CHAPTER 23

NOTCH INHIBITION AS A PROMISING NEW
APPROACH TO CANCER THERAPY

Benjamin Purow

Neuro-Oncology Division, Neurology Department University of Virginia, Charlottesville, Virginia, USA
Email: bwpSg@virginia.edu

Abstract: The Notch pathway powerfully influences stem cell maintenance, development and
cell fate and is increasingly recognized for the key roles it plays in cancer. Notch
promotes cell survival, angiogenesis and treatment resistance in numerous cancers,
making it a promising target for cancer therapy. It also crosstalks with other critical
oncogenes, providing a means to affect numerous signaling pathways with one
intervention. While the gamma-secretase inhibitors are the only form of Notch
inhibitors in clinical trials, other forms of Notch inhibition have been developed or
are theoretically feasible. In this chapter we review the rationales for Notch inhibition
in cancer and then discuss in detail the various modalities for Notch inhibition, both
current and speculative.

INTRODUCTION: BACKGROUND OF THE NOTCH PATHWAY
IN CANCER

In the current era in oncology, much of the hope for powerful new therapies lies
with targeted inhibition of pathways dysregulated in cancer. An initial wave of targeted
pathway inhibitors has yielded some successes but more disappointments and major
efforts are underway to refine our application of some of these approaches. However,
there is no slowdown in attempting to find newer and perhaps more effective targets in
cancer cells and the Notch pathway is generating growing enthusiasm in this regard. As
is described in detail elsewhere in this volume, Notch is a key player in development,
stem cell maintenance and cell survival and its specific roles in individual cancers are
covered in other chapters here. In this chapter, the rationale for Notch inhibition as a
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cancer therapy and its potential drawbacks will be discussed, with extended description
of established and experimental methods for Notch inhibition.

RATIONALE FOR NOTCH INHIBITION

Numerous functions have been ascribed to Notch, with some of these helping to
explain its cancer-promoting effects in many tissues. Notch helps maintain certain stem
cell populations,'- but interestingly it is also a master regulator of cell fate at critical
differentiation branch points in various organ systems.>* Notch seems more likely to play
an oncogenic role in cell types that it favors in development and differentiation, such
as glial cells or T-cells.”'> Notch activity promotes cell survival and has anti-apoptotic
function'*" and numerous mechanisms have been proposed for this. It can also drive cell
division in some settings and in some settings may be required for the cell cycle.'®!”

Notchis one of the most powerful of the stem cell-promoting pathways, in conjunction
with the Hedgehog and Wnt pathways, making it highly relevant for cancer given the
undifferentiated/de-differentiated state of most cancer cells. Stem cell pathways such as
Notch may be especially attractive targets given the growing evidence for the cancer stem
cell hypothesis. This hypothesis states that cancers contain a usually small subpopulation
that retains stem cell character and gives rise to the other cells making up tumors (reviewed
in refs. 18,19). Various terms exist for this subpopulation, including “cancer-initiating
cells,” “cancer stem cells,” or, given the uncertainty about their nature, “cancer stem-
like cells.” Despite variability in nomenclature, there is general agreement on the criteria
that define these cells in the laboratory. Their isolation and culture has allowed detailed
study of cancer stem cells and a number of features have emerged. They are capable
of unlimited self-renewal, generation of more differentiated progeny and formation of
cancers in animal models.?*?! These cells are more resistant than bulk cancer cells or
established older cancer cell lines to standard treatments such as chemotherapy and
radiation.?>** However, cancer stem cells seem equally sensitive—or even more so—to
potential therapies blocking prominent stem cell pathways like Notch.?*?¢ Inhibition
of these pathways may cause differentiating effects in cancer stem cells, as well as
more commonly seen cytotoxic effects. In keeping with this, a few reports have shown
differentiating effects in cancer stem cells secondary to Notch inhibition.?*2¢

