expressed non-truncated ICNI1
(NT-ICN1) protein with the same apparent molecular weight as wild-type ICN1 (Fig. 2.1B,
Table 2.1). A third group of samples (20%) had undetectable ICN1 (UD-ICN1) protein (Fig.
4.1A, Table 2.1) and very low or undetectable, Notchl mRNA (Fig. 4.1B). Thus, we
identified a distinct subgroup of Azm™ T-LLs that lack expression of Notchl mRNA and
protein. Since T-LLs are arrested at varying stages of T-cell development, we analyzed the
CD4 and CD8 expression to define maturational stage for samples in different Arm™ T-LL
subgroups. T-ICN1 samples displayed considerable immunophenotypic heterogeneity, with
a majority containing predominantly CD8 SP cells (Table 2.1). All NT-ICN1 and a majority
of UD-ICN1 T-LLs examined consisted predominately of DP cells. In all 3 groups,
abnormal lymphoblasts expressed low to intermediate levels of surface TCRP. Therefore, as
with the majority of human T-LL cases, Afm” T-LLs were arrested at CD8 ISP and DP

stages of thymocyte differentiation.

4.4.2 ICNI T-LL subgroups vary in levels of Notch target gene expression

To gain insights into pathways that regulate survival and proliferation of UD-ICN1
T-LLs, we performed genome-wide expression profiling on total RNA from 10 T-ICNI1, 4

NT-ICN1 and 6 UD-ICN1 T-LL samples. Pre-malignant Arm™ thymi (n=4) harvested from
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4-6 week-old mice and consisting predominantly of normal DP thymocytes were also
included. To determine if the 3 distinct ICN1 subgroups had differing levels of Notchl
activity, we performed unsupervised hierarchical clustering of normalized expression values
for several direct Notchl target genes: Hesl, Dtxl, Notch3, Il2ra, Nrarp, Ptcra and Notchl
(Fig. 4.2A). Strikingly, UD-ICN1 samples and most T-ICN samples formed discrete clusters
at opposite ends of the dendrogram, indicating that T-ICN1 and UD-ICNI1 protein status was
associated with high and low Notchl activity, respectively. qRT-PCR studies confirmed that
T-LL samples expressed significantly higher levels of direct Notchl targets such as Hesl,
Dix1, Notch3 and I12ra than UD-ICN1 samples (Fig. 4.2B). Furthermore, T-ICN1 samples
also expressed significantly higher levels of surface CD25 and had more CD25" cells than
the other 2 groups (Fig. 4.2C). Although T-ICN1 T-LLs also expressed significantly higher
levels of Hesl and DtxI than NT-ICNI1 cases, //2ra and Notch3 levels were highly variable
in this group, explaining why this group did not cluster together. Finally, pre-malignant
Atm”" thymocyte samples formed a discrete cluster next to the UD-ICN1 samples, consistent
with previous studies demonstrating low Notch activity in DP thymocytes®****.
Collectively, these findings demonstrate that UD-ICN1 T-LLs exhibit significantly lower
levels of Notchl activity than T-ICN1 T-LLs, whereas levels of Notchl activity were more
heterogeneous in NT-ICN1 samples.

To test whether Notchl activity is functionally required for survival and growth of
UD-ICN1 T-LL samples, we measured the impact of y-secretase inhibition on growth of
cell-culture adapted primary T-LLs with T-ICN1 or UD-ICNI1. As expected, additon of GSI
significantly reduced viable cell recoveries from T-ICN1 cell lines, confirming their Notch

dependence (Fig. 4.2D). In contrast, viability of UD-ICN1 T-LL cell lines was unaffected
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by treatment with GSI, demonstrating that their survival and growth was Notch-independent.
Collectively, these data show that although most T-LLs arising have activating Notchl
mutations and require continued Notch signaling for survival and growth, a significant
fraction shows undetectable Notch1 activity and proliferate in a Notch-independent manner.
To determine if PTEN loss could explain the Notch-independence of UD-ICN1 T-
LLs, we evaluated PTEN protein expression in T-LL cells belonging to each ICNI1
subgroup. This analysis confirmed previous studies showing frequent PTEN loss in human

and murine T-LLs'!'"*3

. However, one UD-ICNI1 sample retained PTEN expression,
suggesting that PTEN loss was not necessary for Notch-independent growth (Fig. 4.3).
Furthermore, growth of all PTEN-negative samples in T-ICN1 (Fig. 4.2D) and NT-ICN1
sub-groups was GSI-sensitive (Fig. 3.1A), demonstrating that PTEN loss is not sufficient to
confer Notch-independent growth to Notch-addicted T-LLs that arise spontaneously in A#m™

mice. Thus, in agreement with Meydouf et al.**®, we found no correlation between PTEN

status and dependence on Notch signaling.

4.4.3 UD-ICNI T-LL subgroup is enriched with gene sets involved in cell

proliferation

To identify proliferation and survival pathways that might sustain Notch-independent
UD-ICN1 T-LLs, we carried out more global analysis of our gene expression data set.
Specifically we sought to (1) identify genes that distinguished all T-LLs (including the UD-
ICN1, NT-ICN1 and T-ICNI1 subgroups) from pre-leukemic thymocytes; and (2) identify
gene expression profiles associated with ICN1 status. The workflow of our analysis is

summarized in Fig. 4.4. In order to determine how much variation in expression across the
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24,613 probe-sets can be explained by ICNI1 status, we used a supervised dimension-
reduction method, called Bridge-partial least squares regression analysis®’. Using this
method, we summarized most of the variation in the data set across all 4 sample groups into
two variables, called latent variables (LV1 and LV?2), represented by the x- and y-axes (Fig.
4.5A). LVI and LV2 explained 27% and 17%, respectively, of variation seen in the data set.
LV1 clearly distinguished all T-LLs from pre-malignant Afm™ thymocytes, whereas LV2
separated the T-LL subgroups. One sample from NT-ICN1 group clustered with the UD-
ICN1 group, suggesting that heterogeneity within this group was not restricted to Notch
target expression. Most importantly, however, this analysis revealed consistent differences
in global gene expression profiles of T-ICN1 and UD-ICN1 samples.

We used GSEA to assess how differences in gene expression might influence a
variety of biological processes, because small changes in many genes, rather than a large
change in a few genes, can result in large cumulative effects on cellular processes**’. This
approach compares lists of genes ranked according to differential expression with publicly
available gene sets grouped according to involvement in particular pathways or cellular
processes. We ranked genes based on differential expression in UD-ICN1 (UD-TLL) vs. T-
ICN1 (T-TLL) and UD-ICNI1 vs. pre-malignant Atm”~ thymocytes comparisons. Rankings
were based on moderated t-statistics, a metric that encompasses both magnitude and
significance of differentiation expression. In each ranked list, genes expressed at
significantly higher levels in group 1 (UD-ICN1 T-LLs in both comparisons) clustered at the
top, whereas genes expressed significantly lower levels in group 1 clustered at the bottom.
Genes whose expression did not significantly differ between the 2 groups assorted to the

middle of the ranked gene lists. We then used GSEA to calculate an ES, a running-sum
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statistic that reflects the degree to which genes in a given set were over-represented (or
enriched) at either end of the ranked list.

