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Abstract

Activation of Notch signaling has been implicated in pathogenesis of various hematologic tumors
including leukemias, lymphomas, and multiple myeloma. Pre-clinical studies have suggested that
inhibition of Notch could be an attractive new approach to treatment of hematologic malignancies.
This review discusses most recent findings in the field and potential role of Notch signaling as a
therapeutic target focusing on the effects of y-secretase inhibitors.
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1. Introduction

Notch is a family of transmembrane proteins that function both as cell surface receptors and
transcription regulators. The first gene of this family was cloned in the mid-1980s (Wharton
etal., 1985) and identified as a gene responsible for a specific phenotype observed in one strain
of Drosophila, precisely an unusual shape of Drosophila wing blades that had notches at the
end. Since then Notch proteins have been identified in various species, including mammals.
The first human gene of this family, Notch-1 was discovered in 1991 through the analysis of
the chromosomal translocation t(7;9)(q34;934.3) observed in patients with T-cell acute
lymphoblastic leukemia (T-ALL). It was then found that the locus on chromosome 9 contains
agene highly homologous to the Drosophila gene Notch (Ellisen etal., 1991). Since then Notch
signaling has been implicated in multiple processes that govern normal morphogenesis,
differentiation, cell proliferation and apoptosis. At the same time evidence has accumulated
that aberrant Notch activation contributes to tumorigenesis in various solid and hematological
tumors. Targeting of the Notch pathway therefore may represent a promising approach in anti-
cancer therapy. This review is focused on the role of Notch in hematological malignancies and
discusses the clinical prospects of Notch inhibitors.

2. The Notch pathway

In mammals, the Notch family of receptors includes four members: Notch-1, -2, -3, and -4.

Each member is a large heterodimeric protein comprised of extracellular, transmembrane, and
intracellular domains in which distinct structural regions are associated with different function
(Fig. 1). The extracellular domain contains a variable number of epidermal growth factor-like

© 2008 Elsevier Ltd. All rights reserved.

*Corresponding author at: H. Lee Moffitt Cancer Center, 12902 Magnolia Dr., MRC 2067, Tampa, FL 33612, United States. Tel.: +1
813 745 8454; fax: +1 813 745 1328. E-mail address: julia.nefedova@moffitt.org (Y. Nefedova).



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

1duasnuey Joyiny vd-HIN

Nefedova and Gabrilovich Page 2

(EGF) repeats (36 in Notch-1 and Notch-2; 34 in Notch-3, and 29 in Notch-4) involved in
ligand binding. The N-terminal localized EGF repeats are followed by a negative regulatory
region that is responsible for maintaining the receptor in a resting state prior to ligand binding.
This region includes three Notch family specific Lin12/Notch repeats (LNRS) near the C-
terminus of the extracellular domain and a heterodimerization domain (HD) (Vardar et al.,
2003). The intracellular domain contains two protein—protein interaction domains (RAM
domain and ankyrin repeats), two nuclear localization signals, a transactivation domain, and a
C-terminal PEST (polypeptide enriched in proline, glutamate, serine, and threonine residues)
sequence involved in Notch protein degradation.

Notch proteins are initially synthesized as ~300-350 kDa full-length unprocessed precursors
which then undergo proteolytic cleavage in the trans-Golgi network before reaching the cell
surface. This cleavage is mediatedby a furin-like convertase and occurs within HD at a site
referred to as the S1 cleavage site (Blaumueller et al., 1997; Logeat et al., 1998). This creates
a Notch heterodimer consisting of extracellular and transmembrane subunits where N- and C-
terminal halves of the HD are non-covalently associated (Rand et al., 2000). The extracellular
subunit includes the majority of the extracellular domain. The transmembrane subunit consists
of the part of the HD and the complete transmembrane and intracellular domains. Notch
heterodimer is subsequently transported to the cell membrane and expressed as a cell surface
receptor.

