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ABSTRACT

The NOTCH1 gene encodes a transmembrane receptor
protein with activating mutations observed in many
T-cell acute lymphoblastic leukemias (T-ALLs) and lym-
phomas, as well as in other tumor types, which has led
to interest in inhibiting NOTCH1 signaling as a therapeu-
tic target in cancer. Several classes of Notch inhibitors
have been developed, including monoclonal antibodies
against NOTCH receptors or ligands, decoys, blocking
peptides, and γ-secretase inhibitors (GSIs). GSIs block a
critical proteolytic step in NOTCH activation and are the
most widely studied. Current treatments with GSIs have
not successfully passed clinical trials because of side
effects that limit the maximum tolerable dose. Multiple
γ-secretase–cleavage substrates may be involved in

carcinogenesis, indicating that there may be other tar-
gets for GSIs. Resistance mechanisms may include PTEN
inactivation, mutations involving FBXW7, or constitutive
MYC expression conferring independence from NOTCH1
inactivation. Recent studies have suggested that selec-
tive targeting γ-secretase may offer an improved
efficacy and toxicity profile over the effects caused by
broad-spectrum GSIs. Understanding the mechanism of
GSI-induced cell death and the ability to accurately
identify patients based on the activity of the pathway
will improve the response to GSI and support further
investigation of such compounds for the rational design
of anti-NOTCH1 therapies for the treatment of T-ALL.
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Implications for Practice: γ-secretase has been proposed as a therapeutic target in numerous human conditions, including
cancer. A better understanding of the structure and function of the γ-secretase inhibitor (GSI) would help to develop safe
and effective γ-secretase–based therapies. The ability to accurately identify patients based on the activity of the pathway
could improve the response to GSI therapy for the treatment of cancer. Toward these ends, this study focused on
γ-secretase inhibitors as a potential therapeutic target for the design of anti-NOTCH1 therapies for the treatment of T-cell
acute lymphoblastic leukemias and lymphomas.

NOTCH SIGNALING PATHWAY

The Notch signaling pathway is an evolutionarily conserved
pathway whose deregulation is implicated in multiple
pathologies, including malignant transformation. The first
observation of the oncogenic potential of the Notch signal-
ing pathway was in 1991 in specific forms of leukemia

where the NOTCH1 gene was involved in the t(7;9)(q34;q34.3)
chromosomal translocation in T-cell acute lymphoblastic leuke-
mia (T-ALL) [1], resulting in a fusion protein that leads to inap-
propriate activation of Notch signaling. This signaling
stimulates proliferation, restricts differentiation, and prevents
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apoptosis in cancer cells [2]. Beyond the chromosomal translo-
cation, present in about 1% of patients with T-ALL, activating
missense mutations in the NOTCH1 gene are found in over
60% of T-cell malignancies. Thus, strategies to therapeutically
modulate Notch signaling are of interest, and current
approaches include inhibition of the ligand-receptor interac-
tion or interference with the proteolytic processing of the
receptor [3, 4] (Fig. 1A).

In brief, Notch signaling is a cell-cell communication sys-
tem between a Notch receptor (NOTCH1, 2, 3 or 4) and its
ligands Jagged 1–2 (JAG1 and JAG2) or Delta-like ligand
(DLL1, DLL3, and DLL4). NOTCH receptors are transmem-
brane proteins with large extracellular domains that consist
primarily of epidermal growth factor–like repeats, trans-
membrane regions, and intracellular regions. Binding of
Notch ligands promotes two proteolytic cleavage events in
the Notch receptor; the first one is catalyzed by ADAM fam-
ily metalloproteases at the cell surface, whereas the second
is mediated by the multiprotein complex γ-secretase in the
transmembrane domain inserted in the membrane. These
cleavage events trigger notch translocation to the nucleus,
where Notch cooperates with the DNA-binding protein C
promotor-binding factor and its coactivator Mastermind to
stimulate transcription of downstream target genes such as
HES1 or MYC [5]. γ-secretase is a multiprotein complex that
includes presenilin (PSEN1 or 2), nicastrin, presenilin
enhancer protein 2, and anterior pharynx-defective 1. The
bipartite protein PSEN1 or PSEN2 provides the catalytic sub-
unit. γ-secretase inhibitors (GSIs) lock γ-secretase in a
closed conformation, rendering it unable to cleave sub-
strates such as NOTCH and other additional proteins; inhibit
the proteasome; and can elicit endoplasmic reticulum stress
[6–11]. Therefore, this class of drugs inhibits the cleavage
of the Notch receptor intracellular domain, which is neces-
sary for transactivation of Notch targets, suggesting a prom-
ising clinical application in cancer therapeutics (Fig. 1A).