The gene sets evaluated represented diverse biological functions and pathways from
public databases, and results were visualized with Cytoscape®®' (Fig. 4.5B). Gene sets
(depicted as circular nodes) with high positive ES (red nodes) included genes that were
significantly over-represented among those expressed at higher levels in group 1 vs. group 2.
In contrast, gene sets with high negative ES (blue nodes) included genes that were over-
represented among those expressed at lower levels in group 1 vs. group 2. Nodes with white
centers or borders contained genes that were not enriched at either end of the ranked gene
list. Some nodes contained white centers and red borders, indicating no enrichment (or
differential expression) in the UD-UCNI1 vs. T-ICN1 T-LL comparison, but significant
positive enrichment (or over-expression) in the UD-ICN1 T-LL vs. Atm” Thy comparison.
This pattern of differential expression highlights biological functions important for the
malignant phenotype irrespective of the ICNI1 status, and included clusters of nodes
involved in proteolysis, amino acid metabolism, RNA polymerase, as well as ribosomal and
mitochondrial activity. Importantly however, many nodes had red centers, identifying
cellular processes that differentiate UD-ICN1 from T-ICN1 T-LLs. In some cases these
nodes had white borders, signifying no enrichment in the UD-ICN1 T-LL vs. Atm” Thy
comparisons. Gene sets in this category were involved in cell cycle control, DNA
replication, ubiquitin-mediated proteolysis and chromosome function. Thus, several cellular
processes differentiate UD-ICN1 from T-ICN1 T-LLs, but UD-ICN1 T-LLs also shared

some biological features of pre-malignant thymocytes.
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4.4.4 UD-ICNI T-LLs exhibit a preDP-like transcription factor gene expression

signature

Most UD-ICN1 and T-ICN1 T-LLs were arrested at the preDP or DP stage, during
the transition from Notchl-dependent to Notchl-independent proliferation in normal T-cell
development. Therefore, we performed GSEA using transcription factor (TF) gene sets
defined on the basis of their changing expression across this transition. One gene set
included TFs that are more highly expressed in cycling preDP cells compared with quiescent
smDP cells (preDP > smDP) whereas the second gene set showed the opposite pattern
(preDP < smDP) (Table 4.2)>*.  We used these gene sets to perform GSEA on differentially
expressed genes from UD-ICN1 vs. T-ICN1 as well as UD-ICNI vs. Am™ Thy
comparisons. The preDP > smDP gene set had high positive ES in both comparisons (with
FDR q = 0.04 and 0.0003), suggesting that TFs highly expressed in preDP thymocytes
(relative to smDP cells) were also more highly expressed in UD-ICNI relative to T-ICN1 T-
LL samples and pre-malignant thymocytes (Fig. 4.6A top plots). Conversely, the preDP <
smDP gene set had a high negative ES in the UD-ICN1 T-LL vs. pre-malignant thymocyte
comparison, indicating that genes expressed at high levels in smDP cells (relative to preDP
cells) were also expressed at high levels in Arm™ thymocytes relative to UD-ICN1 T-LLs
(Fig. 4.6A bottom plot; FDR q = 0.0002). This latter finding makes sense because smDP
cells are the most abundant subset in pre-malignant Azm™ thymocytes®’'. Collectively, these
bioinformatics analyses suggest that UD-ICN1 T-LLs highly express a set of transcription
factors that are normally down-regulated as proliferating preDP mature into quiescent smDP

cells.
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We next carried out a gene-by-gene analysis to identify TFs within the preDP >
smDP gene set that contributed to the positive ES for UD-ICN1 vs. T-ICN1 comparison
(Fig. 4.6B, blue rectangle). Interestingly, Hes! was at the bottom of the list and was already
shown to be low in UD-ICNI relative to T-ICN1 T-LL samples (Fig. 4.6B). Six of the 13
TFs (KIf9, Wdhdl, Hmgn5, Rfcl, Cnot7 and Mcm4) that contributed to the positive ES are
known to be involved in proliferation or DNA replication in different cell types®*~*=*,
suggesting that they might also promote proliferation of preDP cells. Unexpectedly, 2 TFs

348349 a1so contributed to

that are known to suppress cell cycle progression (Cops2 and Rbl1)
the positive ES. At the top of the list was Kriippel-like factor 9 (KIf9), a member of the
Kriippel-like TF family, which has been shown to promote proliferation of intestinal crypt

cells®*

. However, it’s role in T cell development has not been examined. KIf9 expression
was 2.5-fold higher in UD-ICNI1 relative to T-ICN1 samples (p = 0.047) in the microarray
experiment. To validate this difference, we measured KI/f9 mRNA by gqRT-PCR and
confirmed that although levels varied considerably among individual samples, on average
UD-ICN1 T-LLs expressed significantly more K/f9 mRNA than T-ICN1 T-LLs (7-fold, p =
0.028; Fig. 4.6C). The relatively higher K/f9 expression in UD-ICN1 cells and its known

function in regulating proliferation of non-lymphoid cells suggested a similar role for KI/f9 in

UD-ICNI T-LLs.

4.4.5 KIf9 regulates proliferation of UD-ICN1 T-LL cells

Interestingly, KIf9 represses NOTCH] transcription in human glioblastoma cells®*’.

Furthermore, Hesl was reported to repress expression of a related family member, Kif4, in

intestinal epithelial precursors®'. Since KIf9 expression was highest in T-LLs with low
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Notchl activity, we asked if high K/f9 expression might be responsible for low Notchl
expression in UD-ICN1 T-LL cells. However, K/f9 knockdown did not impact Notchl
expression in UD-ICN1 cells (data not shown). Furthermore, inhibiting Notch activation
with GSI did not increase K/f9 expression in T-ICN1 T-LLs (data not shown). Therefore, we
found no evidence that KIf9 and Notchl regulate each other’s expression in Arm™ T-LLs,
suggesting that other mechanisms underlie the almost mutually exclusive expression of K/f9
and Notchl in Notch1-dependent vs. Notch1-independent T-LLs from Afm™ mice.

Since KIf9 promotes proliferation in some contexts, we measured the impact of K/f9
knockdown on cell cycling in 3 UD-ICN1 T-LL cell lines (6625, 6652 and 6924) as well as
on the T-ICN1 T-LL cell line with the highest K/f9 expression among its group (6925).
Cells were incubated with K/f9 siRNA (siKIf9) or non-targeting siRNA (siNT) for 2 days
prior to measuring BrdU incorporation. Importantly, KI/f9 knockdown significantly
decreased the proportion of BrdU" cells in all 3 UD-ICN1 cell lines (Fig. 4.7A-B). The
mean decrease in proportion of BrdU" cells was the highest in UD-ICN1 cell line 6652, but
ranged from 8% to 19%. The degree of KI/f9 knockdown was also most robust in cell line
6652, and ranged from 20 to 65% (Fig. 4.6C). In contrast, a comparable efficiency of KI/f9
knockdown (60%) did not alter proliferation of T-ICN1 T-LL cell line 6925. Although other
KIf family members have been reported to regulate apoptosis® >, KIf9 knockdown did not
affect survival of UD-ICN1 T-LL cell lines based on proportion of dead cells and activated
caspase 3 staining (Fig. 4.8). Collectively, these studies provide evidence that KIf9

promotes proliferation specifically in Notch-independent UD-ICN1 T-LL samples.
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Table 4.1 Characterization of Notch1 protein and Notchl mutations in 20 Atm” T-LLs

Mouse ICN1 Notch1 Mutation
ID MW’ (kD) PEST HD
T-ICN1 (n=10)
1756 70 c.7300C>T ¢.5003T>C
1975 100 MUT? WT?
2037 80 MUT WT
2967 100 MUT WT
3496 100 ¢.7076G>C; ¢.7078_7079insG WT
5173 100 MUT WT
6106 75 MUT c.5128G>C
6620 65 c.7352_7364delTGACCACTACCCA WT
6658 65 MUT WT
6925 90 c.7076G>A; ¢.7076_7077insAAAA WT
NT-ICN1 (n=4)
1910 110 WT WT
2490 110 WT WT
2971 110 WT WT
2103 110 -4 --
UD-ICN1 (n=6)
1755 ubD WT WT
1898 ubD -- -
4299 ubD WT WT
6625 ubD WT WT
6652 ubD WT WT
6924 ubD WT WT

NM_008714.3 is used as the Notch1 coding DNA reference sequence
and nucleotide 1 refers to the first base of ATG-translation initiation
codon.