Activation of Notch signaling is initiated by binding of EGF-like repeats of Notch receptors
to its ligands (Fig. 2). At present two Notch ligand families, Jagged and Delta-like have been
described in mammals with a total of five Notch ligands identified (Jagged-1, -2, Delta-1, -3,
and -4). Multiple lines of evidence have converged on a generally accepted mechanism of
Notch activation that occurs in ligand-dependent fashion and involves two successive
proteolytic cleavage steps (Brown et al., 2000;Mumm and Kopan, 2000). The first cleavage
step is mediated by ADAM/TACE (A disintegrin and metalloprotease/tumor-necrosis-factor
a converting enzyme) family and occurs within the extracellular domain just external to the
transmembrane domain at a site referred to as the S2 cleavage site (Brou et al., 2000;Mumm
et al., 2000). Subsequently, the second cleavage occurs at the site S3 located within the
transmembrane domain. This cleavage step is mediated by a multisubunit protease complex
possessing y-secretase activity and comprising of presenilin 1 and 2, nicastrin, Pen-2, and
Aph-1 (De Strooper et al., 1999;Schroeter et al., 1998). As a result of this cleavage the
intracellular active domain of Notch (ICN) is liberated and rapidly translocates to the nucleus
where it binds a transcriptional repressor RBP-Jk (recombination-binding protein Jk, also
known as C promoter-binding factor (CBF-1), or CSL (CBF-1/Supressor of Hairless/Lagl))
through RAM and ankyrin repeat domains. In the absence of ICN, CBF-1 acts as a
transcriptional repressor due to its ability to bind several transcriptional co-repressor complexes
including histone deacetylase-1 and -2, CIR, SKIP, SMRT (Mumm and Kopan, 2000). Binding
of ICN to CBF-1 displaces co-repressor complexes, thereby de-repressing transcription from
promoters with CBF-1 binding elements (Mumm and Kopan, 2000). In addition, ICN/CBF-1
complexes recruits Mastermind-like (MAML) family of transcriptional activator proteins (Wu
and Griffin, 2004). In turn, MAML bind several different transcriptional co-activators
including histone acetyltransferase p300 and PCAF providing an additional stimulus for
transcription of genes harboring CBF-1-binding sites (Artavanis-Tsakonas et al., 1999). The
targets of ICN/CBF-1 signals in humans and mice include genes of the two families of basic
helix-loop-helix transcriptional repressors HES (hairy/enhancer-of-split) and HERP (HES-
related repressor protein, also known as HEY), as well as cyclins D1, p21, and NF-«xB (Cheng
et al., 2001;1so et al., 2003;Rangarajan et al., 2001;Ronchini and Capobianco, 2001).

In addition to the described above canonical activation of Notch there is evidence that
alternative CBF-1-independent pathways of Notch activation also exists (Martinez Arias et al.,
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2002). Deltex has been identified as one of the key mediators of CBF-1 independent Notch
signaling (Deftos et al., 2000).

3. Notch signaling in hematological malignancies

3.1. T-cell acute lymphoblastic leukemia

The prominent role of Notch signaling in the pathogenesis of T-cell malignancies was
underscored in several recently published reviews (Aster et al., 2008; Staal and Langerak,
2008). Here, we provide a brief overview of the data presently available.

In human leukemias, Notch-1 activation was initially demonstrated in T-ALL harboring the t
(7;9)(q34;934.3), a rare chromosomal translocation identified in less than 1% of T-ALL cases.
As a result of this rearrangement a truncated Notch-1 gene is juxtaposed next to the T-cell
receptor B locus, leading to the ligand-independent aberrant expression of a constitutively
active form of Notch-1 (Ellisen et al., 1991). Following this initial discovery, activating
mutations in the Notch-1 gene were found in more than 50% of human T-ALL (Breit et al.,
2006; Weng et al., 2004). Activating mutations in Notch-1 are concentrated in exons 26 and
27, encoding the HD domain, and in exon 34, encoding the PEST domain (Weng et al.,
2004). HD mutations are typically single amino acid substitutions and small in-frame deletions
and insertions that induce ligand-independent activation of Notch, either due to poor S1
processing or by destabilizing the HD-LNR interaction, resulting in increased dissociation of
the heterodimer or by displacing the S2 site away from the protective effect of the HD-LNR
complex and exposing it to proteolytic cleavage (Malecki et al., 2006; Weng et al., 2004). In
contrast to HD mutations, PEST mutations encode premature stop codons and lead to
generation of truncated forms of Notch lacking the PEST domain, resulting in an increased
level of active Notch due to its impaired proteosomal degradation (Weng etal., 2004). Recently,
another class of activating mutations within the extracellular juxtamembrane region of Notch-1
was identified in T-ALL (Sulis et al., 2008). These juxtamembrane expansion mutations
(JEMS) are generated by internal tandem duplications in the 3'-end of intron 27 and/or in the
proximal region of exon 28 and resulted in the insertion of relatively long peptides around
position 1740 of Notch-1. Thus, JEMs distance the entire HD-LNR complex from the
membrane allowing ligand-independent proteolytic processing of S2 (Sulis et al., 2008). It is
commonly accepted that deregulated Notch-1 signaling is major contributor in the pathogenesis
of T-ALL.

