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Notch Inhibition in Cancer: Challenges
and Opportunities
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Abstract: Notch is a key oncogenic pathway in several human cancers and to date, no targeted treatment of
Notch activated cancers is available to patients. Therapeutic targeting of Notch has been an unresolved chal-
lenge due to severe on-target dose limiting toxicities associated with pan-Notch inhibition by either y-secretase
inhibitors or receptor/ligand targeting MAbs. At Cellestia Biotech, we have identified novel series of small mol-
ecule inhibitors of the Notch transcription complex. These molecules act as pan-Notch inhibitors and do not
cause toxicities commonly associated with first- and second- generation Notch inhibitors currently tested in the
clinic, thus providing a novel and unique opportunity to address a high unmet medical need. Our lead molecule,
CB-103 is currently being investigated in Phase-1 dose escalation in cancer patients. Cellestia Biothech is fur-
ther expanding its medicinal chemistry activities advancing the development of novel molecules for targeting
transcription factors in cancer as well as non-cancer indications.
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Introduction

Since the discovery of the notched wing phenotype in
Drosophila melanogaster due to mutations in the Notch recep-
tors, significant progress has been made to characterize this evo-
lutionarily conserved signaling pathway that is comprised of the
four receptors (NOTCH 1-4) and its 5 ligands (DELTA LIKE 1,
3, 4, JAGGED [-2).1'-81 The Notch pathway with its downstream
targets and cross-talk with other development pathways plays a
crucial role in cell-fate determination, differentiation, develop-
ment, tissue patterning, cell proliferation, and death.®! As the
role of Notch remains tissue- and context-dependent, alterations
within this pathway may lead to either a tumor suppressive or an
oncogenic phenotype.

Notch Signaling

Notch receptors are transmembrane proteins consisting of a
Notch extracellular domain (NECD), a Notch intracellular domain
(NICD) that extends via its transmembrane domain (TM) to the
extracellular hetero-dimerization domain (HD). The NECD con-
tains epidermal growth factor (EGF) repeats for the interaction
with Notch ligands, a negative regulatory region (NRR) harboring
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the cleavage site S2 for ADAMI10 or 17.119-121 The EGF repeats and
NRR region of NECD play an important role in ligand-dependent
activation of the pathway by triggering a S3 cleavage of Notch re-
ceptors by y-secretase complex (GS).[131 The GS mediated cleavage
of Notch receptors sheds the NICD into the cytoplasm with sub-
sequent translocation to the nucleus. Due to its role in S3 cleavage
mediated activation of Notch signaling, the GS complex has been
the main focus for targeting the Notch pathway in cancer (Fig. 1).
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Fig. 1. The Notch pathway. Notch signaling is activated upon ligand
receptor interaction on two adjacent cells. This is followed by sequen-
tial cleavage of Notch receptors by metalloprotease ADAM17 and
v-secretase complex generating constitutive active form Notch intracel-
lular domain (NICD). In association with CSL/RBPJ and MAML proteins,
NICD forms the core components of Notch transcription complex and
regulates transcription of Notch target genes.

The NICD consists of a RBPJ interacting domain (RAM),
Ankyrin (ANK) repeats, a transactivation domain and a PEST
(Proline, Glutamine, Serine and Threonine) domain. In the ab-
sence of Notch signaling, CSL (CBF-1 in mammals; suppressor of
hairless in Drosophila; LAG-1 in C. elegans) represses transcrip-
tion of Notch target genes.['4] Once in the nucleus, the RAM do-
main of NICD interacts with CSL{!5] which is further strengthened
by ANK repeats, leading to recruitment of additional co-activators
such as MASTER MIND Like 1-3 (MAMLI1-3) and p300.[16-18]
The Notch pathway activation is temporally fine-tuned by the
MAML-mediated recruitment of CycC:CDKS to the CSL/RBPJ-
NICD complex which phosphorylates the PEST domain of NICD
causing the FBW7-mediated (F-box and WD repeat domain-con-
taining 7) degradation of the NICD.!19.201 Alteration in the highly
context dependent Notch signaling may endow this pathway with
either tumor suppressive or oncogenic properties (Fig. 1).