Footnotes:

(1) MW, molecular weight.

(2) MUT, Notch1 PEST mutations detected by heteroduplex assay.

(3) WT, wildtype.

(4) --, not determined.



PreDP > SmDP

PreDP < SmDP

Ahr Mcm6 1110051 M20Rik Mef2b
Ankrd49 Mcm7 1700113A16Rik Meis3
Aurkaip1 Mybl2 Aes Mil1
Bard1 Myc Aff1 Mtf1
Bola2 Nfix Arid3b Mxd4
Carm1 Nr1h4 Arnt Mxi1
Cebpb Nucks1 Amntl Myb
Clpb Polr3d Asbh3 Nab2
Cnbp PouZ2af1 Ash1l Ncoa3
Cnot7 Pou2f3 Atm Nfatc3
Cops2 Ptrf Bcl6 Nfil3
E2f1 Rbbp7 Ciita Nfkbiz
Foxm1 Rbl1 Cited2 Npas1
Hand1 Rbpjl Clock Nr1d1
Hdac6 Rfc1 Cnot8 Nr21
Hes1 Rnf141 Creb1 Nr3c1
Hmgb3 Rpf2 Csrp1 Nrip1
Hmgcs1 RuvbI2 Ddit3 Pbx2
Hmgn5 Sox13 Dedd Per1
Hoxb8 Sox3 Dusp16 Phf1
Hoxd3 Ssrp1 E2f3 Pou6f1
Htr5a Tacc3 E2f5 Prep
Irf8 Tcerg1 E4f1 Rara
Irx3 Tfdp1 Egr1 RbI2
Kat2a Thra Egr2 Rest
Kdm1b Tmpo EIf1 Rifx2
KIf9 Tmpo Elf4 Rifxank
Mcm2 Uhrf1 Elk3 Rnf14
Mcm3 Wdhd1 Esrra Rnf14
Mcm4 Zfp239 Ets2 Rnf4
Mcm5b Ezh1 Rora
Gata6 Rorc
Gcefe1 Smarca2
Gfi1 Sox4
Gtf2h4 Sp4
Hdac5 Sqstm1
Hdac7 Ssbp2
Hhex Tbx6
Hivep1 Tle1
Hnf1a Tob1
Hoxb8 Trpv2
Ikbkg Tsc22d4
Ing4 Xbp1
Irf3 Zbtb17
Irf6 Zbtb20
Junb Zfp110
Kat2b Zfp276
Kcnh2 Zfp29
Kdm3a Zfp358
Kdm3b Zfp36
KIf13 Zfp385a
KIf3 Zfp46
Kifé Zfp61
Kifr Zfp653
Ldb1 Zfp821
Mdm2 Zkscan14
Mecp2 Zkscan6
Med1
Gene lists were obtained from Tabrizifard et al.””
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Table 4.2 Differentially expressed transcription factors at PreDP and SmDP stages of
thymocyte development
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Figure 4.1 Characterization of ICN1 and Notchl mRNA expression in Atm”" T-LLs

(A) Immunoblot analysis of ICN1 expression in Asm” T-LLs. Protein whole cell lysates
from primary ex vivo T-LL samples were immunoblotted for ICN1 using an antibody
recognizing Vall744, and with an antibody to B-actin as a loading control. A representative
blot showing 7 primary Azm” T-LLs along with Rag2” thymocytes as control for wildtype
ICN1 (~110 kD) are shown on the left. (B) Northern blots of Notchl mRNA in T-LLs.
Total RNA (9-12 ug) from Rag2” thymocytes and UD-ICN1 T-LLs were gel-
electrophoresed, transferred to nylon membrane and hybridized with **P-labeled Notchl and

Hprt (as a loading control) cDNA probes. Notchl transcripts are 9.3 kb and 8 kb and Hprt
is 1.4 kb.
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Figure 4.2 T-LL subgroups differ in Notch activity and dePendence

(A) Hierarchical clustering of T-LLs and pre-malignant Azm™ thymocytes based on Notch
target gene expression. Total RNA from 20 T-LLs and 4 samples of pre-malignant Azm™
thymocytes were hybridized to [llumina Ref-8 microarray chips and gene expression signals
of 24,613 probes were quantified and then pre-processed. Ubsupervized hierarchical
clustering was performed using expression values for 7 Notchl targets from 10 T-ICN1 (®),
4 NT-ICN1 (®), and 6 UD-ICN1 (®) T-LLs, along with 4 pre-malignant Afm™ thymocyte
samples (®). Each row is scaled by the Z-score (number of standard deviations above (red)
or below (green) the mean expression among all samples for each gene). (B) Validation of
Notchl target expression among T-LL subgroups. qRT-PCR experiments were performed to
measure Hesl, Ditxl, I12ra, Notch3 and Ptprc mRNA levels among 3 T-LL subgroups as
indicated in (A). Scatter plots show mean mRNA levels (relative to Ptprc) for each gene in
the 3 ICN1 sub-groups. *,p < 0.05. (C) Cell surface expression of CD25 in 3 T-LL
subgroups. Single cell suspensions from primary ex vivo T-LLs were stained with
fluorchrome-labeled antibodies specific for CD4, CD8 and CD25 and analyzed by flow
cytomtery. Top graph: ratio of median CD25 cell surface immunostaining fluorescence
intensity of live T-LL cells normalized to that littermate Azm™" DP thymocytes analyzed in
the same experiment. Bottom graph: Percentage of live cells that were CD25". *¥* p <
0.0005; **, p <0.005; *, p<0.05. (D) Dependence of T-LLs on active Notch signaling. T-
ICNI and UD-ICN1 T-LL cell lines were cultured with DMSO vehicle (0.1%v/v) or 1 uM
GSI-X for 48 hours in the presence of 10 ng/ml of IL-7. Cell viability was quantified using
the CellTitre Blue fluorescence assay, and relative viability was calculated as the ratio of
fluorescence between GSI-treated divided by DMSO-treated conditions for each sample at
each time-point. Statistical significance was determined by two-tailed Student’s t-test (**p
=0.0034). Dashed-line circled dots indicate samples that lacked PTEN expression (see Fig.
4.3).
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Figure 4.3 Characterization of PTEN protein expression in T-LL subgroups

Immunoblot analysis of PTEN expression in A#m”™ T-LLs. Whole cell lysates of primary ex
vivo T-LL cells were immunoblotted for PTEN and p-actin as a loading control. Two
representative blots showing 9 T-ICN1, 4 NT-ICN1 and 6 UD-ICN1 T-LL samples along

with HeLa cells as positive control for PTEN (4, 60 kD). * represents non-specific band.
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Normalization & transformation
of raw signals of 24613 probes

v

Moderated F-statistics to rank 24613 probes
among 4 groups of samples

v

Collapsed probes down to represent
17133 unique genes

v

Moderated t-statistics to rank genes in 2
comparisons: UD-ICN1 vs. T-ICN1 T-LL,
UD-ICN1 T-LL vs Thy

v ' !