BROAD-SPECTRUM γ-SECRETASE INHIBITORS
Inhibitors for γ-secretase have been investigated for their
potential to catalyze proteolysis of the transmembrane
region of the amyloid β–protein precursor (APP) to generate
the amyloid β protein, thereby blocking the generation of
the amyloid β peptide associated with Alzheimer’s dis-
ease [12].

Considering that these compounds prevent Notch
receptor activation, a wide range of GSIs have been tested
in animals and humans for antitumor effects. Inhibitors of
γ-secretase prevent the second Notch cleavage, effectively
blocking Notch signaling, and can induce G0/G1 arrest,
decrease cell viability, and cause apoptosis of T-ALL cell
lines carrying gain-of-function NOTCH mutations (~60% in
human T-ALL). This treatment strategy was supported by
in vitro and in vivo studies, although the results of clinical
trials have shown only limited activity to date [13]. in vitro
data vary, depending on the compound and the cell type.
For example, MK-0752 has been shown to inhibit γ-secre-
tase–mediated cleavage of Notch with a half-maximal
inhibitory concentration (IC50) of 55 nM [14]; the IC50 of

PF-3084014 is 13.3 nmol/L in HPB-ALL cells, whereas in
HeLa cells the IC50 was determined to be 6.2 nmol/L [15].

One problem in the clinical development of GSIs has
been the occurrence of adverse effects based on Common
Terminology Criteria for Adverse Events, limiting the maxi-
mum tolerated dose. In fact, the first attempts to treat
patients with cancer and activating NOTCH1 mutations
were reported in 2006, although treatment had to be inter-
rupted because of undesired side effects (gastrointestinal,
infections, and skin cancer related) [16]. Forty-five trials
focused on the study of patients with cancer can be identi-
fied in the ClinicalTrials.gov database (https://clinicaltrials.
gov); this includes 287 tumor types. Twenty-six of these
45 studies use this type of treatment as monotherapy; the
remaining 19 involve the use of these drugs in a combina-
tion with other therapy. Seventeen are already terminated
(seven with results), 16 are completed (eight with results),
6 have been withdrawn, and 1 is not available. All studies
that have results posted involve three drugs (RO4929097,
MK-0752, and PF-03084014) (Fig. 1B). Regarding the
remaining studies (5/45), one is not yet recruiting, two are
active (not recruiting), and two are recruiting.

The limited response to GSIs may be attributed to differ-
ent causes. Firstly, there are multiple γ-secretase–cleavage
substrates in addition to APP or NOTCH1 (ERBBP4, E-
cadherin, ephrinB2, CD44, and others) that may be involved
in carcinogenesis, indicating the need to systematically
identify other targets as potential biomarkers for sensitivity
in clinical trials [17]. In addition, GSIs used in different clini-
cal trials are not pharmacologically equivalent [18], limiting
the generalizability of the results. Another point to be con-
sidered is the toxicity induced by these drugs, which can be
mitigated by glucocorticoid treatment [19] or via intermit-
tent scheduling [20]. The synergistic interactions of some
combination treatments suggest that lower doses of indi-
vidual agents may be used, thus having the potential to
limit tissue toxicity at the same therapeutic efficacy [21].
There are multiple published preclinical studies, using GSIs
alone and in combination with glucocorticoids, bortezomib,
or rapamycin, with encouraging results [14, 22, 23].
NOTCH1 is also central to the control of leukemia cell
metabolism; inactivation of glutaminolysis in combination
with NOTCH inhibition with GSIs has also proven efficacious
in preclinical animal models [24].

Mechanisms of resistance to NOTCH inhibition have
been studied. One important point that should be consid-
ered in development is that GSIs are more effective against
tumors with upregulated Notch signaling [8]. Clinical trials
should enroll patients with tumors displaying Notch activa-
tion (via mutation and/or overexpression), to avoid resis-
tance because of lack of the therapeutic target. Acquired
PTEN-inactivating events [25] in NOTCH1-dependent T-cell
lymphoblastic neoplasms could result in strong activation of
PI3K-AKT signaling, increased glycolysis and glutaminolysis,
and consequently γ-secretase inhibitor resistance. In addi-
tion, cell lines with mutations involving FBXW7, which
encodes a negative regulator of NOTCH1 and MYC [26,27],
display resistance to GSIs. Last, as we describe below, our
laboratory studies have shown that high levels of MYC
expression confer resistance and could serve as a biomarker
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to identify patients not expected to experience response to
to GSI treatment.