Some ofthe impact of Notch inhibition in cancer cells results from its extensive crosstalk
with critical cancer proteins and pathways. Numerous studies have shown that Notch
activity sustains the PI3kinase/Akt pathway?’*° and Notch has also been demonstrated to
operate in an interdependent fashion with the Ras pathway.*'*> Notch regulates expression
of important receptor tyrosine kinases such as the epidermal growth factor receptor
(EGFR) and the vascular endothelial growth factor receptor-1 (VEGFR-1)*3-* and also
interacts with fibroblast growth factor receptor (FGFR) signaling.*® Notch and the NF-kB
pathway are intimately intertwined, with multiple points of interaction described*’*! The
myc oncogene is a direct target of Notch, mediating much of the oncogenic effects of
Notch in T-cell malignancies.*” In some instances, other oncogenic pathways have been
shown to boost Notch or its downstream activity, as is the case for the hypoxia/HIF-1alpha
pathway.** Most of the best-known oncogenic pathways have been shown to cross-talk
with the Notch pathway at some level; however, it is important to note that some of these
interactions are context-dependent and do not occur in all cellular backgrounds.
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The direct effects of Notch inhibition on cancer cells may vary. Given the interaction
of Notch with important anti-apoptotic pathways such as Akt, it is perhaps not surprising
that Notch inhibition has most frequently been shown to trigger apoptosis in cancer
cells. 141524293344 Notch inhibition has also been shown to slow cancer cell proliferation,
though Notch activity has generally not been considered essential for the cell cycle.
However, some evidence indicates that there may be important roles for Notch in the
cell cycle in some settings.*> Senescence has also been linked to the Notch pathway. The
downstream mediator of Notch HES1 has been shown to play a critical role in blocking
senescence,*® and this is supported by recent results presented at a meeting that the
combination of a Notch-inhibiting agent and a chemotherapy drug triggers senescence in
glioblastoma cells.*’” While Notch inhibition has not yet been associated with autophagy
in cancer cells, this may just be a matter of time given the connections of Notch to Akt/
mTOR signaling.

While Notch blockade can have direct inhibitory effects on cancer cells, it also
may influence cancer indirectly through impacting cancer-supporting processes such as
angiogenesis. A number of reports have shown direct antiangiogenic effects from Notch
inhibition.**! A major role for Notch in blood vessels is supported by the vascular nature
of'the defects in the human disease CADASIL (cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy), caused by NOTCH3 mutations.
Furthermore, in mice the knockouts of NOTCHI1 or its ligands Delta-like-1 or Jagged-1
are embryonic lethal due principally to vascular defects.*** Recently, signaling via the
Notch ligand Delta-like-4 was found by multiple groups to regulate endothelial sprouting
and its inhibition led to disordered and unproductive endothelial growth and decreased
tumor size—even in cancers resistantto VEGF inhibition.*>*!** In addition, small-molecule
Notch-inhibiting drugs have been shown to have potent antiangiogenic effects in animal
models of cancer.***® The precise mechanisms by which Notch regulates the vasculature
seem to be diverse. Delta-like-4/Notch signaling directly regulates angiogenic endothelial
cells, and Notch also seems to regulate aspects of vascular development such as arterial
versus venous fate.?*¢! More specifically for cancer, endothelial cells and cancer cells
have been shown to communicate via Notch signaling to promote angiogenesis and
cancer growth.®® Notch also regulates expression of vascular endothelial growth factor
recptor-1 (VEGFR-1), a key receptor for vascular formation.*> The diverse roles of
Notch in angiogenesis may have implications for cancer; by blocking processes such
as angiogenesis, Notch inhibition may be valuable even in cancers whose cells are not
directly sensitive.

As is becoming clear for many targeted inhibitors in cancer, Notch inhibition may
be best not as solitary therapy but in combination with other agents. A growing body
of evidence demonstrates that Notch inhibitors sensitize to more standard treatments
such as radiation therapy and chemotherapy.*#>%* Notch inhibitors are also being
assessed in combination with other targeted inhibitors,% and such an approach may be
important to maximize effects given the likelihood that most cancers will have lesions
in multiple oncogenic pathways. That single cancers are driven by genetic lesions
in multiple pathways has been extensively demonstrated in glioblastoma, the most
common and aggressive primary brain tumor.* This has raised concerns that inhibition
of individual signaling pathways will almost never be sufficient for cancer therapy,
despite the phenomenon of “oncogene addiction” established in recent years. Notch
inhibition may be particularly effective when combined with inhibitors of other key
stem cell pathways. For example, recently-presented but still unpublished results show
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potent anti-cancer effects from combining a Notch-inhibiting drug and a Hedgehog
pathway inhibitor in glioblastoma stem cell lines.®’

