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Introduction

T cell precursors arise from hematopoietic progenitors in the bone marrow and
migrate to the thymus, where they undergo a series of proliferation and differentia-
tion steps that include the somatic recombination of T cell receptor (TCR) gene loci
(Market and Papavasiliou 2003). TCR gene rearrangements are followed by posi-
tive and negative selection steps that allow the survival of T cells only if their TCR
functions appropriately within the context of an individual’s immune microenviron-
ment. This highly regulated developmental process results in the generation of a
population of T cells with a wide range of somatically acquired T cell receptor
variation, which forms the foundation of a fully competent adaptive immune sys-
tem that can respond to a countless variety of foreign antigens. Genetic alterations
involving oncogenes or tumor suppressors can result in the aberrant proliferation,
differentiation arrest, and clonal expansion of T cell precursors that is characteristic
of T cell acute lymphoblastic leukemia (T-ALL).

T cell lymphoblastic malignancies can be characterized based on the pattern of
surface antigen expression in T cell lymphoblasts in relation to the pattern of surface
antigen expression that occurs in normal thymocyte development (Reinherz and
Schlossman 1980; Rothenberg and Taghon 2005; Staal et al. 2001). The earliest T
cell precursors migrate from the bone marrow to the thymus, where they proceed
through a series of so-called double-negative (CD4—, CD8-) differentiation stages,
during which rearrangements of the T-cell receptor J, y and B genes occur. This is
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followed by the intermediate single-positive (CD4+, CD8—, surface CD3-), and the
subsequent double-positive (CD4+, CD8+) stage, during which TCR o rearrange-
ments occur. Intrathymic T cell development ends with the generation of single-
positive CD4+ or CD8+ T cells that migrate outside the thymus, although
additional differentiation steps occur in T cells upon antigen recognition.

T-ALL accounts for 10 to 15% of acute lymphoblastic leukemias in children,
and it is most common in older children and adolescents. This disease typically
presents with distinctive clinical features, including very high numbers of lym-
phoblasts in the peripheral blood, involvement of the central nervous system,
and an anterior mediastinal mass. T cell lymphoblastic lymphoma is a closely
related malignancy that typically presents with a thymic anterior mediastinal
mass and is differentiated from T-ALL based on the degree of bone marrow
involvement, with greater than 25% lymphoblasts in the bone marrow defining
T-ALL. These diseases exhibit a high degree of similarity in morphology, immu-
nophenotype, and response to therapy, and are generally thought to represent
different clinical presentations of the same disease (Cairo et al. 2005). Most of
the insights into the molecular pathogenesis of T-cell lymphoblastic malignan-
cies have come through the study of T-ALL rather than T cell lymphoblastic
lymphoma, probably due to the greater ease of obtaining primary tumor speci-
mens. This chapter is focused on the key aspects of the molecular pathogenesis
of T-ALL that are most relevant to the development of molecular targeted thera-
pies for this disease.