Role of Notch in Development

The Notch pathway is a conserved signaling cascade that dic-
tates the development of several organs during embryogenesis and
in adults. In mammals the role of Notch signaling during embryo-
genesis is demonstrated by embryonic lethality in Notchl defi-
cient mouse due to defective vasculogenesis and hematopoiesis.[2!]
While Notch signaling is dispensable for hematopoietic stem cell
maintenance in adults, its activation is responsible for the differ-

entiation of early thymic progenitors in favor of T cells over B
cellsi22231 as well as differentiation of other hematopoietic cell
lineages such as splenic marginal zone B cells?*231 and splenic
dendritic cells.[26.271 Notch signaling regulates the development of
luminal epithelial cells in the mammary gland(28.2%1 and in the small
intestine, it coordinates the proliferation and differentiation of the
intestinal stem cells into absorptive (enterocytes) and secretory lin-
eages (goblet cells, Paneth cells and enterendocrine cells). Genetic
and pharmacological inhibition of the Notch pathway in the small
intestine skews the differentiation of the intestinal stem cells into
excessive goblet cell production, a phenotype referred to as goblet
cell metaplasia in mice.[30-321 Thus, complete pan-Notch blockade
leads to major gastrointestinal toxicities which often manifests as
severe diarrhea and vomiting in the clinic and limits the therapeutic
efficacy of pharmacological inhibitors of the pathway.

Oncogenic Role of Notch in Human Cancers

An oncogenic and causative role for Notch signaling in human
cancer was first demonstrated in T cell acute lymphoblastic leuke-
mia (T-ALL) with the discovery of a chromosomal translocation
involving the NOTCH1 locus,[331 which leads to a fusion of the
NOTCHI1 gene downstream of the TCRp enhancer element caus-
ing a constitutive pathway activation. The T-ALL causing role of
NOTCH1 was recapitulated in mouse studies by over expression
of NICD in hematopoietic stem cellsi*! and further confirmed
in primary human T-ALL by the identification of gain of func-
tion (GOF) mutations clustering in the HD and PEST domains
of the NOTCHI1 receptor.135! In addition to T-ALL, GOF muta-
tions in the Notch receptor have also been reported in 25% of
Marginal Zone B cell lymphomas (MZBL) as well as in 10-15%
of Chronic Lymphocytic Leukemias (CLL) and Mantle cell lym-
phomas (MCL).B3% In relapsed/metastatic adenocystic carcinoma
(ACC) about 35% of patients harbor GOF mutations in NOTCH1,
NOTCH?2 and NOTCH3 receptors.[371 Constitutive pathway activa-
tion due to chromosomal translocation in NOTCHI and NOTCH?2
genes have also been reported in 10% of triple negative breast
cancers!38:31 and 56% of malignant glomous tumors.[#0 Activation
of Notch signaling by upregulation of ligands and receptors has
also been proposed to contribute to resistance to standard of care
treatment in relapsed/refractory cancers such as ER+vel4142] ag
well as HER2+ve breast cancers!*3-451 (Table 1).

Table 1. A list of frequency of human tumors that harbour gain of
function mutations in NOTCH receptor genes (adopted from ref. [1])

Indication NOTCH Frequency
component of NOTCH
activation
T cell acute lymphoblastic NOTCH1 50-60%
leukemia FBXW7  12-30%
Chronic lymphocytic leukemia ~ NOTCH1 15%
Adenocystic carcinoma NOTCHI1- 35%
NOTCH4
Triple negative breast cancer NOTCHI1- 5-10%
NOTCH2
Glomus tumors NOTCH2 52%
Mantle cell lymphoma NOTCH1 15%
NOTCH2 5%
Marginal zone B cell lymphoma NOTCH2 5-25%
Diffuse large B cell lymphoma  NOTCH1 11%
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Targeting Notch in Cancer: Opportunities and
Challenges

Given its role in human cancers, the Notch pathway is an at-
tractive target for developing novel anti-cancer therapies. In fact,
several pharmaceutical companies have attempted to develop in-
hibitors of the Notch pathway (Fig. 2, Table 2).
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Fig. 2. Therapeutic targeting of the Notch pathway. Mode of action of
different Notch targeting therapeutic agents. Anti-NOTCH ligand/recep-
tor antibodies inhibit ligand-receptor mediated pathway activation. The
v-secretase inhibitors blocks cleavage of NOTCH receptors. CB-103 and
its analogs inhibit Notch signaling by directly targeting Notch transcrip-
tion complex and act as a protein—protein interaction inhibitors.

Table 2. Status of current NOTCH inhibitors.