GSEA with gene sets GSEA with PreDP > SmDP
representing biological & PreDP < SmDP gene sets
functions & pathways* (Table 4.2)

Fig. 4.5B Fig. 4.6A

Figure 4.4 Workflow of GSEA on gene expression data

*Gene sets encompassing diverse biological functions and pathways were obtained from 5
sources: NCl/nature Pathway Interaction Database, Biocarta pathways, KEGG pathways,
the Gene Ontology database, and the Pfam protein families database.
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Figure 4.5 Gene expression data separate T-LL subgroups and reveal distinct gene set
enrichment profiles

(A) Supervised Bridge-PLSR plot of gene expression data. Pre-processed gene expression
data for 24,613 probe-sets from 20 T-LLs and 4 pre-malignant thymocyte samples were
subjected to Bridge-PLSR to summarize data variation across samples in a two-dimensional
plot. The x- and y-axes (LV1 and LV2) represent 27% and 17% of variation in the data set.
Each dot indicates a sample.. (B) Cytoscape enrichment map of GSEA outputs from UD-
ICN1 vs. T-ICN1 and UD-ICN1 vs. Atm™ thymocytes comparisons. The GSEA workflow is
summarized in Fig. 4.4. Gene sets displayed had significant ES (nominal p < 0.01 and FDR
q <0.05). Circular nodes symbolize gene sets and node size is proportional to the number of
genes in the set. Red nodes have significant high positive ES, whereas blue nodes have high
negative ES. Node centers represents ES significance for the UD-ICN1 vs. T-ICN1 T-LL
comparison, whereas node borders depict ES significance for the UD-ICN1 T-LL vs. Thy
comparisons. Node color intensity is proportional to ES significance. Lines connecting two
gene sets indicate common genes and the thickness signifies degree of overlap between the
gene sets. Gene sets with similar biological features were grouped and labeled under single
names for ease of viewing.
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Figure 4.6 UD-ICN1 T-LL samples exhibit a “preDP-like” gene expression signature
(A) GSEA enrichment plots of UD-ICN1 T-LL vs. T-ICN1 T-LL and UD-ICN1 T-LL vs.
Atm”" thymocyte comparisons. GSEA was performed on the same comparisons as Fig. 4B
using the PreDP > SmDP and PreDP < SmDP gene-sets (refer to Table 4.2). Top plots:
Enrichment plots for PreDP > SmDP gene set. Each plot depicts the location of genes in the
gene set in the ranked list for each comparison (x-axis) versus the ES (y-axis). The ranked
list for each plot is ordered (left to right) to show: significantly over-expressed genes in the
first group (red zone), non-significant genes (white zone) and significantly under-expressed
genes in the second group of each comparison (blue zone). Vertical black lines depict genes
in the ranked list found in the gene set. The green line represents the running sum of the ES,
which increases when ranked genes are found in the gene set and decreases when ranked
genes are not found in the gene set. The peak ES was used to determined statistical
significance. False discovery rate (FDR) is the estimated probability that the peak ES is a
false positive. Bottom plot: Enrichment plot for PreDP < SmDP gene set using UD-ICN1
T-LL vs. Atm” thymocytes ranked list. (B) Heatmap showing differential expression of
transcription factors in PreDP > SmDP gene set. Fold expression of 55 transcription factors
(rows) computed as ratio of gene expression of each sample (columns) to mean expression
of T-ICN1 group. The top 13 genes (in blue rectangle) are genes that contribute to the peak
enrichment score in top left plot in (A). (C) qRT-PCR analysis of KIf9 expression in UD-
ICN1 (n=6) relative to T-ICN1 (n=7) T-LL. Relative KIf9 mRNA levels were computed by
normalizing to Ptprc mRNA levels measured in each sample. Relative KIf9 mRNA means
were 0.013 = 0.012 for T-ICN1 and 0.092 = 0.031 for UD-ICNI1 groups (*p = 0.028).
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Figure 4.7 KIf9 promotes proliferation of UD-ICN1 T-LL cell lines

(A) KIf9 siRNA knockdown reduces proliferation of UD-ICN1 T-LL cell lines. The
indicated T-LL cell lines were cultured in the presence of Klf9-targeting siRNA (siKI1f9) or
non-targeting siRNA (siNT) for 2 days, and BrdU was added 1 h prior to harvesting. Cells
were then stained with anti-BrdU and analyzed by flow cytometry. Representative anti-
BrdU vs. forward scatter profiles (5% probability, including outliers) pre-gated on live
singlets are shown. BrdU gates were set using unstained control samples, and the % BrdU"
cells within the live subset is indicated. Data from 4 independent experiments for 6625 and 3
independent experiments for 6652, 6924 and 6925 are summarized in (B). Statistically
significant differences in % BrdU" cells between siNT and siKIf9 are determined using
paired two-tailed Student’s t-tests are indicated (**, p < 0.005). (C) Efficiency of KIf9
knockdown. KI/f9 mRNA abundance was measured by qRT-PCR and normalized to Ptprc
mRNA. Proportion (%) of KIf9 mRNA knockdown represents (siNT-siK1f9)/siNT for 3
independent experiments with each cell line.
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Figure 4.8 KIf9 did not affect survival of UD-ICN1 T-LLs

KIf9 siRNA knockdown did not affect survival of UD-ICN1 T-LLs. The indicated T-LL cell
lines were cultured in the presence of K/f9-targeting siRNA (siK1f9) or non-targeting siRNA
(siNT) for 2 days. Cells were then stained with Fixable Blue (for dead cell identification),
fixed, permeabilized and stained with anti-activated caspase-3 antibody prior to analysis by
flow cytometry. Fixable Blue (FB) and activated caspase-3 (AC3) gates were set using
unstained control samples, and the % FB" cells (dead cells) and AC3" cells (apoptotic cells)
were determined. Dotted line at 0% represents no difference between siKIf9 and siNT
conditions. Paired two-tailed t-test did not reveal statistically significant difference in %
dead or apoptotic cells between siKIf9 and siNT from 2-4 independent experiments.
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4.5 Discussion

In this study, we showed that 20% of our Atm™ T-LL cohort had undetectable ICN1
protein, expressed very low levels of direct ICNI1 target genes, and their growth was
insensitive to Notch inhibition. Although a previous study suggested that PTEN loss can
confer Notch-independent growth to T-LL cell lines with mutant NOTCHI, we did not
observe a difference in Notch dependence between PTEN™ and PTEN™ samples in the T-
ICN1 group, suggesting that PTEN loss does not confer Notch independence to Atm™ T-
LLs. We compared global gene expression profiles from T-ICN1 and UD-ICN1 T-LL
samples to identify genes that regulate cell proliferation and survival of T-LL cells lacking
activated Notchl. These experiments suggested that ICN1 status profoundly influences gene
expression patterns among Afm” T-LLs. Using GSEA, we identified several cellular
processes that appeared to be differentially active in UD-ICN1 vs. T-ICN1 T-LLs. For
example, sets of genes implicated in cell cycle control and ubiquitin-mediated proteolysis
were highly enriched in the UD-ICN1 group relative to the T-ICN1 group, suggesting that
these processes are regulated differently in T-LLs with high versus low Notch activity.
Genes regulating other processes, such as amino acid metabolism, general proteolysis,
ribosome function and translation, were not enriched in either T-LL group, suggesting that
they are not highly regulated by Notch signaling. However most of these gene sets were
enriched in the UD-ICN1 vs. thymocytes comparison, suggesting that they are features of
the malignant phenotype.

Most T-LLs are developmentally arrested during the process of p-selection, so we

also evaluated expression of groups of TFs that are highly regulated during this transition.
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Interestingly, the UD-ICN1 subset expressed higher levels of a group of TFs whose
expression normally declines during the preDP to smDP transition of normal T-cell
development. The leading edge of this group contains 6 TFs (K1f9***, Wdhd1**’, Hmgn5>*,
Rfc1**, Cnot7** and Mcm4®**) that either facilitate DNA replication at S phase or more
generally promote proliferation in various cell types. Notably, mutations in Mcm4
(minichromosome maintenance-deficient 4), which encodes a subunit of the DNA

replication licensing factor MCM2-7 complex, are oncogenic®****.