Oncogenic Transcription Factors

Many of the early insight into the pathobiology underlying T-ALL came through
the study of genes affected by recurrent chromosomal translocations. In contrast to
B-precursor ALL, where recurrent translocations often lead to the expression of a
fusion gene product, T-ALL translocations typically lead to the aberrant overex-
pression of structurally intact transcription factors, due to the placement of these
genes under the control of regulatory elements that are highly active in T cell pre-
cursors, such as the gene regulatory elements that normally drive the expression
of T-cell receptor (TCR) genes. Most often, the transcription factors involved play
prominent roles in normal hematopoietic development. Oncogenic transcription
factors dysregulated by this mechanism in T-ALL include basic region helix-loop-
helix (bHLH) genes such as TALI, TAL2, LYLI, and MYC, cysteine-rich genes such
as LMOI and LMO2, and homeodomain genes such as HOX/I and HOXI1L2.
Furthermore, although chromosomal translocations involving these genes are pres-
ent in only 25% of cases of T-ALL, gene expression profiling has identified over-
expression of these genes in 80% of cases (Ferrando et al. 2004; Ferrando and Look
2003), strongly suggesting that the dysregulated expression of these proto-oncogenic
transcription factors plays a fundamental role in the molecular pathogenesis of most
cases of T-ALL.
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Although of great biologic interest due to their central role in the pathobiology
of T-ALL, dysregulated transcription factor activity, which relies on intracellular
protein—protein and protein—-DNA interactions, has been difficult to target with
currently available pharmacologic strategies. Small molecules with favorable
pharmacologic properties can readily be designed to target intracellular proteins
whose activity relies on small hydrophobic pockets, such as enzymes. However,
it is estimated that only about 12% of the proteins encoded by the human
genome are “druggable” by small molecules with current technology, due to
structural and mechanistic considerations (Hopkins and Groom 2002; Hopkins
and Groom 2003; Russ and Lampel 2005); most transcription factors are cur-
rently considered “undruggable.” On the other hand, antibodies can be used as
therapeutic agents to inhibit protein—protein interactions and thus have a much
broader range of potential targets; however, antibodies generally cannot cross
the cell membrane, and are thus poorly suited as targeted modulators of intracel-
lular proteins (Verdine and Walensky 2007). However, recent advances in pep-
tide medicinal chemistry include the development of chemically stabilized
alpha-helical peptides that can successfully target intracellular protein—protein
interactions and that are taken up in vivo by intact cells (Gavathiotis et al. 2008;
Walensky et al. 2004). This strategy may allow the development of specific
therapies targeting dysregulated oncogenic transcription factor activity in the
human leukemias.

NOTCH1

The NOTCHI1 Pathway

Notch, which was initially identified by the characterization of a Drosophila
melanogaster mutant strain with notched wings (Morgan 1917), plays central
roles in the development of multicellular organisms, where it acts by regulating
cell fate, proliferation, survival, migration, and differentiation (Lai 2004). The
first human ortholog of Notch, NOTCHI1, was initially identified as a partner
gene in a t(7;9) translocation found in very rare cases of T-ALL, in which the
expression of a truncated NOTCHI protein is driven by T cell receptor  gene
regulatory elements (Ellisen et al. 1991). NOTCHI1 plays central roles in T cell
development, where it directs lymphoid progenitors toward a T cell fate at multiple
stages of lymphoid development (Grabher et al. 2006; Maillard et al. 2006;
Radtke et al. 2004; Rothenberg and Taghon 2005). Additionally, constitutive
NOTCHI1 signaling transforms T cell precursors in experimental systems (Zweidler-
McKay and Pear 2004). Despite the very low frequency of translocations involving
NOTCHI, activating mutations in the heterodimerization or PEST domains of the
full-length NOTCH receptor have been found in greater than 50% of cases of
T-ALL (Weng et al. 2004).
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NOTCHI is a cell surface receptor with an unusual mechanism of action
(reviewed in (Bray 2006; Grabher et al. 2006)). After its synthesis, the NOTCH1
protein undergoes cleavage by a furin-like protease into extracellular and trans-
membrane subunits that remain associated via noncovalent interactions at the cell
membrane. The binding of ligand to the extracellular subunit of NOTCHI1 triggers
two additional cleavage events in the transmembrane subunit, the first catalyzed by
ADAM-family metalloproteases and the second by the y-secretase enzyme com-
plex, which consists of presenilin, nicastrin, PEN2, and APHI1. This final
y-secretase-mediated cleavage allows the release of the intracellular domain of
NOTCHI1, known as ICN, into the cytoplasm. The ICN then translocates to the
nucleus, where it binds to the CSL/RBPJ transcription factor, leading to the dis-
placement of transcriptional corepressors and the recruitment of coactivators, thus
resulting in the transcriptional upregulation of target genes (Fig. 1).