Target Inhibitor Status
Y-secretase complex AL-101 Phase 11
PF-03084014 Phase 11
RO4929097 Discontinued
MK-0752 Discontinued
LY3039478 unknown
Notch receptor/ligand Demcizumab Discontinued
(Anti-DLL4)
Brontictuzumab Discontinued
(Anti-NOTCH1)
Tarextumab Discontinued
(Anti-NOTCH?2/3)
Notch transcription CB-103 Phase [
complex IMR-1 Pre-clinical
RIN-1 Pre-clinical

Although there are no FDA approved therapies for Notch
inhibition, multiple attempts have been made either using small
molecule inhibitors or monoclonal antibodies (e.g. Demcizumab,
Tarextumab, GSI MK-0752, R04929097, and PF03084014)!40]
which can be categorized into three different classes. These are 1)

GS inhibitors (GSIs) blocking Notch signaling by inhibiting the
S3 cleavage of Notch receptors, ii) monoclonal antibodies block-
ing the ligand-receptor interaction or the S2 cleavage of Notch
receptors and iii) inhibitors of the Notch transcription complex
(NTC). The current status of each of these classes of inhibitors is
discussed below (Table 2).

Gamma Secretase Inhibitors (GSls)

The GS, an aspartyl protease, which resides in a multipro-
tein complex, is able to cleave more than 90 proteins including
NOTCHI1-NOTCH4 receptors.[*7] GSIs have been originally de-
veloped for the treatment of the Alzheimer’s disease and widely
used to inhibit Notch signaling. Examples of these GSIs include
RO4929097, LY3039478, AL-101 (formerly, BMS-090624), PF-
03084014 and MK-0752. These GSIs have demonstrated robust
pre-clinical but modest clinical activities in cancers with an activat-
ed Notch pathway. LY3039478 has demonstrated dose-dependent
target engagement in skin biopsies and one partial response (PR)
in hormone responsive (ER+ve/PR+ve/HER2-ve) breast cancer pa-
tients.[*81 LY3039478 has also shown clinical activity in soft tissue
sarcoma and gastrointestinal stromal tumorsi*°l as well as stable dis-
ease in 58% of advanced/metastatic ACC patients.[>1 Similar partial
response rates have also been observed with other GSIs in melanoma
(RO4929097)31and triple negative breast cancer (PF-03084014).1521
Most importantly, AL-101 and PF-03084014 achieved complete
responses in T-ALL patients harboring activated NOTCHI, vali-
dating clinically the Notch pathway as a relevant drug development
target[53-541 (ClinicalTrials.gov Identifier: NCT03691207). Despite
these early signs of clinical activity, the clinical development of
GSlIs is marred by severe on-target gastro-intestinal (GI) tract tox-
icities, most likely due to complete inhibition of Notch signaling as
well as to the non-selective inhibition of additional targets of the
GS.55-57 Thus, the doses of GSIs required to achieve inhibition of
the Notch pathway in cancer are seriously limited by the GI toxici-
ties highlighting the opportunities and challenges associated with
the targeting of the Notch pathway for therapeutic intervention.

Monoclonal Antibodies Inhibiting Notch Signaling
Advances in the structural biology of the Notch ligands, their
receptors and transcriptional activation complex has helped to
identify novel targets in the Notch pathway. Structural determina-
tion of Notch receptors led to the discovery and development of
anti-NOTCHI1 and anti-NOTCH2 antibodies that lock these recep-
tors in an ‘off” conformation. These antibodies bind to the NRR
of the respective receptors and block their S2 cleavage. Preclinical
studies using anti-NOTCHI1 antibodies showed promising results
in their ability to block in vivo tumor growth in xeno-transplant
models of human disease.58 Recently, NOTCH1 and NOTCH2/3
targeting antibodies demonstrated clinical signs of efficacy which
were associated with the typical GI tract toxicity observed with
GSIs.5%-601 As an alternative strategy, antibody-mediated blockade
of Notch ligands has also been investigated in preclinical and clini-
cal studies. For example, blocking antibodies against the Notch
ligand DELTA LIKE 4 (DLL4) has been tested in preclinical stud-
ies. However, the use of an anti-DLL4 antibody has raised seri-
ous safety concerns. The chronic blockade of DLL4 in rats and
cynomolgus monkey caused sinusoidal dilation and centrilobular
hepatocyte atrophy in the liver. In addition to disrupting normal
organ homeostasis, the blockade of DLL4 also caused vascular
tumors.[®!] In the Phase-1 clinical trials these antibodies led to hy-
pertension and heart failure, thereby impeding further develop-
ment of these blocking antibodies.[®21 Moreover, anti-ligand and
anti-receptor antibodies are expected to be ineffective in tumors
harboring gene truncations/gene fusions. For example, the 5' dele-
tions within the Notchl gene generates a truncated dominant active
form of the receptor lacking the NRR region which is the target
of anti-Notchl antibodies.[®3] Thus Notch ligand/receptor inhibi-
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tory antibodies will fail in human cancers where Notch signaling
is activated due to chromosomal aberrations or due to alternative
transcription start sites in the 3' region of the Notch receptors.