Specifically, the
heterozygous missense mutation, Mcm4™ | cause T-LL in mice®**. The importance of the
remaining five TFs in T-cell development or leukemogenesis has not been examined.

The most significantly over-expressed member of this group was K/f9 — a
transcription factor that regulates differentiation, proliferation and cell survival in different

: 333-335,355,356
tissues T

. Interestingly, KIf9 expression was required for maximal proliferation of
UD-ICN1 T-LLs but not for proliferation of T-ICN1 cells. The dissimilar KIf9 mRNA
levels among UD-ICN1 T-LL samples likely contributed to the different degree of KIf9
knockdown between T-LL cell lines, which in turn resulted in varying effects on

proliferation. KIf9 is a zinc-finger-containing transcription factor that binds to GC-rich sites

in gene promoters or enhancers™ . A proliferative role of KIf9 has been reported in non-

334 335

lymphoid tissues including mouse intestinal crypt cells™" and endometrial cells™”.
However, KlIf9’s role is context-dependent since KIf9 has also been shown to reduce
endometrial sensitivity to the mitogenic action of estrogen®*. Whether KIf9 functions as a
transcription activator or repressor also seems to be context-dependent. In myogenesis, K19

activates fgfrr/ (fibroblast growth factor receptor 1) transcription to induce myoblast

proliferation; whereas it suppresses fgfr/ transcription in differentiated myotubes possibly
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by recruiting co-repressor via its Sin3A-binding domain®>>. In human glioblastoma cells,
KLF9 has been shown to repress NOTCH1 transcription thereby inducing differentiation®™.
We hypothesized that a similar mechanism could explain low level expression of Notchl in
UD-ICNI1 T-LLs. However KIf9 knockdown did not augment Notchl level in these cells
(data not shown) suggesting that other mechanisms underly low Notchl expression in this
context. Lastly, higher KIf9 expression is observed in high-risk BCR-ABL+ B-ALL relative
to standard risk B-ALL, suggesting its association with poor prognosis®®. Collectively,
these observations suggest that further studies of KIf9 function in B- and T-cell

malignancies may provide new avenues for therapeutic intervention.
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CHAPTER 5:
SUMMARY OF RESULTS AND GENERAL DISCUSSION



S. SUMMARY OF RESULTS AND GENERAL DISCUSSION

5.1 Summary of Results

This thesis examined the molecular pathogenesis of Notch-dependent and Notch-
independent T-LL that developed spontaneously in mice lacking Atm. In chapter 2, I first
characterized the immunophenotypes and Notchl expression and mutational status in a
cohort of 41 Atm™ T-LL cases. Most T-LL samples were arrested at CD8 ISP and/or CD4/8
DP stages of early T-cell differentiation. Assessment of the Notchl sequence revealed
PEST mutations encoding truncated ICN1 protein in 70% of T-LL; however, activating HD
mutations were only detected in 9% of cases. Previous gene expression profiling of Atm™
T-LL indicated aberrant upregulation of //7r and Sdcl relative to non-malignant Asm™
thymocytes”™. Indeed, normal CD8 ISP and DP thymocytes lack IL-7Ro. expression'®, yet
their malignant counterparts expressed IL-7Ra”**’. Sdc1 is a cell surface proteoglycan that
was expressed by malignant but not normal thymocytes, making it a useful marker of
malignant transformation. Furthermore, we detected Sdcl expression by thymocytes
harvested from healthy mice displaying features of the earliest discernible stage of T-LL
progression: a lack of thymic enlargement, normal thymocyte numbers (<100 x 10°) and
CDA4/8 profiles, but increased cell size (>15% of blasts). Therefore, Sdcl served as a useful
marker for early stages of T-LL progression. Both Notchl and IL-7R pathways are critical
for sustaining T-LL'-277325 ’359, however, it was unclear whether aberrant Notchl and IL-
7Ra expression represented early events in Arm™ T-LL transformation. We found both
truncated ICN1 and IL-7Ra expressed by thymocytes at the earliest discernible stage of T-

LL, suggesting possible roles in cancer initiation in addition to T-LL maintenance.
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The rare occurrence of Notchl HD mutations in Afm” T-LL prompted us to
investigate for possible mechanisms of Notchl activation. In chapter 3, I showed that Notch
inhibition by GSI suppressed the viability of ICN1-expressing T-LL cells, demonstrating
their Notch-dependence. Surprisingly, T-LL cells that expressed Notchl proteins with
wildtype HD domain proliferated equally well in the presence or absence of Notch ligand,
DL-1, suggesting that ligand-independent Notchl activation contributed to T-LL viability.
At the time of our investigations, Ashworth et al. reported 2 types of intragenic deletions
that resulted in short Notchl transcripts encoding for Notchl proteins that initiated within

232 The truncated Notchl

the transmembrane domain in various T-LL-prone mouse models
protein is activated independently of ligand, but requires y-secretase proteolysis. Therefore,
we determined whether the 2 types of deletions might be mechanisms for ligand-
independent Notchl activation seen in some ICN1-expressing Atm™ T-LL and found them
in 17% of cases. To determine whether T-LL cells expressed truncated Notchl transcripts,
we analyzed RNAs isolated from 10 ICN1+ T-LL. Expectedly, the 2 samples that harbored
HD mutations (1756 and 6106) expressed only full-length Notchl transcripts. The
remaining 8 T-LL samples, including two that contained intragenic deletions (8652 and
2967), all expressed short transcripts ranging from 3-5 kb. PCR amplification followed by
sequencing of the 5° ends of the transcripts revealed alternate transcription initiation within
exons 25/26 or upstream of exon la. Using the ATGpr program®”’, the aberrant Notchl
transcripts were predicted to encode truncated Notchl proteins that lacked functional NRR

but retained S3 site hence permitting ligand-independent but y-secretase-reliant Notchl

activation.
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In chapter 4, I demonstrated that 20% of Atm™ T-LL lacked ICN1 expression (UD-
ICN1), which was accompanied by undetectable to low levels of Notchl mRNA,
significantly lower levels of Notchl transcriptional targets, and a resistance to Notch
inhibition by GSI. These findings identified a subgroup of Notch-independent T-LLs; thus,
our objective was to gain insights into pathways that regulate their survival and
proliferation. Since PTEN loss has been suggested to bypass Notch requirement in human
T-LL cell lines'"!, we determined whether loss of PTEN protein was associated with Notch-
independence. We found that almost all UD-ICN1 T-LL samples (5 out of 6) lost PTEN
expression, consistent with the idea that PTEN loss relieves T-LL cells from dependence on
Notch signal. However, PTEN loss did not confer resistance to Notch inhibition in ICN1-

positive T-LL, similar to the findings in primary human T-LL samples**’.

To identify
proliferative and survival signals that sustained Notch-independent UD-ICN1 T-LLs, we
performed gene-set enrichment analysis of the genome-wide expression profiling of UD-
ICN1 T-LLs. We found that KIf9, a member of the Kruppel-like transcription factor family

that regulates cellular differentiation, survival and proliferation®®>*'

, was expressed at
significantly higher levels in UD-ICNT1 than ICN1-positive T-LLs. Notably, K/f9 positively
regulated proliferation of Notch-independent UD-ICN1 T-LLs, suggesting that K/f9 might

be a potential therapeutic target for human T-LLs with absent or low Notch activity.