NOTCHI1 activating mutations in T-ALL generally occur in two distinct regions
of the protein, and result in the accumulation of nuclear ICN protein via distinct
mechanisms. Missense mutations in the heterodimerization domain lead to consti-
tutive proteolytic activation of ICN, whereas truncating mutations in the C-terminal
PEST domain impair the degradation of nuclear ICN. Interestingly, mutations in

Nicastrin

Metalloprotease

Fig. 1 Activation of NOTCH signaling via proteolytic cleavage and nuclear translocation of the
intracellular NOTCH domain (ICN). Interaction with delta serrate ligand (DSL) stimulates prote-
olytic cleavage of NOTCH by metalloproteases and y-segretase. This leads to the release of the
intracellular ICN domain, which translocates to the nucleus, displaces corepressors and recruits
coactivators (MAM1), thereby converting CSL from a repressor to an activator of gene expression.
Reprinted with permission from Armstrong and Look (2005)
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both regions of the protein frequently occur in cis in the same NOTCHI1 allele,
resulting in the synergistic activation of NOTCHI signaling (Weng et al. 2004).
Prominent transcriptional targets of the NOTCHI1 ICN include MYC, which has
been shown to be critical for the growth-promoting effects of NOTCHI in T-ALL
cell lines (Palomero et al. 2006; Sharma et al. 2006; Weng et al. 2006), while
another NOTCHI1 target, HESI, is a transcriptional repressor that is a critical
mediator of the ICN-induced transcriptional repression of the PTEN tumor suppres-
sor (Palomero et al. 2007), as discussed in more detail below.

Strategies for NOTCHI1 Inhibition

A number of strategies have been devised for the inhibition of NOTCH. Wild-type
NOTCHI signaling can be targeted at the receptor-ligand interaction, but such
strategies are unlikely to be effective against T-ALL cells expressing mutant
NOTCHI1 because the mutant receptor undergoes ligand-independent receptor acti-
vation. Other strategies, including the development of monoclonal antibodies that
lock NOTCHI1 in an inactive conformation, are in preclinical development
(reviewed in (Rizzo et al. 2008)).

The identification of a requirement for enzymatic activity of the y-secretase
complex for the proteolytic activation of ICN, both upon ligand binding and in the
presence of activating NOTCH1 mutations, generated considerable excitement for
the application of y-secretase inhibitors (GSI) in T-ALL. Small molecule inhibitors
of y-secretase were developed prior to the discovery of NOTCHI1 activation in
T-ALL because the y-secretase complex also plays a central role in the proteolytic
generation of the insoluble amyloid-f3 peptide that accumulates in the brain in
Alzheimer’s disease (reviewed in (Gotz and Ittner 2008). Interestingly, toxicity to
normal T cells was found to be a toxicity of GSI during their preclinical develop-
ment for the treatment of Alzheimer’s disease (Wong et al. 2004).

Clinical trials of GSIs have been undertaken in T-ALL; however, the clinical
utility of these inhibitors has been hindered by the development of serious gas-
trointestinal toxicity (DeAngelo et al. 2006; Rizzo et al. 2008). GSI therapy
induces apoptosis of intestinal epithelial cells and goblet cell metaplasia (Milano
et al. 2004), an on-target toxicity resulting from altered intestinal cell differentia-
tion toward a goblet cell fate in the absence of NOTCH signaling (van Es et al.
2005). Efforts to overcome this toxicity through alterations in drug schedules and
doses are the focus of current investigations. It has been reported that patients
with breast cancer treated with a combination of tamoxifen and GSI had greatly
alleviated intestinal toxicity (Rizzo et al. 2008). Furthermore, another report has
demonstrated that the treatment with a combination of dexamethasone and GSI
dramatically ameliorates the GSI-mediated intestinal toxicity in an animal model,
while GSI therapy could simultaneously reverse NOTCH-mediated glucocorti-
coid resistance in human T-ALL cell lines (Real et al. 2009). This important
finding suggests that combination therapy with dexamethasone and GSIs could
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lead to synergistic antileukemic activity while simultaneously abrogating the
dose-limiting gastrointestinal toxicity of GSIs, a possibility that should be tested
in T-ALL clinical trials in the near future.