MYC GENE DOSAGE AS A NEW BIOMARKER FOR
γ-SECRETASE INHIBITORS
Activation of NOTCH receptor signaling sustains a broad
transcriptional program of cell growth and proliferation in
which the MYC oncogene seems to play a major role
[28–30]. MYC has been shown to regulate mitochondrial
biogenesis in T-ALL cells [31] by directly targeting mitochon-
drial genes [32]. It has been shown that the mitochondria-
dependent process is regulated by NOTCH through MYC
[33] and that MYC regulates the expression of anabolic
genes and pathways downstream of NOTCH1 [25]. This
NOTCH1-MYC transcriptional regulatory loop places the
control of cell growth anabolic pathways at the core of the
mechanisms mediating T-cell transformation by oncogenic
NOTCH1 [34], so MYC could be a good biomarker for
NOTCH activation. However, MYC overexpression can occur
by mechanisms other than activation of the NOTCH signal-
ing pathway, such as upon retroviral promoter insertion,
chromosomal translocation/amplification, and activation of
super-enhancers within the MYC gene [35].

We hypothesized that constitutive MYC expression with
independence of NOTCH1 activation could be a strong bio-
marker for resistance to GSI treatments. To develop this
idea, we carried out a proof of concept in our laboratory.
We used the γ-secretase inhibitor PF-03084014 to treat
three NOTCH1-dependent T-cell lymphoblastic cell lines
(HPB-ALL, MOLT-4, and SUP-T1), characterized by the
absence of FBXW7 mutations (polymerase chain reaction
and Sanger sequencing oligonucleotides; supplemental
online data). The small-molecule GSI classified as a tetralin
imidazole, PF-03084014 (Pfizer Inc., Groton, CT), has been
clinically evaluated to treat advanced breast cancer and
other solid tumors [15]. PF-03084014 is considered a selec-
tive inhibitor of NOTCH1 signaling that specifically inhibits
γ-secretase, triggering cell cycle arrest and apoptosis in
multiple tumor types including T-ALL and T-cell lymphoblas-
tic lymphoma (T-LBL) [15, 19, 36, 37]. When evaluated for
NOTCH activity, PF-03084014 significantly decreased NOTCH
intracellular domain (NICD) levels and mRNA expression of
the NOTCH target genes HES1 and MYC in the cell line HPB-
ALL, and it is able to inhibit cell growth or survival in several
NOTCH-dependent cell lines via cell cycle arrest and induc-
tion of apoptosis [15]. Notably, the T-cell lines displayed sig-
nificant differences in GSI sensitivity, judging by the levels

Figure 1 (Continued on next page).

© 2020 The Authors.
The Oncologist published by Wiley Periodicals LLC on behalf of AlphaMed Press.

γ-Secretase Inhibitors in Cancer Treatmente300



of cell proliferation and increased cell death (see below). In
trying to understand this differential sensitivity, we noted
that the abovementioned cell lines exhibited significant dif-
ferences in MYC gene dosage in such a way that the higher
MYC gene dosage, the higher level of resistance was
observed. Taking into account that GSI-persistent cells
showed upregulation of MYC expression [38], changes in
the copy number of MYC could be contributing to modulate
the response to GSI treatment. These support the notion

that the antileukemic effects of NOTCH1 inhibition can be
bypassed by different, sometimes convergent, genetic and
epigenetic mechanisms capable of supporting NOTCH-
independent leukemia cell growth [28]. High resolution
microarray-based comparative genomic hybridization ana-
lyses revealed that the HPB-ALL cell line is pseudodiploid
without significant copy number variations affecting chro-
mosome 8, where MYC resides; MOLT-4 cells exhibits
mosaic duplication of chromosome 8, which is compatible