5.2 General Discussion

The clonal evolution in cancer follows the basic tenets of Darwinian natural

362,363

selection According to the Darwinian model, a cell divides and its descendent

138



population forms subclones that are genetically diverse and they are subjected to selection
(e.g. constraints of the micro-environment, competition between subclones, exposure to
carcinogens, and chemotherapeutic drugs). This process is reiterative such that subclones
become more fit and gain dominance by accruing advantageous traits such as self-renewal
capacity, extensive proliferation, evading apoptosis, angiogenesis and migration®®*%.
Genetic studies of identical twins concordant for ALL demonstrated that overt leukemic
clones evolved from common ancestral cancer cells’***®’. Genome-wide DNA copy number
analyses of paired diagnostic and relapsed pediatric B- and T-ALL samples revealed that a

majority of relapsed cases evolved from ancestral subclones***~%

. Moreover, backtracking
studies of specific lesions demonstrated that in most cases, the relapse clone could be
detected as a minor subclone in the diagnostic sample before therapy. In order for the earlier
subclones to persist and evolve to a dominant clone at relapse, they likely had acquired the

self-renewal capacity” ",

Hence, targeting these cancer-propagating cells will likely be
the most effective therapeutic strategy>®.

It is impossible to study the evolution of T-LL prospectively in humans since for the
most part it is clinically silent until when the patient presents with overt leukemia; however,
at this point, the evolutionary course is already history. By contrast, genetically-engineered
mice, with a high disease penetrance and a predictable onset, allow prospective examination
of early events of cancer development. Therefore, we used Arm-deficient mice that
spontaneously developed T-LL beginning at 12 weeks of age as a tool to identify genetic
changes at earlier stages of T-LL progression. In chapter 2, we examined a large cohort of

Atm”™ T-LLs and identified PEST mutations resulting in truncated ICN1 protein in a

majority of cases (70%), suggesting truncating Notch! PEST mutations as a frequent genetic
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event, as found in other murine T-LL models’”******. Previous gene expression profiles of
Atm”™ T-LLs performed in our laboratory have identified two additional abnormalities,

namely the aberrant expression of cell surface proteoglycan, Sdc!, and 117/**°

, which we
validated their protein expression in our T-LL cohort. We detected SDCI1, IL-7Ra, and
truncated ICN1 on thymocytes at the earliest discernible stage of lymphomatous progression

" mice. Therefore,

suggested by an increased frequency of blasts in clinically healthy A#m”
Notchl PEST mutations along with aberrant IL-7Ra and SDC1 expression represent early
events in Azm™ T-lymphomagenesis.

Since cancer-propagating (or initiating) cells are able to self-renew and evolve with

additional ‘driver’ mutations to reappear after therapy368’370‘372

, targeting these cells or their
self-renewal machinery is a rational approach to eradicate disease. Notch and IL-7 signaling
pathways have been implicated in self-renewal of normal T-cell progenitors. Our laboratory
has demonstrated that Notch ligand DL-induced Notch signaling promotes self-renewal of
B-selected DN3b and DN4 thymocytes in an IL-7-dependent manner™'. Notch and IL-7
signaling also sustains the self-renewal potential of DN1 and DN2 progenitors'*” and a drop
in IL-7 level induces an upregulation of transcription factor Bcll 1b, which aborts precursor
expansion and promotes T-cell commitment and differentiation to DN3!%!3-20%,
Interestingly, hemizygous deletions of Bcll1b are frequently detected in mouse Atm™ T-
LLs*™ and Bclllb suppresses T-LL development induced by y-radiation’”, and p53
haploinsufficiency’'’. Recurrent loss-of-function BCLI/B mutations and deletions are

200,201

observed in various molecular subtypes of human T-LLs These data suggest that

Notch and IL-7 signaling promotes self-renewal of thymocyte progenitors. Furthermore,
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down-regulation of Bclllb is critical for sustaining self-renewal functionality in normal
progenitors and likely in murine and human T-LL as well.

Aberrant Notch signaling has been demonstrated to be an early transforming event
and promote T-cell leukemia-propagating activity in murine and human T-LL models.
TAL1/SCL and LMO (LMO1 or LMO2) are over-expressed in 50-60% of human T-LLs'"®,
Expectedly, SCL!LMO1" mice®*** and a related model, Tall/Lmo2 mice®” both develop T-
LL, which frequently harbor Notchl mutations. Both models show an accumulation of DN3
and DN4 progenitors in the pre-leukemic phase and Notchl PEST mutations are detected in
these progenitors associated with Notch activation. Serial transplantation experiments
identified self-renewal capacity enriched mainly in DN3 and/or DN4 populations of T-LLs.
Furthermore, Notch inhibition decreased leukemia-initiating cell frequency and delayed

disease onset?*.

On the other hand, enforced expression of constitutively active ICN1
beginning at the DN2 stage in NotchI®SCL*LMOI' mice accelerated the onset of leukemia
and confers leukemogenic potential to DN1-4 progenitors from pre-leukemic mice®”>. These
findings suggest that aberrant Notch1 activation occurs early and drives leukemogenesis in
some murine T-LL models. Leukemia-propagating potential has also been revealed in
human T-ALL, although the identity of cellular fractions possessing the self-renewal

373,374

capacity remains a contentious subject This is not surprising in light of recent

evidence demonstrating that cancer progression is a dynamic process and cancer cells

(including cancer-propagating cells) change their genotype/phenotype to adapt to new

368,370-372

selective pressures However, the defining feature of a cancer-propagating cell,

namely its self-renewal capability remains constant. Xenotransplantation studies of human

T-ALL reveal Notch dependence in T-LL propagation in sequential transplants®>=">.

141



Furthermore, Giambra et al. recently showed that Notchl signaling repressed PKC-0
expression, which limited reactive oxygen species production and enhanced T-LL self-

renewal capacity '

. In summary, Notch activation can promote T-LL propagation in both
human and mice.

In contrast, a role for IL-7 signaling in regulating T-LL-propagating activity has not
been demonstrated. However, crosstalk between Notch and IL-7 signaling exists at different
levels. Notchl signaling activates /L7R transcription in human T-cell progenitors and their
malignant counterparts™ . Moreover, it has been reported in human T-LL cell lines that
Notchl activation potentiates PI-3K signaling, a downstream effector of IL-7R, by
repressing the expression of PI-3K antagonist, PTEN'"'. Future experiments should
investigate whether Notchl and IL-7R signaling cooperate to propagate T-LL in Atm™™ mice
(see section 5.3). Our discovery of SDCI1 expression on thymocytes at an early stage of
transformation (chapter 2) will allow us to isolate these early transformed cells and examine
their self-renewal capacity prospectively.

SDCI1 is a cell surface heparan sulfate proteoglycan that modulates disease processes
such as cancer cell proliferation, apoptosis, invasion and angiogenesis® °. Dysregulation of

SDC1 expression has been observed in many cancers including carcinomas of the breast’’’,

8 and colon’™.  For example, SdcI” mice avoid Wnt-induced mammary

prostate
tumorigenesis and the heparan sulfate-containing ectodomain of SDCI1 positively modulates
Wnt signaling®®®. B-cell progenitors, plasma cells and their malignant counterparts in
multiple myeloma also express SDC1, also known as CD138**. SDC1 binds via its heparan
sulfate chains at the ectodomain to hepatocyte growth factor, which promotes Met signaling,

290,381

and leads to growth and survival of myeloma cells Therefore, the heparan sulfate
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chains in SDCI may serve as a scaffold that brings ligand and receptor into close
proximity®’®, limit the diffusion of growth factors and act as a reservoir for HS-binding
growth factors’®. Indeed, SDCl-expressing pro-B cells that lack heparan sulfate
dramatically reduce binding and responsiveness to IL-7, which is critical for early B-cell

395 Therefore expression of SDCI by T-LL may positively regulate IL-7R-

development
driven signal by capturing IL-7. Further studies are required to examine whether changes in
SDC1 expression alter IL-7 dose responsiveness in T-LL cells (section 5.3). Recent gene
expression profiles of human T-LL lacking TLX! and TLX3 indicate a subgroup that
upregulates SDC1, suggesting a potential role for SDC1 in some human T-LL cases**.