Resistance to NOTCHI1 Inhibitors and Therapeutic Strategies
to Overcome Resistance

Despite their initial promise, y-secretase inhibitors are not effective against all
T-ALL cell lines harboring activating NOTCH1 mutations. The mechanism mediat-
ing the resistance of T-ALL cells to y-secretase inhibition has been the target of
intense investigation, and at least two distinct mechanisms of resistance have been
identified. The first of these involves the inactivation of the FBW7 tumor suppres-
sor, which appears to mediate resistance to y-secretase inhibition by impairing the
downregulation of NOTCHI1 signaling. FBW7 is an E3 ubiquitin ligase that targets
both the ICN and MYC for proteasomal degradation (O’Neil et al. 2007; Thompson
et al. 2007). Despite the effective inhibition of NOTCHI1 activation at the cell sur-
face by y-secretase inhibitor therapy, cells harboring inactivation of FBW7 appar-
ently fail to effectively downregulate NOTCHI signaling because the proteasomal
degradation of ICN, and of its prominent target MYC, is impaired by the inactiva-
tion of the FBW7 E3 ubiquitin ligase.

The inactivation of PTEN, an important tumor suppressor that negatively regu-
lates PI3K-AKT signaling, has been identified as a second prominent mechanism
mediating resistance to y-secretase inhibitor therapy (Palomero et al. 2007). In con-
trast to FBW7 mutations, the inactivation of PTEN does not appear to exert its effect
by promoting ICN transcriptional activity. Under physiologic conditions, active
NOTCHI signaling leads to the transcriptional upregulation of HES1, which then
acts as a transcriptional repressor of PTEN. Thus, in the setting of active NOTCHI
signaling, active PI3K-AKT signaling is promoted due to the transcriptional repres-
sion of PTEN (Fig. 2a). Upon inhibition of y-secretase activity, NOTCH1 signaling
is inhibited, the transcriptional repression of PTEN is released, and the resultant
upregulation in PTEN expression leads to the inhibition of oncogenic PI3K-AKT
signaling. Thus, y-secretase inhibitor therapy in a cell with intact PTEN results in the
inhibition of both NOTCHI1 and PI3K-AKT signaling (Fig. 2b). However, deletions
and inactivating mutations of PTEN have been identified in 36% of primary T-ALL
samples, as discussed in more detail below. PTEN-negative T-ALL cells with
NOTCHLI activating mutations maintain active signaling through both NOTCH1 and
PI3K-AKT pathways (Fig. 2c). Upon effective y-secretase inhibitor therapy,
NOTCHLI signaling is inhibited in PTEN-negative cells. However, PTEN expression
cannot be upregulated in these cells despite the downregulation of HES1, and
PI3K-AKT signaling remains active in PTEN-negative cells. The failure to
downregulate PI3K-AKT signaling thus leads to resistance to GSI treatment in
PTEN-negative cells (Fig. 2d). Interestingly, Palomero et al. have shown that,
although PTEN loss induces resistance to NOTCHI inhibition, PTEN-negative
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a PTEN-positive T-ALL, no NOTCH1 inhibition b PTEN-positive T-ALL, NOTCH1 inhibited by GSI

PTEN

SURVIVAL PROLIFERATION ARREST
PROLIFERATION APOPTOSIS

C PTEN-negative T-ALL, no NOTCH1 inhibiton @ PTEN-negative T-ALL, NOTCH1 inhibited by GSI