Targeting the Notch Transcription Complex (NTC)

Thus far targeting of the GS, individual Notch receptors and
ligands has failed to yield optimal tumor efficacy partly due to
the induction of on-target GI tract toxicity, hypertension and heart
failure. Interrupting the Notch pathway by drug-like small mole-
cules targeting the NTC by disrupting protein—protein interaction
remains a challenging but viable option to develop Notch target-
ing therapies. The available X-ray structures of the CSL/RBPIJ-
NICD-MAML complex have supported the identification of pro-
tein—protein interfaces amenable for targeting of the NTC. In one
study, Moellering and colleagues mapped an o-helical part of the
MAMLI protein responsible for its binding to NICD and devel-
oped a dominant negative form of MAMLI to block transcrip-
tional activity of the complex.[%4] Other studies showed attempts to
target the NTC by small molecule inhibitors, but these programs
have remained at the preclinical drug discovery stage.l%5661 One
inhibitor (RIN-1) is noteworthy because it blocks the functional
interaction between RBPJ and SHARP in the absence of Notch
signaling. The SHARP-RBPIJ interaction may be exploited thera-
peutically as SHARP acts as a protein scaffold which induces po-
tent transcriptional repression resembling the knock-out of RBPJ
rather than inhibition of Notch signaling.[66]

Cellestia Biotech has identified and pre-clinically validated a
first-in-class orally active small molecule inhibitor, CB-103, that
acts as protein—protein interaction inhibitor of the NTC without
causing intestinal toxicity.l7] CB-103 is a highly selective pan-
Notch inhibitor with a favorable therapeutic index compared to
other Notch targeting inhibitors currently being tested in the clinic.
In animal studies, CB-103 has demonstrated anti-cancer activity
at well-tolerated doses circumventing the dose limiting toxicities
associated with GSIs and monoclonal blocking antibodies. The
ability of CB-103 to act as a pan-Notch inhibitor without caus-
ing goblet cell metaplasia is linked to its unique mode of action
(MoA). Genetic and pharmacological studies have associated GI
tract toxicity of Notch inhibitors to the upregulation of the Atohl
gene which normally induces goblet cell differentiation. Since
CB-103 directly targets the NTC, it allows differential gene ex-
pression of downstream transcriptional target. /n vivo and ex-vivo
models of intestinal organoids have shown that while CB-103 ef-
fectively inhibits Notch target genes (the Hes family and Olfm4),
it does not lead to an upregulation of Atohl in the small intestine,
thereby sparing the animals from goblet cell metaplasia.lo®! This
finding has been confirmed in animal toxicology studies. In addi-
tion, due to its unique MoA, CB-103 has demonstrated the ability
to target a wide spectrum of cancers with Notch activation includ-
ing tumors harboring chromosomal translocations in the Notch
receptors, which are usually resistant to Notch inhibition by GSIs
and monoclonal antibodies.[¢0]

CB-103 is currently being investigated in a Phase-1 dose es-
calation study (ClinicalTrials.gov Identifier: NCT03422679) and
has been found to be generally well tolerated, in line with expecta-
tions based on preclinical testing (unpublished data). The CB-103
clinical program is backed by a comprehensive biomarkers-based
approach for the selection of key Notch-driven oncology indi-
cations and for monitoring the target engagement (unpublished
data). To further capitalize on its asset, the company is planning to
initiate Phase-2 clinical trials with CB-103 as a single agent and in
combination therapies. The combination trials are designed based
on scientific rationale and supported by pre-clinical data. Based
on strong in-house research programs, Cellestia Biotech is further
expanding its medicinal chemistry activities and growing its pipe-
line beyond the lead asset and is advancing development of novel
molecules for targeting cancer as well as non-cancer indications.
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