3.2. Acute myeloid leukemia (AML)

The role of Notch signaling in AML is not that well established as in T-ALL. Although
activating mutations of Notch have been reported for AML they are a rare event. Sequencing
of HD and PEST domains of Notch-1 in 23 AML cell lines reveals truncating mutations in the
PEST domain in 3 of them. Out of these three cell lines, two were derived from an AML relapse
in a patient initially diagnosed with T-ALL (Palomero et al., 2006b). Mutation analysis of the
Notch-1 gene in 121 AML and myelodysplastic syndrome (MDS) patients demonstrated the
presence of a HD domain activating mutation in only one case of AML (undifferentiated MO
AML) (Palomero et al., 2006b). A missense mutation was found in the PEST domain in one
out of 12 primary AML samples, but the precise role of the mutation has not been determined
(Fu et al., 2006). No mutations were identified in the ankyrin repeats and PEST domain in 2
primary samples (Chen et al., 2008).

Although the majority of AML cell lines and primary samples express Notch-1 as well as its
ligand Jagged-1 (Chiaramonte et al., 2005; Tohda and Nara, 2001), the role of Notch signaling
in AML has to be determined. Despite the well-accepted notion that activated Notch supports
cell self-renewal and tumorigenesis, Tohda et al. failed to demonstrate the ability of Notch
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ligands to promote self-renewal of primary AML cells. Instead, activation of Notch tended to
induce differentiation of leukemic cells (Tohda et al., 2005).

3.3. B-cell malighancies

The majority of B-cell malignancies were reported to over-express Notch proteins. Thus, high
level of active Notch was demonstrated in Hodgkin lymphoma, multiple myeloma (MM), B-
cell chronic lymphocytic leukemia (Hubmann et al., 2002; Jundt et al., 2002, 2004; Nefedova
et al., 2004) and weak but still detectable expression of Notch was observed in non-Hodgkin
lymphoma cells (Jundt et al., 2002). However, in contrast to T-cell malignancies the role of
Notch in B-cell tumors remains controversial. Several studies suggested that constitutively
active Notch signaling leads to growth inhibition and apoptosis in malignant B-cells (Morimura
etal., 2000; Nefedova et al., 2004; Romer et al., 2003; Zweidler-McKay et al., 2005). Zweidler-
McKay demonstrated growth arrest and/or apoptosis as functional consequences of Notch
activation in 13 cell lines representing multiple subclasses of B-cell neoplasia (murine and
human preB-ALL, human Hodgkin, biphenotypic mixed-lineage leukemia and MM cells
lines). This effect was observed by both expression of a constitutively active form of Notch
(ICN) as well as ligand-induced activation of Notch signaling. Furthermore, all four Notch
members were able to induce growth inhibition and apoptosis (Zweidler-McKay et al., 2005).
In contrast, several studies have suggested that Notch signaling promotes proliferation in
malignant B cells, such as a role of Notch-2 in CD23a-mediated proliferation in B-cell chronic
lymphocytic leukemia (Hubmann et al., 2002). A proliferative effect of exposure to the Notch
ligand Jagged-1 was demonstrated in several Hodgkin and MM cell lines (Jundt et al., 2002,
2004).