SURVIVAL SURVIVAL
PROLIFERATION PROLIFERATION

Fig. 2 PTEN inactivation leads to resistance to NOTCHI1 inhibition but dependence on AKT
signaling. (a) T-ALL lymphoblasts with activating mutations of NOTCH1 constitutively generate
intracellular NOTCH1 (ICN), whose transcriptional targets include MYC and HES1. MYC appears
to be a transcriptional activator of PTEN, but HES-mediated repression predominates under ICN
signaling conditions. Low expression of PTEN leads to incomplete inhibition of the PI3K-AKT
pathway. (b) Inhibition of proteolytic release of ICN from the NOTCHI1 receptor by y-secretase
inhibitors (GSI) blocks ICN-mediated proliferative and survival signals, leading to cell cycle
arrest and apoptosis. Additionally, the HES 1-mediated repression of PTEN expression is relieved,
and PTEN can therefore inhibit prosurvival signaling mediated by the PI3K-AKT pathway. Thus,
PTEN-positive T-ALL cells with activating NOTCHI mutations depend on NOTCHI activity for
survival and proliferation. (¢ and d). In the absence of PTEN, uninhibited AKT activation leads to
aberrant prosurvival and proliferative signaling independent of NOTCHI1 pathway activity, thus
leading to resistance to NOTCHI inhibition. PTEN-null T-ALL cells that are resistant to NOTCH1
inhibition appear to be dependent on PI3K-AKT pathway signaling. Reprinted with permission
from Gutierrez and Look (2007)
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NOTCH1-mutant T-ALL cells are instead dependent on AKT signaling (Palomero
etal. 2007). A number of inhibitors of the PI3K-AKT pathway are currently undergo-
ing clinical development, and it seems likely that these will be particularly effective
in T-ALL when used in combination with NOTCHI1 inhibitors.

PTEN, PI3K-AKT, and mTOR

The role of the PTEN tumor suppressor in T-ALL has been suggested by murine
studies demonstrating that T-ALL develops in mice after the conditional deletion of
PTEN in hematopoietic stem cells (Guo et al. 2008; Yilmaz et al. 2006). The tumor
suppressor activity of PTEN is mediated in large part due to its role as a negative
regulator of PI3K-AKT signaling (Chow and Baker 2006), an oncogenic signal
transduction pathway activated by growth factor signaling and by a variety of onco-
genic mutations in human cancer (Brugge et al. 2007). Deletions of PTEN have
recently been described in approximately 8% of primary T-ALL patient samples
(Maser et al. 2007; Mullighan et al. 2007). Additionally, we have recently com-
pleted an analysis of PTEN as well as PI3K and AKT genes in primary T-ALL
samples, and have identified the presence of genetic lesions in the PTEN-PI3K-
AKT pathway in 48% of diagnostic specimens from a series of 44 children with
T-ALL (Gutierrez et al. 2009).

Activation of signaling through the PI3K-AKT pathway, as a result of PTEN
loss or the introduction of a constitutively active AKT transgene, has been shown
to mediate resistance to NOTCHI inhibition, but this appears to induce sensitivity
to PI3K-AKT pathway inhibitors, as discussed in the section “Resistance to
NOTCHI1 Inhibitors and Therapeutic Strategies to Overcome Resistance” (Palomero
et al. 2007). Additionally, evidence suggests that the mammalian target of rapamy-
cin (mTOR), which is activated by the PI3K-AKT pathway, mediates glucocorti-
coid resistance in at least some ALL cells, and the inhibition of mTOR effectively
reversed glucocorticoid resistance in T-ALL and B-precursor ALL cell lines (Wei
et al. 2006). Furthermore, combination therapy with a glucocorticoid and a
y-secretase inhibitor has been shown to both reverse glucocorticoid resistance and
to mitigate the serious gastrointestinal toxicity of y-secretase inhibitors (Real et al.
2009), as discussed in the section “Strategies for NOTCHI1 Inhibition.” Taken
together, these findings suggest that combination therapy with an inhibitor of PI3K-
AKT-mTOR signaling, a y-secretase inhibitor, and a glucocorticoid may represent
a particularly effective therapeutic combination in T-ALL, a possibility that will
likely be tested by future clinical trials.