POTENTIAL RISKS OF NOTCH INHIBITION

Notch inhibition as cancer therapy may also pose significant risks, and the potential
risks and benefits are summarized in Table 1. One major side effect that emerged from
the pioneering trials of a first-line Notch-inhibiting drug is gastrointestinal toxicity
and diarrhea.®® This is likely an on-target toxicity, given reports that Notch drives
gastrointestinal precursor cells toward an epithelial fate and away from a secretory
cell fate; Notch inhibition thus causes an imbalance with too many secretory goblet
cells.>® This showed its potential to be a dose-limiting toxicity in these earliest trials,
and it is likely one that will be problematic for any systemically-delivered Notch
inhibitor. However, potential answers to this have already arisen. It has been found
that intermittent dosing schedules of a Notch inhibitor can largely spare the gut while
maintaining anti-tumor efficacy. In addition, it has been found that corticosteroid
administration, already a component of some cancer regimens, may help ameliorate
the gut toxicity of Notch inhibition.”

Two other theoretical risks of long-term Notch inhibition have been posited. One
is the potential for damage to normal stem cells in the body, which may rely on Notch
signaling to varying degrees. Possible results of this are difficult to determine, but could
include anything from hematopoietic collapse to subtle cognitive decline. No signs of such
toxicities have been uncovered in the earliest clinical trials, but the dosing was relatively
short in those trials. Even if such toxicities emerge, it is possible that they too might be
addressed by intermittent dosing of a Notch inhibitor. The other theoretical risk may be
even more concerning, as it involves an increased incidence of certain cancers. While
Notch plays an oncogenic role in most tissues, it acts as a tumor suppressor in some, such
as certain skin cells, neuroendocrine lung cells and B-cells.”"”* Thus long-term Notch
inhibition may increase the risk of cancers in these cellular compartments, though this

Table 1. Potential advantages and disadvantages of Notch inhibition for cancer therapy

Advantages Disadvantages

May be especially active against resistant Gastrointestinal toxicity
tumor stem cell subpopulation

Inhibiting other key cancer pathways and Increased risk of cancers for which Notch

proteins through crosstalk—Ras, Akt, acts as a tumor suppressor

NF-«B, EGF, VEGF

Apoptotic effects May diminish normal stem cell populations
such as in the brain

Cell cycle inhibition Effect on endothelial cells may stimulate

vascular tumor formation over the long term
Senescence?
Antiangiogenic effects
Sensitizes to other treatments, such as
radiation and chemotherapy
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has not yet been demonstrated. On the other hand, Notch-activating agents may have
therapeutic potential for these cancers—though with the corresponding risk of increasing
risk of other cancers. Despite the potential risks of Notch inhibition, it generally seems
well-tolerated and these risks have not appreciably dampened the growing enthusiasm
for Notch inhibitors as cancer therapies.

STRATEGIES FOR NOTCH INHIBITION

All current and experimental approaches for inhibiting Notch are discussed below,
as well as some theoretical means. These are depicted in Figure 1. Potential benefits and
drawbacks of each method are summarized in Table 2.

Gene
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\
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Figure 1. Depiction of Notch pathway and loci at which current and experiemental inhibitors block.
Abbreviations: NPR- negative regulatory region; NICD- Notch intracellular domain; ASI- alpha-secretase
inhibitor; GSI- gamma-secretase inhibitor; MAML- Mastermind-like; HAT- Histone acetyl-transferase.
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Table 2. Benefits and drawbacks of different strategies for Notch inhibition in cancer

Benefits Drawbacks

Gamma-secretase Effective Notch inhibitors in Nonspecific.
inhibitors most settings. Oral agents. GI toxicity.

Already in clinical trials.

Numerous GSIs already devel-

oped or in the pipeline.
Alpha-secretase May be active outside the cell, Nonspecific.
inhibitors so not vulnerable to efflux Likely GI toxicity.

Small-molecule
blockers

Endosomal
acidification
inhibitors
Blocking or

NRR (negative
regulatory region)
antibodies

Stapled peptide

Delivery of
notch-inhibiting
genes

Delivery of
siRNAs,s hRNAs,
or microRNAs

pumps. Oral agents.