3.4. Notch signaling and microenvironment

The tumor microenvironment is recognized as an important factor supporting tumor
development and progression. In contrast to T-ALL where Notch is activated primarily due to
mutations, in B-cell malignancies Notch signaling might be activated by tumor cell—cell and
tumor cell-microenvironment interactions. Several studies demonstrated the importance of
Notch signaling in cross-talk between MM cells and their microenvironment. MM cells reside
preferentially in the BM and surrounding stromal fibroblast-like cells, osteoblasts and
osteoclasts (OCL), as well as soluble factors all affect MM growth and response to the
treatment. BM stromal cells (fibroblasts) express both Notch ligands — Jagged and Delta — and
are able to activate Notch signaling in MM cells in a co-culture system (Nefedova et al.,
2004). Besides, Notch could be activated by interaction between MM cells themselves since
they express both Notch ligands and the receptors. Activation of Notch signaling was suggested
to be one of the mechanisms of de novo BM stroma-mediated resistance of MM cells to
apoptosis induced by chemotherapeutic drugs (Nefedova et al., 2004). However, not only BM
stroma induces Notch signaling in MM cells but also tumor cells could affect Notch signaling
in the microenvironment. Hypomethylation of the Jagged-2 promoter in malignant primary
plasma cells and MM cell lines resulted in overexpression of the Notch ligand Jagged-2 and
in a co-culture assay Jagged-2 expressed by the MM cells, activated Notch signaling in BM
stromal cells and thereby induced secretion of interleukin-6 (IL-6), vascular endothelial growth
factor, and insulin-like growth factor-1 by the stromal cells (Houde et al., 2004). OPM-2 MM
cells were able to activate Notch signaling in OCL in an in vitro co-culture system resulting in
increased tartrate-resistant acid phosphatase-5 mRNA expression, an indicator of OCL activity
(Schwarzer et al., 2008).

4. Notch signaling inhibition as therapy

Because Notch signaling is of critical importance in the pathogenesis of hematological as well
as solid malignancies, inhibition of this pathway was proposed as an emerging strategy for
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4.1. T-ALL

cancer treatment. As described above, Notch activation includes two consecutive proteolytic
cleavage steps followed by translocation of the active ICN to the nucleus, binding with CBF-1
transcriptional factor and co-activators of MAML family, and transcription of target genes.
Any pharmacological intervention that interferes with these steps could result in inhibition of
Notch signaling. So far, blocking the final intra-membranous cleavage of Notch mediated by
the y-secretase complex has been the most successful strategy for development of targeted
therapeutics.

y-Secretase is a large intramembranous aspartyl protease that processes a wide range of type |
membrane proteins, including B-amyloid precursor protein (APP), Notch family members, as
well as low density lipoprotein family members, cadherins, CD44, ErbB-4, CSF-1, and
syndecans among 25 substrates identified so far (Lled, 2008). The y-secretase complex is
composed of presenelin (PS)-1, PS-2, nicastrin, Aph-1, and Pen-2. Recent studies have
indicated the critical role of PS1 for the activity of this complex (Lled, 2008). Initially, interest
to y-secretase came from the fact that this complex is responsible for the cleavage of APP that
generates amyloid-p peptide (AB), a primary component of the amyloid plaques. Abnormal
accumulation of AP peptides and formation of amyloid plaques is considered to play a leading
role in pathogenesis of Alzheimer’s disease (Selkoe and Kopan, 2003). Due to its role in Ap
peptides generation, y-secretase complex became an attractive target for developing
therapeutics for Alzheimer’s disease (reviewed in (Lle6, 2008). Most y-secretase inhibitors
(GSI) tested have also affected the cleavage of Notch receptors, thus providing a rationale for
testing the anti-tumor activity of these compounds.

The first data revealing the anti-tumor effect of GSI were obtained in solid tumors. The
tripeptide GSI-I (Z-Leu-Leu-Nle-CHO, Calbiochem) as well as LY-411,575 blocked Notch
activation and resulted in apoptosis in primary and immortalized Kaposi’s sarcoma cells in
vitro and tumor growth inhibition in xenograft mouse model in vivo (Curry et al., 2005).
Inhibition of the Notch pathway with the dipeptide GSI DAPT (N-[N-(3,5-difluorophenacetyl-
c-alanyl)]-S-phenylglycine t-butyl ester, GSI-IX, Calbiochem) in medulloblastoma cell lines
and primary tumor cultures resulted in a significant reduction of viable cell numbers. In vivo,
short-term treatment of mice carrying D283 medulloblastoma xenografts using DAPT resulted
in markedly decreased tumor cell proliferation and increased apoptosis (Hallahan et al.,
2004). However, a longer 4-week study of the activity of this GSI in vivo was inconclusive,
because the drug was not effective in inhibiting the Notch pathway activity after 2 weeks as
was evidenced by failure to suppress Hes-1 expression in the marrow. The ability of different
GSI to inhibit tumor growth was demonstrated in vitro and in vivo for other solid tumors
including lung, ovarian cancer, and melanoma (Konishi et al., 2007; Park et al., 2006; Qin et
al., 2004).