Our finding of frequent PEST mutations without concomitant activating HD
mutations in Arm™ T-LL cases seems puzzling because previous studies have demonstrated
that PEST mutations alone are not oncogenic*>'. As shown in chapter 3, viability of most
Atm™™ T-LL cases requires y-secretase-mediated Notch activation, but it does not require
ligand interaction. Just when we started to investigate for alternative mechanisms of
aberrant Notch activation, two studies reported novel activating Notchl mutations in other

murine T-LLs>**3.

Ashworth and colleagues identifed 2 types of intragenic Notchl
deletions that result in abnormal transcripts lacking the extracellular ligand-binding domain
in different mouse T-LL cell lines. Both types of transcripts encode for truncated Notchl
proteins that undergo ligand-independent but y-secretase-dependent activation. Type 1
deletions span exon 1 and its promoter, are flanked by RSS-like sequences suggestive of
illegitimate VDJ recombination, and initiate transcription in the middle of exon 25. In

contrast, type 2 deletions involve a region downstream of exon 1 such that the mRNA

begins at exon 1, which is spliced into exons 27/28. In another mouse model where
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homozygous hypomorphic 7kzfI mutation induces T-LL, deletion of Notchl exon 1 and
promoter region accelerates the oncogenic process associated with truncated Notchl mRNA
accumulation” (similar to type 1 transcripts).

We looked for Type 1 and Type 2 deletions and found them in only 4% and 13% of
Atm™™ T-LL cases, respectively. Eight ICN1+ T-LL samples contain truncated Notchl
mRNA and their sequences initiate either in the middle of exons 25/26 or exon la, an exon
upstream of exon 1, including two cases containing Types 1 and 2 deletions. Hence, we
observed a very low frequency of RAG-mediated (Type 1) deletions in our Afm™ T-LL
mouse model. Tsuji et al. also reported a lower frequency of RSS-flanked Notchl deletions
in their Atm™ T-LL cohort (24%)>". The relative low frequency of RAG-mediated deletion
observed in ATM-deficient T-LLs may be related to ATM’s function in repair of double-
strand DNA breaks (DSB)*'?. Moreover, in ATM-deficient lymphocytes, a partial block in
the coding join formation results in an accumulation of unrepaired coding ends*'*¥-".
Tsuji et al. identified deletions without RSS in 41% of Amm™ T-LL cases, which were
accompanied by microhomology sequences or nucleotide additions at their breakpoints®’.
Others reported that ATM deficiency causes an increased frequency of intrachromosomal
homologous recombination that can result in intragenic deletions®'*, possibly involving
repetitive DNA sequences such as Alu repeats or long interspersed elements (LINE). Non-
allelic homogolous recombination has been described as a mechanism for genomic deletions
of NF1 gene’"”, causing tumor-predisposition syndrome neurofibromatosis. Moreover, non-
homologous recombination between Alu and LINE-1 repetitive elements can cause deletions

in the dystropin gene resulting in muscular dystrophies®'®. Examination of the Notch! locus

identifies multiple Alu elements in introns la and 2, as well as LINE repeats in intron 2.
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Hence, recombination between repetitive elements could be another potential mechanism for
intragenic Notchl deletions.

The truncated Notchl transcripts identified in A#m™™ T-LLs use alternative promoters
at exon la and exons 25/26. We have not demonstrated mechanistically how this is

233295 Ikaros is a zinc-

achieved, but a loss of Ikaros function may facilitate this process
finger transcription factor that antagonizes the action of Notch in its target gene transcription
in developing thymocytes®*. A loss of Ikaros, which represses Notchl transcription at
canonical (exon 1) and alternative promoters, increases chromatin accessibility to active

transcription machinery at these sites®>>">.

Therefore, loss-of-function mutations in Zkzf1
may facilitate use of alternative promoters and this possibility deserves future examination
in the Atm™ T-LL model.

In chapter 4, I focused the attention on a subgroup of Asm™ T-LLs that was Notch-
independent and determined the signals that were important for their cell survival and
proliferation. We identified Kruppel-like factor 9 (K/f9) that promoted proliferation of
Notch-independent A4zm™ T-LL cells. KIf9 is a zinc-finger transcription factor that controls
proliferation, differentiation and cell fate decision of several tissue types. Female KIf9™"
mice exhibited subfertility due to an impaired proliferative response to progesterone by
luminal epithelium that increases risk of unsuccessful implantation of embryos®>. However,
KIf9’s role is context-dependent since KIf9 has also been shown to reduce endometrial
sensitivity to the mitogenic action of estrogen®>*. Furthermore, ablation of KIf9 suppresses
intestinal crypt cell proliferation and favors Paneth cell lineage choice over goblet cell

fate®®*. By contrast, naive B cell activation results in downregulation of several transcription

factors including K19 in memory B cells, which is critical for rapid proliferation of memory
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B cells during secondary antibody responses’™’

. Whether KIf9 functions as a transcription
activator or repressor also seems to be context-dependent. In myogenesis, KIf9 activates
fefrl (fibroblast growth factor receptor 1) transcription to induce chicken myoblast
proliferation; whereas it suppresses fgfr/ transcription in differentiated myotubes possibly
by recruiting a co-repressor via its Sin3A-binding domain®>. Lastly, KLF9 promotes
differentiation of glioblastoma-initiating cells via repression of NOTCHI transcription®".
We hypothesized that a similar mechanism could explain the low levels of Notchl in UD-
ICN1 T-LLs. However KIf9 knockdown did not augment Notchl level in these cells
suggesting that low Notchl level occurred through Klf9-independent mechanisms. A higher
KLF9 expression has recently been reported in high-risk BCR-ABL+ B-ALL relative to
standard risk disease, suggesting its association with poor prognosis®®. Hence, an
understanding of KIf9 function in B- and T-LL may have therapeutic implications.

Two mouse models provide additional insights into the development of Notch-
independent T-LL. First, conditional deletion of Pten in mouse fetal liver hematopoietic
stem cells results in development of myeloproliferative disorder that evolves into T-ALL
blast crisis®™®*. Both leukemia-propagating population (c-kit™CD3 Lin) and its descendent
bulk leukemic blasts (c-kit CD3"Lin") express high levels of the activated unphosphorylated
form of B-catenin. Conditional deletion of one allele of Ctnnbl (f-catenin) in Pten-null
mice decreases and delays onset of T-LL, suggesting B-catenin is critical in leukemogenesis.
A frequent secondary event found only in leukemic blasts is t(14;15) translocation that
results in upregulation of c-Myc expression driven by the Tcra/d promoter. Interestingly, T-
LL cases are associated with wildtype Notchl sequence in the HD and PEST domains and

low level of Notch target Hes/ (similar levels to wildtype thymocytes consists mainly of DP
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cells that lack Notch signal). In the second mouse model, conditional deletion of exon 3 of
Ctnnbl renders the protein constitutively active since it cannot be phosphorylated and
degraded®®. Deletion from DN2 and DN4 stages of T-cell development leads to T-LLs with
the same predominantly CD4/8 DP phenotype. Again, c-Myc overexpression coincides with
the evolution to overt disease and homozygous deletion of Myc abrogates T-LL
development.  Similarly, T-LL oncogenesis occurs independently of Notch signal.
However, the Pten status of these T-LL cases was not determined. Collectively, these 2 T-
LL models suggest that Pten inactivation and constitutively active -catenin can propagate
T-LL in a Notch-independent fashion. Furthermore, c-Myc overexpression is a common
secondary event. In Notch-independent Arm™ T-LL cases, we found a majority (5/6) lacked
detectable PTEN protein. Further investigation on [-catenin signaling in Notch-independent
subgroup of Atm™ T-LL is warranted. More importantly, human T-LL cases that lack gain-
of-function NOTCHI mutations and exhibit low Notch target gene expression should be
investigated for dysregulated (3-catenin/Wnt signaling as this may lead to a novel therapeutic

target for the disease.