Figure 1. Notch signaling pathway and clinical trials with γ-secretase inhibitors. (A): Schematic representation of Notch signaling
pathway. Signaling is initiated by the interaction of Notch with Delta-like ligands or Jagged ligands on the surface of instructing
cells. Then two sequential proteolytic cleavages occur, the first mediated by an ADAM family protease (S2 cleavage) and the next
by a γ-secretase complex (S3 cleavage), resulting in the release of NICDs. NICDs are translocated to the nucleus and bind with tran-
scriptional regulators to activate the expression of Notch downstream targets. The downstream proteins promote cell proliferation,
inhibit cell apoptosis, and maintain cancer stem-like phenotypes. (B): Clinical trials. A summary of the clinical trials with results
employing γ-secretase inhibitors in the treatment of cancer (https://clinicaltrials.gov).
Abbreviations: ADAM, a disintegrin and metalloproteinase; CSL, C promoter-binding factor; DLL3, Delta-like ligand 3; HAT, histone
acetyltransferase; mAb, monoclonal antibody; MAML-1, Mastermind-like 1; NICD, Notch intracellular domain; SKIP, ski-interacting
protein; TACE, TNF-α–converting enzyme.
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with a partial trisomy; and SUP-T1 cells combine a partial
tetrasomy at 8q24.13q24.21 region that includes the MYC
locus (Fig. 2A). To confirm the number of MYC copies, we
performed fluorescence in situ hybridization using the
DAKO Y5410 probe, a break-apart probe that allows detec-
tion of two different colored signals over the MYC DNA
sequence: one proximal (green) and another distal (red).
Results indicate the existence of mosaicism with different
cell populations exhibiting a different number of MYC cop-
ies (Fig. 2B). Of note, we always detected colocalization of
green and red signals in all cells of the three cell lines, indi-
cating that there is no evidence of translocation that could
be activating MYC expression.

Our results showed that PF-03084014 treatment, using
the time and concentrations previously reported [15],
decreased levels of intracellular domain of NOTCH protein
in all cell lines (Fig. 2C). The level of expression of MYC

underwent a significant decrease at the protein and tran-
scriptional levels in the pseudodiploid line HPB-ALL (Fig. 2C
and D), indicating that the expression of MYC in this cell
line must be essentially sustained by NOTCH1 activation.
The expression levels of MYC remained relatively high in
SUP-T1 and MOLT-4 (Fig. 2C), independent of the GSI dose
treatments, probably because these cell lines also sustain
the expression of MYC by gene dosage amplification in their
genomes. We thus determined that PF-03084014 decreased
cell proliferation and increased cell death significantly only
in HPB-ALL cells. These results demonstrated that GSI was
associated with antitumor activity that is practically
undetectable in SUP-T1 and MOLT cells (Fig. 2E).

Thus, constitutive MYC expression with independence
of NOTCH1 activation may be a biomarker for resistance
that can overcome the antiproliferative effects caused by
the inhibition of NOTCH1 signaling after treatment with the

Figure 2. MYC gene dosage and γ-secretase inhibitors. (A): Microarray-based comparative genomic hybridization analysis (aCGH) of
chromosome 8 to screen for copy number alterations of MYC in HPB-ALL, SUP-T1, and MOLT-4 cell lines. The aCGH plots of chro-
mosome 8 show alterations outside the thresholds of +0.5 for gain and −0.5 for loss, as well as borderline alterations at the +0.5
threshold. (B): Representative FISH signal patterns using the Myc break-apart and DAKO Y5410 probe in T-cell acute lymphoblastic
leukemia (T-ALL) cell lines. Interphase FISH analyses in at least 200 nuclei were evaluated. The colocalization of red and green sig-
nals excludes the presence of a translocation affecting the MYC. In the HPB-ALL image, there are >50% of nuclei with two signals
both for MYC. This case has a normal disomic status. In the other two images (SUP-T1 and MOLT-4) there are >50% of nuclei with
five signals for MYC. These cases are representative of a gain for chromosome 8. (C–E): Effects of treatment of HPB-ALL, SUP-T1,
and MOLT-4 cells lines with γ-secretase inhibitor (GSI) PF-03084014 (0, 0.1, 1, and 10 μM) for 72 hours. (C): GSI PF-03084014 treat-
ment in T-ALL cells inhibits Notch and induces apoptosis. Western blotting for detection of 120-kDa NICD and MYC. (D): MYC mRNA
expression is downregulated by PF-03084014 in HPB-ALL cell line. Real-time polymerase chain reaction was performed for mRNAs
expression levels of MYC (n = 3). The expression of specific mRNA is relative to housekeeping genes and was normalized to that the
same ratio in unstimulated cells. (E): Flow cytometry analysis of PF-03084014–treated cells (0–10 μM) stained with PI. Cell death
was quantified by staining with propidium iodide using flow cytometry; treatment with PF-03084014 dramatically increased the
number of HPB-ALL PI-positive cells (n = 3). Each line shows the normalized data of stained cells percentage. Data are expressed as
means � SD. Significant differences using Student’s t test (*p < .05, **p < .01, ***p < .001). Data normalized to vehicle treated cells
(0 μM).
Abbreviations: FISH, fluorescence in situ hybridization; NICD, Notch intracellular domain; PI, propidium iodide.
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γ-secretase inhibitor PF-03084014. Our findings underline
the idea that gene dosage of MYC could be a mechanism of
resistance for the GSIs.