The high occurrence of Notch-activating mutations in TALL suggested targeting of this
pathway as a promising therapeutic strategy in T-ALL. The first evidence of the effect of GSI
was provided by the observation that five human TALL cell lines lacking t(7;9) underwent
Go/G1 cell cycle arrest after 4-8 days of treatment with GSI Compound E (Weng et al.,
2004) (Table 1). Several other studies confirmed this initial observation and described
induction of cell cycle arrest followed by apoptosis after prolonged (4 days for CUTLL1 cell
line and 7 days or more for other cell lines) treatment of “sensitive” Notch-1 mutation-positive
T-ALL cell lines with GSI (De Keersmaecker et al., 2008; Kogoshi et al., 2007; O’Neil et al.,
2006; Palomero et al., 2006a). In addition, GSI (Compound E (GSI-XXI); Calbiochem) was
able to sensitize T-ALL cells to the effect of dexamethasone and increase the anti-proliferative
effect of imatinib in T-ALL cells with ABL1 fusions (De Keersmaecker et al., 2008). Recently
MRK-003, anew cyclic sulfamide GSI was developed by Merck (Lewis etal., 2007). Treatment
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with MRK-003 of three T-ALL cell lines (DND-41, HPB-ALL, and TALL-1) resulted in
prolonged Gy/G cell cycle arrest followed by induction of apoptosis (Lewis et al., 2007).

It was anticipated that GSI therapy would be successful especially for those tumors driven by
aberrant Notch signaling. However, the overall efficacy of GSI treatment was poor since only
a small number of human T-ALL cell lines responded. The GSI Compound E had effect in
only 5 out of 30 human T-ALL cell lines and 5 out of 20 T-ALL cell lines were sensitive to
MRK-003 (O’Neil et al., 2007; Weng et al., 2004). To investigate the molecular basis of
resistance to GSI, a subset of seven T-ALL cell lines expressing high level of ICN (Notch
active domain) and lacking truncating mutations in the PEST C-terminal domain was analyzed.
All these cell lines as well as 7 out of 81 (8.6%) primary T-ALL samples carried either a
mutation or homozygous deletion of the gene FBW?7, a ubiquitin ligase that plays a critical role
in ICN degradation. FBW?7 interacts with its substrates via WD40 propeller domain after the
substrate became phosphorylated. All identified FBW7 gene mutations were localized within
critical WD40 arginine residues thus preventing its binding to ICN (O’Neil et al., 2007). Using
oligonucleotide microarrays in search for the differentially expressed genes associated with T-
ALL sensitivity or resistance to GSI, Palomero et al. demonstrated that the loss of tumor
suppressor gene PTEN due to mutations was associated with resistance to pharmacological
inhibition of Notch (Palomero et al., 2007). PTEN controls multiple pathways regulating
cellular growth and survival and one of its functions is inhibition of PI3K/Akt signaling. GSI-
sensitive cells lines expressed normal PTEN protein, while GSlI-resistant cells showed either
absent or decreased PTEN protein due to mutations that encode premature stop codons. In
addition to T-ALL cell lines, loss of PTEN protein was observed in 6 out of 35 (17%) T-ALL
primary samples as determined by immunohistochemistry and mutationsof the PTEN gene
were detected in 9 out of 111 (8%) T-ALL cases. The expression of PTEN was negatively
regulated by Notch. Mutational loss of PTEN resulted in consequent hyperactivation of PI3K/
Akt and resistance of T-ALL cells to GSI (Palomero et al., 2007).

A clinical trial of MK-0752, a compound similar to MRK-003, for treatment of T-ALL was
initiated (Deangelo et al., 2006). The study is ongoing and the results are not published yet.

4.2. B-cell malignhancies

Several studies evaluated the effect of GSI on B-cell lymphoma and MM tumor growth. Using
three different GSI compounds (GSI-I, IX, and XII; Calbiochem) it was reported that in vitro
growth of three Burkitt lymphoma cell lines Ramos, Daudi, and Raji, as well as the diffuse
large B-cell lymphoma cell line MD901 was significantly suppressed due to induction of
apoptosis (Kogoshi et al., 2007). Similarly, the growth of the newly established B-cell
lymphoma TMD8 cell line was suppressed after treatment with either GSI-I, -1X, or -XII
(Tohda et al., 2006).

The anti-myeloma effect of the GSI DAPT was investigated by Jundt et al. (2004). According
to this study the Notch ligand Jagged-1 stimulated proliferation of MM cell lines RPMI-8226,
H929, OPM-2, LP-1 and Hodgkin cell line KM-H2 and treatment with DAPT resulted in a 40—
75% decrease in proliferation rates of these cell lines.