Potential for oral bioavailability
and for specificity for indi-
vidual Notch family members
or ligands.

Includes known agents, which
may include some already
tested in humans. May be oral.
Can be specific for individual
Notch family members or Notch
ligands. Targeting of individual
Notch family members may
minimize side effects such as
GI toxicity.

Highly specific for the Notch
pathway. Relatively small
molecule.

May be quite specific.

siRNAs/shRNAs can be

very potent Notch inhibi-
tors. MicroRNAs are found
endogenously and are likely
tolerated well by normal cells.

Purely theoretical at this stage.

May be highly nonspecific and
be similar to GSIs.

Difficult access—may be most
useful intravascularly or with
local delivery. Large molecule.

Difficult access to cells—may
be most useful intravascularly
or with local delivery.

Difficult access, likely requir-
ing viral or liposomal delivery.
Probably inefficient.

Difficult access, likely requiring
viral or liposomal delivery.
Likely inefficient but efficiency
may be boosted by transduced
cells shedding microvesicles
taken up by nearby cells.

Small Molecule Inhibitors
Gamma-Secretase Inhibitors

Developing inhibitors of the Notch pathway is complicated by the fact that pathway
members themselves do not have enzymatic activity, as it is typically easiest to develop
small-molecule inhibitors of enzymes. However, canonical signaling by the Notch
pathway does require two enzymatic cleavages that occur following ligand binding to
Notch, the first by the alpha-secretase complex and the second by the gamma-secretase
complex. These enzymes are amenable to blockade by small-molecule agents and
gamma-secretase inhibitors (GSIs) represent the pioneering class of Notch inhibitors
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both in the laboratory and in the clinic. It is important to note that gamma-secretase also
has other targets besides the four Notch proteins, including the Notch ligands Delta-like
and Jagged, APP (amyloid precursor protein), CD44, ErbB4, LRP, syndecan-3, p75
NTR, Apo ER2, DCC, Nectin-lalpha, E-cadherin and possibly N-cadherin.”*3* GSIs
were first developed as potential therapies for Alzheimer’s disease and only later were
adapted for cancer therapy. This lack of specificity may be problematic for their use in
humans, but on the other hand it may be helpful as some of the other GSI targets have
themselves been identified as potential targets for cancer therapy.®*” A few reports
in the literature indicate that at least in some cancer settings the inhibition of Notch is
responsible for most of the cytotoxicity of GSIs, evident because restoring expression
of the constitutively-active Notch intracellular domain can rescue the cells. %

Most of the experimental work with Notch inhibitors in the laboratory has been
done with GSIs and early clinical trials have already taken place with the Merck GSI
MK-0752. The first Phase I clinical trials of MK-0752 were in patients with T-cell
leukemia/lymphoma, and other Phase I trials are ongoing in patients with solid tumors
and in patients with breast cancer. Stable disease and one response have been observed
in patients with high-grade glioma and stable disease was also observed in patients with
two other cancer types.® A host of other clinical trials are being initiated for patient
populations with a variety of cancers, with GSIs either alone or in combination with
other agents.

Chemically, a number of structures have been used as the basis for GSIs. The most
commonly used is a modified di- or tri-peptide with one to two aromatic hydrocarbon
rings included. This has yielded hydrophobic compounds which are cell-permeable and
that act as reversible inhibitors of gamma-secretase. In the laboratory, the most widely
employedis DAPT (N-[N-(3,5-Difluorophenylacetyl-L-alanyl)]-S-phenylglycine t-Butyl
ester) and another frequently-used compound is the structurally similar Lilly GSIL685,458.
A structurally different compound which is also available preclinically is compound E
((s,8)-2-(3,5-Difluorophenyl)-acetylamino]-N-(1-methyl-2-ox0-5-phenyl-2,3-dihydro-
1H-benzo[e][1,4]diazepin-3-yl)-propionamide). Another class of GSIs includes diazepine-
type structures, with DBZ (dibenzazepine) as an example. Other GSIs are based on an
isocoumarin foundation, such as JLK6 (7-amino-4-chloro-3-methoxyisocoumarin) and
these can bind and inhibit gamma-secretase irreversibly. One sulfonamide-based GSI,
Compound 18 ([11-endo]-N-(5,6,7,8,9,10-hexahydro- 6,9-methano benzo[9][§]annulen-
11-yl)-thiophene-2-sulfonamide), is reported to be potent.?>#* Other structures have also
been demonstrated to inhibit gamma-secretase activity.”