SELECTIVE TARGETING OF γ-SECRETASE INHIBITORS
Recently, findings have been presented as a proof of princi-
ple that selective targeting of γ-secretase may improve
upon the activity of broad-spectrum GSIs in preclinical
models by reducing toxicities while showing significant ther-
apeutic efficacy [39]. In a seminal work, the team led by Jan
Cools and Bart de Strooper showed that T-ALL cell lines and
primary samples predominantly express a subclass of
γ-secretase that contains PSEN1 at its catalytic center.
Therefore, they tested the PSEN1-selective inhibitor
MRK-560 to treat human T-ALL cell lines and different
patient-derived xenografts in mice with mutated NOTCH1.
Interestingly, this compound showed a clear antitumor
activity without adverse impact in the gastrointestinal tract
or in T-cell development [40].

CONCLUSION

One of the main limitations with medicine today is our lim-
ited understanding of the biology of disease. Thus, a deeper
understanding of GSI structure and function would help to
develop safe and effective γ-secretase–based therapies.
The National Cancer Institute defines precision medicine as
“a form of medicine that uses information about person’s
genes, proteins, and environment to prevent, diagnose, and
treat disease (National Cancer Institute, USNIH (2011)
http://www.cancer.gov/dictionary/?CdrID=561717).” Per-
sonalized medicine uses specific markers in patients’ tumors
to make treatment decisions. Genetics-enabled clinical trials
with molecularly defined subpopulations could potentially
inform drug efficacy and safety profiling for GSIs, because
maximum benefits can be obtained by minimizing adverse
effects.

Moreover, γ-secretase has been proposed as a thera-
peutic target in numerous human conditions, such us
Alzheimer’s disease, Kaposi’s sarcoma, various cancers
[2, 15, 41–44], immunologic disorders [45], hearing loss
[46], etc. Targeting the Notch signaling pathway in cancer

Figure 3. Omics-based tests, including genomic tests, mRNA in situ hybridization, and immunohistochemical (among others) ana-
lyses, should be integrated to construct a Notch-related knowledge base for the optimization of Notch-targeted therapy. Synergistic
combinations of NOTCH inhibition and chemotherapy should be considered. Templates to build this figure were obtained from
SMART Servier Medical Art (Attribution 3.0 Unported, CC BY 3.0).
Abbreviations: DLL3, Delta-like ligand 3; mAb, monoclonal antibody.

© 2020 The Authors.
The Oncologist published by Wiley Periodicals LLC on behalf of AlphaMed Press.

www.TheOncologist.com

López-Nieva, González-Sánche, Cobos-Fernández et al. e303



via downregulation with GSIs is most promising in the con-
text of a personalized precision medicine strategy. Genomic
tests that detect mutations in the NOTCH genes, as well as
mRNA in situ hybridization and immunohistochemical ana-
lyses that detect overexpression of Notch family receptors,
would enhance the benefits of Notch pathway inhibitors,
such as blocking monoclonal antibodies (mAbs) and
γ-secretase inhibitors, through successful positive selection
of putative responders [47] (Fig. 3). Several biomarkers of
resistance have already been pointed out, such as PTEN
inactivation and mutations involving FBXW7 and now the
level of MYC gene dosage. Integration of big data
approaches can provide us with predictive models to con-
struct a optimized Notch targeted strategy. In the same
way, further studies will be required to assess the efficacy
of selective targeting of GSIs against broad-spectrum GSIs
to treat T-ALL and other tumors with driver-activating
mutations in the NOTCH1 receptor.
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