Tyrosine Kinase Genes

The ABL tyrosine kinase normally plays physiologic roles in the regulation of prolif-
eration, cell adhesion and migration, and apoptosis (Sirvent et al. 2008). Translocations
resulting in the expression of a BCR-ABL fusion oncoprotein represent the characteristic
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genetic lesion in chronic myeloid leukemia (CML) and also occur in B-precursor
ALL. Compared to the wild-type ABL tyrosine kinase, BCR-ABL exhibits aberrant
subcellular localization and constitutive kinase activity. The ability of imatinib, a
small molecule inhibitor of BCR-ABL kinase activity, to provide long-term disease
control in CML has revolutionized therapy for this disease, and imatinib also has
activity against BCR-ABL-positive acute lymphoblastic leukemia.

Despite the rarity of BCR-ABL translocations in T-ALL, amplified episomes con-
taining NUP214-ABL fusion genes have been described in approximately 6% of
adults and children with T-ALL (Graux et al. 2004). The ABL breakpoint in these
cases occurs in intron 1, the same location as in BCR-ABL translocations, and these
fusions impart constitutive ABL tyrosine kinase activity to the fusion oncoprotein.
Therapy with tyrosine kinase inhibitors designed to target BCR-ABL, including ima-
tinib, dasatinib, and nilotinib, inhibits proliferation and induces apoptosis in T-ALL
cell lines harboring NUP214-ABL fusions (Quintas-Cardama et al. 2008). Furthermore,
ABL amplifications and EMLI-ABL fusions have also been described in rare cases of
T-ALL (Bernasconi et al. 2005; De Keersmaecker et al. 2005). Taken together, these
findings suggest that ABL kinase inhibitors may have therapeutic utility in a subset of
cases of T-ALL, and clinical trials should be initiated to test this possibility.

Mutational activation of JAKI1 has recently been reported in 18% of T-ALL
cases, and these mutations were associated with poor response to therapy (Flex
et al. 2008). The JAK1 gene encodes a nonreceptor tyrosine kinase that associates
with cytokine receptors and mediates the activation of STAT proteins upon cytokine
receptor activation. JAKI has been shown to play critical roles in lymphocyte
development, and JAK1 knockout mice show a severely hypocellular thymus. JAK1
mutations identified in T-ALL lead to the ligand-independent activation of STAT
signaling. A number of inhibitors of JAK/STAT signaling are currently under clini-
cal development, and the determination of their clinical activity against JAK1-
mutated T-ALL will be of great interest.

RAS

The RAS proto-oncogenes encode proteins that play central roles in mediating
growth factor signaling, and missense mutations at codons 12, 13, or 61 are frequent
events in human cancer. Mutant RAS proteins are potently oncogenic and lead to the
induction of signaling though the MAP kinase, PI3K-AKT, and RAL-GDS path-
ways (Schubbert et al. 2007). Mutations activating NRAS or KRAS have been
identified in approximately 15% of T-ALL and B-precursor ALL cases (Liang et al.
2006; Perentesis et al. 2004). Due to their role in the pathogenesis of numerous
cancers, a number of targeted RAS inhibitors are under development, many of which
target the post-translational modifications required for the generation of functional
RAS proteins, including farnesylation, palmitoylation and geranylgeranylation.
Furthermore, recent studies in KRAS-dependent cell lines derived from diverse
tumor types revealed inhibition of the STK33 kinase as effective therapy against
KRAS-dependent tumors, indicating the need for preclinical studies of STK33
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inhibitors in RAS-dependent T-ALL (Scholl et al. 2009). Targeted inhibitors of
RAS, or of signal transduction pathways activated by RAS, including the MAP
kinase and the PI3K-AKT pathways, may prove to have a role in the therapy of
RAS-mutated T-ALL.

Conclusions

Recent advances in our understanding of the molecular pathogenesis of T-ALL
have uncovered a number of therapeutic targets in this disease, including proteins
in the NOTCH and PI3K-AKT pathways. Despite initial challenges, and the early
difficulties with gastrointestinal toxicity with the use of NOTCH inhibitors,
remarkable recent advances have suggested rational combination therapies that
may lead to both synergistic antileukemic activity and reduced toxicity. Our under-
standing of T-ALL oncogenic pathways almost certainly remains incomplete, and
new advances should lead to the successful clinical application of molecularly
targeted agents in T-ALL.
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