5.3 Limitations of the present study and future directions

1. In chapter 2, we identified aberrant SDCI1, Notchl and IL-7Ra expression as early
events in T-LL development, however their functions in disease propagation have
not been addressed. Transplantation studies using pre-malignant SDC1" thymocytes
to determine the role of Notchl and IL-7R signals in T-LL propagation are
warranted. Briefly, thymocytes will be harvested from healthy-looking 8-12 week-

old Atm™™ mice and assessed by cell counting and immuophenotyping to select for
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thymi at the earliest stage of T-LL development: normal cellularity (<100 x10°),
normal CD4/8 profile and upregulation of SDCI1. Both IL-7Ra and ICN1 expression
will be determined. Fluorescence-activated cell sorting will be used to isolate
SDC1" thymocytes, which are subjected to lentiviral transfection with dominant-
negative MAML (dn-MAML; GFP") to knockdown Notch signal. 10°-10° GFP" or
non-transfected cells will be injected into the bone marrow of Rag2™"; 117" or Rag2”
"117" recipient mice, which will be monitored by signs of T-LL development.
Notch targets including Hes/ and Dtx/ will be used to assess efficiency of Notch
inhibition by dn-MAML. To assess the effect of Notch and IL-7R signal on T-LL
self-renewal capacity, sequential transplantations will be performed.

. To determine the function of SDCI, knockdown of its expression by lentiviral-
mediated transfer of Sdcl shRNA in IL-7 sensitive SDC1" T-LL cell lines will be
performed. Non-targeting shRNA will be used as a control. Effectiveness of
knockdown will be determined by flow cytometry. These cells will be cultured in
the presence of 0-10 ng/ml of recombinant murine IL-7 and live cell number will be
determined after 3 days of culture. The IL-7 dose-response curves for each cell lines
with and without Sdcl knockdown will be compared. A shift of the curve to the
right would suggest a higher dose of IL-7 is needed to compensate for a loss in
SDC1 expression in order to achieve the same level of proliferative expansion.

. To determine whether human T-LLs express SDCI1, 40 samples of pediatric and
adult T-LL will be screened for SDC1 expression by flow cytometry. Expression of
IL-7Ra0 in each T-LL will be analyzed and their in vitro sensitivity to IL-7

stimulation will be evaluated. If a subset of T-LLs that express SDC1 and IL-7Ra
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can be identified, and they are responsive to IL-7, knockdown of SDCI1 expression
will be performed and its impact on IL-7 responsiveness will be measured. The
identification of a subgroup of human T-LLs that express SDC1 would have clinical
implications since Phasel/2 trials using anti-SDC1 antibody conjugated to a
chemotherapeutic agent (BT062) suggest some efficacy and tolerable side-effect
profiles in myeloma patients®™.

In chapter 3, we were not able to characterize genomic deletions for 6 cases of T-LL
that expressed truncated Notchl transcripts using primers specifically designed to
amplify regions containing Types 1 and 2 deletions®>. Tsuji ef al. reported deleted
regions (nucleotides 5105-25304) in Atm™™ T-LLs* that lay outside of the Type 1
deleted region (nucleotides 4760-17005); we will design new primers that span
nucleotides 5105-25304 of the Notchl gene to test for this.

. We have not characterized the structure or activity of the protein encoded by
truncated Notchl transcripts. RACE products will be cloned into pcDNA3
expression vector, which will be co-transfected with Notch-sensitive reporter
plasmid pGL2 4xCSL-luciferase, and a Renilla luciferase internal control plasmid
into U20S cells™®. Dual luciferase assays will be performed on lysates prepared
from U20S cells. Transfected U20S cells will be treated with 1 uM GSI-X
(Calbiochem) or carrier for 24 hours before harvesting for protein analysis by
immunoblotting anti-Notchl antibodies that recognize y-secretase-cleaved Notchl

(Val1744; Cell Signaling) and intracellular portion of Notchl (5B5; Cell Signaling)

to determine sensitivity to y-secretase and metalloprotease proteolysis.

149



6. Studies suggest a loss-of-function mutation in Ikaros increases chromatin
accessibility at alternative Notchl promoters, hence permitting transcription at these

233,295

sites Furthermore, Ikzfl inactivation occurs frequently in murine T-LL

models®®’

and falls into 4 categories: (1) null expression; (2) expression of smaller
dominant-negative isoforms; (3) missense mutations at the DNA-binding domain;
and (4) nonsense mutations leading to truncated protein®®®. We will perform RT-
PCR to amplify Ikzf1 cDNA between exons 2-7 to assess expression and to sequence
transcripts for missense and nonsense mutations in Azm™ T-LLs. We will analyze
Ikaros protein expression by immunoblotting.

7. Since increased B-catenin signaling is critical for propagation of Notch-independent
T-LLs*****° we will determine the level of unphosphorylated activated B-catenin by
flow cytometry in our cohort of Notch-independent Asm™ T-LL. Levels will be
compared to levels in non-malignant Azm™ thymocytes (~80% DP cells with low f-
catenin level) and Notch-dependent Asm™ T-LLs.

8. In the same panel of 40 human T-LLs mentioned in (3), unphosphorylated -catenin
expression will be assessed by flow cytometry. NOTCHI status in these samples
will also be characterized: HD and PEST mutations, ICN1 expression, target gene
levels and GSI sensitivity. Correlation between B-catenin expression and NOTCH1

384,385

expression and activity will be determined. From mouse T-LL studies , We

would expect high f-catenin level in T-LLs to correlate with low NOTCHI1 activity.
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5.4 Conclusions

This thesis provides insights into the molecular pathogenesis of Asm™ T-LLs. In
chapter 2, I identified 3 groups of T-LL based on activated Notchl protein expression: T-
ICNI1 due to PEST mutations (63%); NT-ICN1 with wildtype HD and PEST domains
(17%); and UD-ICN1 (20%). Activating HD mutations were rarely identified (9%) and co-
existed with PEST mutations. I found truncated ICN1 expression, aberrant IL-7R and SDC1
expression in thymocytes at the earliest discernible stage of T-LL transformation, suggesting
possible collaboration among these pathways to propagate T-LL. In chapter 3, I identified a
group of Notch-dependent T-LLs without HD mutation, yet could expand in vitro without
ligand interaction. Some of these samples were found to express truncated Notchl
transcripts that initiated at alternative Notchl promoters: upstream of exon 1a and middle of
exons 25/26. Most of these transcripts initiated at sites similar to those recently reported,
which encoded for Notchl protein that lacked an extracellular domain and underwent
ligand-independent activation>. In chapter 4, I demonstrated that UD-ICN1 sample
proliferated in a Notch-independent fashion and expressed low levels of Notch target genes.
Most of the samples (5/6) lost PTEN expression, suggesting that PTEN loss may substitute
partially for low Notch activity. Gene set enrichment analysis of differentially expressed
genes between UD-ICN1 and ICN1" T-LLs revealed upregulation of K/f9 along with other
transcription factors highly expressed in proliferating pre-DP thymocytes. siRNA
knockdown studies demonstrated that K/f9 promoted proliferation of Notch-independent T-
LLs. Collectively, these data suggest that K/f9 may provide a novel therapeutic target for

human T-LLs lacking NOTCHI mutations.
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