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Cancer stem cells (CSCs) are a subset of stem cells found in tumors that possess the ability to self-renew and proliferate. CSCs
play a crucial role in maintaining tumor resistance and initiating the epithelial-mesenchymal transition (EMT), making them
a key therapeutic target. Numerous signaling pathways, particularly Notch, Wnt/B-Catenin, and Hedgehog, are involved in
maintaining stemness and its undifferentiated state. Therefore, CSCs have become a promising target during cancer treatment
using small molecule inhibitors (SMIs) and monoclonal antibodies (mAbs), which are molecules that interact with targeted
proteins and reduce their biological activity. However, due to rapid innovation in this field, many promising targeted therapies
remain unexplored without further clinical studies, hindering the advancement of this field. This systematic review synthesizes
recent clinical trials that target CSC signaling pathways and evaluates current therapeutic approaches to inhibit them. This was
done by searching PubMed for clinical trials that targeted the three CSC pathways. Targeting CSC signaling pathways presents
promising strategies for combating cancer recurrence and resistance to treatment by addressing the key molecular mechanisms
that drive tumor growth, metastasis, and drug resistance. However, challenges such as the complexity of the pathway and the
severe side effects of available drugs targeting these pathways limit the effectiveness of current medications, requiring further
research to develop more precise and less toxic treatments. Nevertheless, WNT974, Niclosamide, and Demcizumab have been
identified to show the most promise for future clinical studies.
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Introduction

Cancer stem cells were discovered in acute myeloid leukemia
in 1994. A study identified a subset of cancer cells with
self-renewal abilities and pluripotency, when a small fraction
of leukemia cells was shown to initiate tumorigenesis when
transplanted into severely combined immunodeficient mice..
CSCs are important when considering cancer therapy due to
three properties: controlling the epithelial-mesenchymal tran-
sition (EMT), resisting immunotherapy, and differing phe-
notypes. First, recent studies attributed CSCs as the reason
why typical cancer treatments fail because they contribute to
metastasis and recurrence by supporting other cancer cell pop-
ulations?. EMT is typically activated during embryogenesis
by the Notch signaling pathway; however, it is also commonly
activated during metastasis. The expression of CD44+, a com-
mon biomarker of CSCs, in breast cancer cells was an indica-
tor of cells involved in metastasis, implying the role of CSCs
during EMT and metastasis 3 Second, CSCs are characterized
by their resistance to immunotherapy that targets rapidly pro-
liferating cells, such as traditional chemotherapy. CSCs are
typically quiescent or dormant, allowing them to escape the
effects of conventional cancer therapies such as chemother-

apy, which result in cancer recurrence®. Third, CSCs are diffi-
cult to identify due to their differing phenotypes. For example,
increased levels of aldehyde dehydrogenase (ALDH) act as a
CSC marker in multiple cancers, including leukemia, breast
cancer, colon cancer, and liver cancer® But, high levels of
ALDH do not identify all tumor types, as prostate cancer does
not have increased ALDH levels®. In a similar vein, CD44+,
CD133+, and CD34+ serve as common surface markers for
multiple CSCs; however, there has not yet been a universal cell
biomarker that can be used to identify all CSCs. Due to their
role in cancer metastasis and resistance to treatment, identi-
fying molecules that can target CSCs has become imperative
to further cancer treatment; however, this suggests that CSC
heterogeneity remains a major barrier to effective treatment.
The limitations of traditional therapies against CSCs establish
targeted therapy using SMIs and mAbs as a viable alternative.

During this review, the function of the three major signal-
ing pathways is discussed, as well as the different methods and
drugs currently discovered to target these signaling pathways.
In recent years, there has been a large increase in the num-
ber of studies investigating novel therapies targeting CSC. A
key factor in regulating CSCs has been inhibiting key signal-
ing pathways such as Hedgehog, WNT/f-Catenin, and Notch
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pathways. This review will focus on the question of whether
these three signaling pathways can be used as targets for can-
cer therapy by evaluating the efficacy, dosage, and toxicity,
biomarkers for predictive success, and resistance mechanisms.
This fills the gap in the current literature of a comprehensive
review of these therapies, as most reviews either solely focus
on one of these signaling pathways or do not focus on clinical
trials. Additionally, by focusing on currently discovered tar-
geted therapies and the state of clinical application and study,
this review will recommend potential inhibitors of CSC sig-
naling pathways to be further explored in future clinical stud-
ies. The targeted therapies discussed in this review will focus
on those with a direct effect on the three selected signaling
pathways to limit the scope of this review.