Other drugs in wide usage have been found to have some level of GSI activity,
including many nonsteroidal anti-inflammatory drugs (NSAIDs).”’> Some of these
drugs have anti-cancer and antiangiogenic effects and Notch inhibition via GSI
activity might be one mechanism to explain this. NSAIDs have been explored as
GSlIs particularly in the field of Alzheimer’s disease and there have been attempts
to derive selective NSAID GSIs which can block amyloid precursor processing but
spare Notch processing, to avoid potential side effects from Notch inhibition. One
early report described flurbiprofen as such an NSAID.?? The study of selective GSIs
also raises the possibility that agents could be derived that more specifically inhibit
Notch processing, sparing other gamma-secretase functions. While GSIs are highly
nonspecific and imperfect Notch inhibitors, they still may demonstrate clinical utility
and more refined later-generation GSIs may yet emerge.
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Other Potential Approaches to Small-Molecule Inhibitors

While attention has focused only on gamma-secretase as a vulnerable point in Notch
processing, it may also be feasible to utilize alpha-secretase inhibitors (ASIs) thathave been
developed for purposes other than Notch inhibition. The alpha-secretase enzymes that cleave
Notch are thought to be ADAM-10 and -17 (A Disintegrin And Metalloprotease)®*** and
inhibitors that block both these ADAMSs have been developed.”® There may be theoretical
advantages of an ASI over a GSI; for example, an ASI would not have to enter the cell
to act. We are in the process of testing ASIs as Notch inhibitors in cancer.

At the theoretical level, it could be possible to develop small-molecule inhibitors
of Notch that act in very different fashions. While inhibition of an enzymatic activity
is typically the most straightforward strategy to block a protein or pathway, examples
are beginning to emerge of the potential druggability of protein-protein interactions.
This was powerfully shown in a recent report in which a small-molecule blocker was
derived to interrupt the interaction of the fusion protein EWS-Flil with the RNA helicase
RHA.*® This work demonstrated that small molecules could be discovered to disrupt the
binding of even highly disordered proteins, lacking alpha helices or beta pleated sheets
at the binding domains. Another example of a small-molecule agent blocking a protein-
protein interaction is the molecule nutlin, which interferes with p53/MDM2 interaction.”’
A number of protein-protein interactions in the Notch pathway would be logical targets for
disruption, including Notch—Notch ligand, Notch intracellular domain (NICD)—CBF1
transcription factor, or NICD—mastermind-like (MAML).

There are likely other points in Notch processing and the Notch pathway that
are amenable to blockade. One promising approach was described in a recent poster
presentation, but has yet to be published.”® It relies on the discovery that the gamma-
secretase cleavage of Notch occurs not at the cell membrane but in acidic endosomes.”
Numerous drug compounds with the potential to interfere with endosomal acidification
were screened for their ability to reduce Notch activity and this yielded promising hits.
The Na+/H+ antiporter Monensin emerged as a potent Notch inhibitor. How acidification
inhibitors such as this compare to the GSIs in terms of efficiency and specificity remains
to be determined.

Antibody Inhibitors of Notch Activity

Antibody inhibitors remain a prominent means for blocking protein-protein interactions
or part of a protein structure and thus represent one modality for disrupting Notch activity.
One potential advantage of antibody inhibitors is their specificity, allowing for targeting
of individual Notch family members or ligands. Antibodies are large molecules, though
and delivery/access to cancer cells could be highly problematic. For certain cancers such
as brain tumors, local delivery may be an option, but for most metastatic cancers it is
necessary to have efficient systemic distribution. Thus, antibody inhibitors of Notch may
be most easily applied toward hematopoietic malignancies or for antiangiogenic uses.