The tumor BM microenvironment has been shown to play a critical role not only in controlling
MM cell growth and survival, but also in the sensitivity to therapeutic agents (Meads et al.,
2008). BM fibroblast-like stromal cells express Notch ligands and therefore can activate Notch
signaling in MM cells and following Notch activation, MM cell became resistant to the
chemotherapy-induced apoptosis (Nefedova et al., 2004). In MM cell lines or primary MM
cells cultured with or without BM stromal cells, GSI-XII (Calbiochem) induced significant
apoptosis due to upregulation of the pro-apoptotic protein Noxa. Addition of GSI increased
the MM cytotoxicity of doxorubicin and overcame BM-mediated drug resistance in vitro. In
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in vivo mouse MM models GSI significantly increased the anti-tumor effect of doxorubicin or
melphalan (Nefedova et al., 2008). Thus, addition of GSI potentiates the effect of conventional
chemotherapeutics and would allow for the decrease of the effective dose of drugs which in
turn would reduce the toxicity of the treatment.

Other important elements of the BM stromal microenvironment are osteoblasts and OCL. The
altered balance between the activities of these two is the cause of bone disease, a typical feature
of MM. Recently, the effect of GSI on MM-OCL cell interaction was evaluated. GSI-15
(RH02015SC, Maybridge, Acros Organics, Belgium) used in this study reduced the
proliferation and induced apoptosis in OPM-2 MM cells cultured alone or co-cultured with
OCL. Furthermore, the Notch inhibitor completely abolished increased OCL activity
(Schwarzer et al., 2008).

5. Conclusions

There is now clear evidence pointing out a role of Notch in the pathogenesis of hematological
malignancies, making Notch signaling an attractive target for the development of novel
therapeutics. Several key steps in the activation of this pathway could potentially be
pharmacologically targeted. A number of agents including ADAM inhibitors, Notch antisense,
anti-Notch monoclonal antibodies and RNA interference have been suggested for targeting
Notch; however, they did not reach preclinical studies so far. Relative specificity and high anti-
Notch activity make GSls that inhibit the final cleavage step of the Notch receptor, the only
agents that were used in preclinical studies (summarized in Table 1). The clinical use of GSls,
however, might still be limited due to their side-effects. Thus, gastrointestinal toxicity was
reported in a mouse model (van Es et al., 2005;Wong et al., 2004). This effect could be related
to the blockade of the physiological effect of Notch signaling in normal tissues. In addition, it
could be due to non-selectivity of GSls since the y-secretase complex can process more than
20 substrates in addition to Notch. The toxicity of compounds could be minimized by lowering
the dose of GSIs when used in combination with other chemotherapeutic agents. This approach
allowed for reducing the dose of chemotherapy and was demonstrated to be effective in
preclinical studies (De Keersmaecker et al., 2008;Nefedova et al., 2008). More studies of the
combined effect of GSIs with conventional and new chemotherapeutic drugs will be necessary
to determine the clinical potential of such an approach.

Recently, a series of hydrocarbon stapled alpha-helical peptides targeting Notch (SAHNS)
complex were synthesized (Moellering et al., 2007). SAHN1 was able to bind nuclear ICN and
CSL and inhibit downstream targets of Notch signaling. Furthermore, inhibition of Notch
signaling with SAHN1 conferred cytotoxicity in a panel of T-ALL cell lines including those
resistant to GSIs (Moellering et al., 2007). Further development of this approach and testing
it in the context of various cells might be beneficial for treatment of hematological
malignancies.
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Fig. 1.

Schematic organization of Notch receptor. IC-intracellular domain; EGF, epidermal growth
factor; LNR, Lin12/Notch repeats; HD-N, N-terminal region of heterodimerization domain;
HD-C, C-terminal region of heterodimerization domain; TM-transmembrane domain of Notch;
NLS, nuclear localizing signals; RAM, RAM domain; ANK, Ankyrin repeat domain; TAD,
transactivation domain; PEST, a region rich in proline (P), glutamine (E), serine (S), and
threonine (T) residues. The cleavage sites for furin-like proteases (S1), ADAM-type

metalloproteases (S2), and y-secretase (S3) are shown.
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Fig. 2.