Along these lines, antibodies to the Notch ligand Delta-like-4 represent a highly
promising antiangiogenic strategy. As mentioned earlier, Notch signaling via the ligand
Delta-like-4 was reported by multiple groups to suppress angiogenic sprouting by
endothelial cells. Counter-intuitively, blocking Delta-like-4 with specific antibodies did
not promote tumor angiogenesis, but instead led to chaotic, dysfunctional vasculature and
subsequent tumor regression.**'55 Importantly, this occurred even in cancer models that
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were resistant to VEGF antibodies, an established and powerful antiangiogenic approach
already in the clinic. This has prompted an aggressive effort to develop Delta-like-4
antibodies for clinical usage. While this may ultimately prove fruitful, one recent study
suggests a potentially significant hazard. Prolonged treatment with a Delta-like-4 antibody
in mice led to the development of vascular/endothelial cell-based tumors resembling
hemangioblastoma.'® In hindsight this makes some sense, given the suppressive effect
of Delta-like-4/Notch signaling on endothelial cell outgrowth. If this adverse effect is
borne out by others as well, it may present a major obstacle to the usage of Delta-like-4
antibodies in the clinic.

Blocking antibodies to Notch or its ligands may serve not only antiangiogenic
functions but also directly inhibit cancer cells. A growing number of reports describe the
development of antibodies to specific Notch family members, sometimes with different
functions. Antibodies to Notch-3 were reported that can either block or stimulate receptor
signaling.!’! Some of these antibodies seem to work by binding a region of Notch that
obscures the target site for alpha-secretase (the negative regulatory region, or NRR),
either by exposing the target site or reinforcing its blockade. This raises the interesting
prospect that antibodies could fine-tune Notch activity, increasing or attenuating signaling
by individual Notch family members by disparate mechanisms. One exciting report has
justemerged in which anti-NRR antibodies were developed that specifically block activity
of either Notch-1 or Notch-2.'” The Notch-1 anti-NRR showed good antitumor effects,
but without the gut toxicity associated with combined Notch-1 and Notch-2 inhibition.
These Notch isoform-specific antibodies may represent a powerful new modality for
cancer therapy, with good effectiveness but decreased toxicity.

Novel Methods of Notch Inhibition

Alternatives for Notch inhibition other than the more standard approaches described
aboveare also becoming possible, in some cases taking advantage of new technologies. One
recently-described approach uses a stapled peptide to block interaction of Mastermind-like
with the Notch intracellular domain. While protein-protein interactions have generally been
considered “undruggable,” as discussed earlier, the stapled peptide approach represents a
recent development for inhibiting some of these interactions. This strategy was introduced
by the Verdine and Korsmeyer labs at Harvard, initially for the development of a Bcl-2
inhibitor.'”® Some protein-protein interactions include an alpha-helix at the interface
point, which raised the prospect of using the isolated alpha-helical peptide as a blocker.
However, by themselves these peptides are not structurally stable and are also too large
and charged to pass the plasma membrane. The Verdine laboratory noted that with the
incorporation of two modified residues into the alpha-helical peptide, a hydrocarbon chain
could be linked in parallel to the peptide to lock its structure. Some of these peptides
retained the ability to block the relevant protein-protein interaction. Surprisingly, the
stapled peptides were also found to pass through the plasma membrane, allowing blockade
of intracellular protein interactions. A recent report describes a stapled peptide, derived
from an alpha-helix in the Mastermind-like (MAML) protein, that blocks canonical
Notch signaling.!® This peptide, termed SAHMI, could have therapeutic potential for
Notch-dependent hematopoietic cancers such as T-cell acute lymphoblastic leukemia,
or possibly with local delivery to solid tumors.

Genetic strategies for Notch inhibition may also find limited application in cancer
therapy, particularly for hematopoietic malignancies or localized tumors, such as in brain
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or lung. One form of this could consist of delivery of a gene or pseudogene encoding
a Notch-inhibiting protein or peptide. A dominant-negative form of Mastermind-like
has been used in the laboratory to inhibit canonical Notch signaling via CBF1'% and
if this could be delivered in vivo it would serve as a highly specific Notch inhibitor.
Other genes known to down-regulate Notch could also serve this function, such as the
Numb/Numb-like or FBXW-7 genes.!*17 Agents that up-regulate expression of these
endogenous Notch-inhibiting genes could be another means of blocking Notch activity.