Canonical Notch signaling pathway. Upon binding to its ligand Jagged or Delta, Notch receptor
undergoes two proteolytic cleavages, the last one is mediated by y-secretase. This leads to the
release of the intracellular ICN domain which then translocates to the nucleus and binds DNA-
binding protein CSL(CBF-1) displacing co-repressor complex and recruiting co-activators
including MAML, thereby converting CSL from a repressor to an transcriptional activator.
ICN, Notch intracellular domain; GSI, y-secretase inhibitor; MAML, mastermind-like
coactivator; CSL(CBF-1), suppressor of hairless.
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Table 1
Gamma-secretase inhibitors used for studies in hematological malignancies.
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Compound Type of cancer Type of studies Biological effect reported Reference
cells tested

GSI-I (Z-LLNIe-CHO, Calbiochem) Burkitt In vitro Growth suppression Kogoshi et al.
lymphoma and (2007)
diffuse large
B-cell Tohda et al.
lymphoma cell (2006)
lines
AML cell lines In vitro Growth suppression Kogoshi et al.

(2007)
T-ALL cell lines In vitro Growth suppression Kogoshi et al.
(2007)

GSI-IX (DAPT, Calbiochem) Burkitt In vitro Growth suppression Kogoshi et al.
lymphoma and (2007)
diffuse large
B-cell Tohda et al.
lymphoma cell (2006)
lines
AML cell lines In vitro Growth suppression Kogoshi et al.

(2007)
T-ALL cell lines In vitro Growth suppression Kogoshi et al.

(2007)
Mouse T-ALL In vitro Gy/G; cell cycle arrest and O’Neil et al.
cell lines apoptosis (2006)

GSI-X (L-685,458 Calbiochem) T-ALL cell line In vitro Antagonized the inhibitory De
ALL-SIL effect of imatinib on Keersmaecker
(express ABL1 ALL-SIL cell proliferation et al. (2008)
fusion protein)

GSI-XII (Z-IL-CHO, Calbiochem) Burkitt In vitro Growth suppression and Kogoshi et al.
lymphoma and apoptosis (2007)
diffuse large
B-cell Tohda et al.
lymphoma cell (2006)
lines
MM cell lines In vitro Apoptosis; increased Nefedova et
and primary cytotoxicity of doxorubicin al. (2008)
cells

In vivo Inhibition of RPMI-8226
and H929 tumor growth;
increased anti-MM effect
of doxorubicin and
melphalan
AML cell lines In vitro Induction of apoptosis Kogoshi et al.
(2007)
T-ALL cell lines In vitro Induction of apoptosis Kogoshi et al.
(2007)
GSI-XXI (Compound E, T-ALL cell lines In vitro Cell cycle arrest in 5 out of Weng et al.
30 cell lines tested (2004)

Calbiochem) T-ALL cell line In vitro Gy/G; cell cycle arrest and Palomero et
CUTLL1 apoptosis al. (2006a,b)
T-ALL cell lines In vitro Reversible Gy/G, cell cycle De

arrest followed by Keersmaecker
apoptosis; et al. (2008)

Stimulation of T-ALL cell
lines differentiation from
CD4—-/CD8"— to CD4"/
CD8" (MOLT-4) or
changing

Drug Resist Updat. Author manuscript; available in PMC 2009 December 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Nefedova and Gabrilovich

Page 14

Compound Type of cancer Type of studies Biological effect reported Reference
cells tested
expression of CD3;
Antagonized the inhibitory
effect of imatinib on
ALL-SIL cell
proliferation;
Sensitized cells to
dexamethasone
DAPT MM cell lines, In vitro Decrease in proliferation Jundt et al.
Hodgkin (2004)
lymphoma cell
line KM-H2
GSI-15 (Acros Organics) MM OPM-2 cell In vitro Decrease in proliferation Schwarzer et
line and induction of apoptosis; al. (2008)
Inhibition of OCL activity
MRK-003 (Merck) T-ALL cell lines In vitro Gy/G; cell cycle arrest O’Neil et al.
followed by apoptosis in 5 (2007)
out of
20 cell lines tested
In vitro Gy/G; cell cycle arrest Lewis et al.
followed by apoptosis in 3 (2007)
cell lines
tested
MK-0752 (Merck) T-ALL Clinical trial Results are not published Deangelo et
yet al. (2006)
(abstract)

GSlI, y-secretase inhibitor; T-ALL, T-cell lymphoblastic leukaemia; AML, acute myeloid leukaemia; MM, multiple myeloma; OCL, octeoclasts.
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