Delivery of RNA interference represents a similar strategy for Notch-inhibiting cancer
therapy, but possibly one with more potential for clinical success. As with Notch-inhibiting
genes, delivery remains the principle hurdle in developing such approaches, but it is
relatively less challenging to deliver small oligonucleotides than it is whole genes. Either
small interfering RNAs or endogenous or artificial microRNAs could be delivered. Small
interfering RNAs (siRNAs) are synthetic 19-27 base pair double-stranded oligonucleotides
designed to perfectly match a sequence in a target mRNA and they are incorporated into
the cell’s RISC complex (RNA-induced silencing complex) with subsequent destruction
of the target mRNA. MicroRNAs utilize the same cellular machinery but represent an
endogenous form of RNA interference that was discovered more recently than the siRNAs.
It is estimated that approximately 1,000 microRNAs exist in the human genome, in both
intronic and intergenic regions. The microRNAs originate as small oligonucleotide hairpins
that are then processed into mature double-stranded microRNAs similar to siRNAs.'%
However, unlike siRNAs the microRNAs usually target the 3’ untranslated region of target
genes and complementarity for the target 3'-UTRs is imperfect. They also more frequently
cause translational suppression of targets, but sometimes may cause mRNA cleavage.'®”
MicroRNAs each target numerous genes and in general each gene is targeted by more
than one microRNA. MicroRNAs thus offer the potential to simultaneously target more
than one gene of interest, though the target genes may not be suppressed as efficiently as
by siRNAs. For example, the microRNA miR-326 has been shown to target both Notch-1
and Notch-2 and to decrease Notch activity.''° The tumor-suppressive microRNA miR-34a
has also been shown to target Notch-1 and Notch-2'"" and microRNA-206 has been
shown to target Notch-3.""2 miR-124 inhibits the important Notch mediator Hes-1.* In
some cases, transfecting these microRNAs has been shown to not only diminish Notch
activity but also to kill cancer cells, and in the case of miR-326 and glioblastoma cells
it was suggested that the principle mechanism for cell kill is Notch inhibition.'® With
respect to whether siRNAs or microRNAs would be more successful agents for Notch
inhibition and cancer therapy, this remains an open question.

At present the potential delivery modalities for genetic strategies such as RNA
interference include viral or liposomal vectors. For these approaches to be successful
there will have to be an advance in the technology for delivery, given the requirement that
all or nearly all of the cancer cells would have to receive the payload. However, recent
studies suggest that this requirement may not be as stringent as once thought, because
cancer cells have been shown to shed large amounts of microvesicles that can transmit
cytoplasmic contents to nearby cells.!'*!!> Results are beginning to emerge that enough
siRNAs or microRNAs can be transferred in this fashion to suppress gene expression in
neighboring cells. Thus, even if a limited percentage of cancer cells is transfected with
a therapeutic vector, the transfected cancer cells may “share” with nearby untransfected
cancer cells to produce good results.
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CONCLUSION

The Notch pathway has tremendous potential as a new target in cancer therapy. Notch
inhibition in cancer cells has the potential to slow cell proliferation, cause apoptosis,
induce differentiation and possibly trigger other terminal cell fates such as senescence.
These effects are unsurprising given the extensive crosstalk of Notch with major cancer
pathways such as Ras, Akt and NF-kB. Importantly, Notch may be a particularly powerful
target for the tumor stem cell subset, which is resistant to standard treatments such as
chemotherapy and radiation but seems especially sensitive to inhibition of stem cell
pathways such as Notch. Even if Notch inhibitors alone do not yield major responses and
cures, there is growing evidence that synergy can result from combining Notch inhibition
with already-existing treatment modalities such as chemotherapy, radiation and other
pathway inhibitors. Optimism for Notch should be tempered somewhat by adverse effects
such as gastrointestinal toxicity that are beginning to be observed in clinical trials and
no doubt other problems from long-term Notch inhibition remain to be discovered. The
field is also hampered by limited existing options for Notch inhibitors; new agents are
desperately needed. While gamma-secretase inhibitors are already in clinical trials as
Notch-inhibiting agents and are clinically promising, they are highly nonspecific. Other
experimental means of Notch inhibition include alpha-secretase inhibitors, peptide or
antibody blockers, stapled peptides and genetic strategies such as RNA interference.
At present the difficulties in successfully bringing Notch inhibition to the clinic all
appear surmountable and there is growing optimism that Notch inhibition will become
an exciting new approach to cancer.
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