Methods

An initial scoping search identified two relevant systematic re-
views, which informed the criteria for the search Table [L7 8,
The pathways mTOR and NF-xB were excluded from this re-
view due to how both act as broad regulators that affect nu-
merous cellular processes, making it challenging to attribute
effects specifically to cancer stem cell phenotypes. By search-
ing “x AND Targeted Therapy” on PubMed, where x is the
signaling pathways that were identified by the initial review,
the most researched pathways could be discovered. As a re-
sult, Notch, Wnt/B-Catenin, and Hedgehog were chosen from
the rest of the signaling pathways as they had a substantial
body of research on targeted therapies.

They were the most relevant, with the most research cur-
rently being conducted on them, as well as allowing for a
more focused and in-depth analysis of this topic. From there,
PubMed was searched for clinical trials using the search words
Notch, Hedgehog, WNT/B-Catenin, with and/or Boolean op-
erators (Table [2). There was no limitation on the publication
date; however, when older studies were found, further search-
ing was done to discover more recent findings. These supple-
mented articles are not limited to clinical trials. All searches
were limited to the English language leading to potential bias
to western findings. In addition, bibliographies of identified
articles were manually searched for relevant studies. From the
initial cohort of articles, the articles were excluded if the fo-
cus of the study was on molecules not targeting the specified
pathway or if they included children as study participants, as
children have different immune responses to cancer and tar-
geted therapy, which may complicate the findings”.

Key findings were compiled into a comprehensive review
of current methods of inhibiting CSC signaling pathways
through targeted therapies (Table [3). This review organized
findings by grouping targeted therapies into the signaling path-
way they targeted, then by the specific therapy that was trialed.
By doing this, it is easier to comprehend the different cate-

gories of inhibitors to identify promising targeted therapies for
further study.

Table 1 Initial Scoping Search for Clinical Trials

SWNT | Hedgehog | Notch | JAK/STAT | SMAD | PPAR | Nanog

Article Hits| 139 107 61 55 23 7 6

Table 2 Literature Search with Search Terms

Database | Search terms Hits
Searched
Hedgehog AND Cancer 123
PubMed WNT OR Beta-Catenin AND Cancer | 185
NOTCH AND Cancer 86
Hedgehog

Hedgehog Signaling Pathway

Hedgehog (Hh) is a pathway typically expressed during an or-
ganism’s development by controlling adult tissue homeostasis
(Figure [T). However, when Hh is misregulated due to muta-
tions in molecules involved in the regulatory system of Hh,
it can play a role in CSC differentiation, leading to enhanced
cancer growth!?. For example, a loss-of-function mutation in
the Patched (PTCH) gene, which acts as a tumor suppressor,
prevents the suppression of the Hedgehog signaling pathway.
This mutation in PTCH is implicated in the growth of sporadic
basal cell carcinoma (BCC)™. Hh is also vital for maintain-
ing CSC levels in the cells, as a loss of SMO activation impairs
chronic myelogenous leukemia stem cell renewal L.

Non-canonical Hh pathways operate by bypassing SMO, ei-
ther by utilizing non-SMO signaling molecules or interacting
with other signaling pathways, reducing the efficacy of thera-
pies that solely target SMO'2, Of the 123 clinical trials orig-
inally indexed, 22 of them were deemed significant and rele-
vant for inclusion in this review. Current therapies involving
the Hh pathway target SMO to regulate the transcription of
Hh-related genes, as it is the main transducer of the Hh path-
way. Due to the initial scope for solely clinical trials, impor-
tant preclinical studies on Cyclopamine were supplemented
through separate research due to its importance in understand-
ing the progression of SMO regulation.

Cyclopamine

Cyclopamine was the first SMO inhibitor discovered for use
in cancer treatment. Prostate cancer cell lines were treated
with cyclopamine and showed as high as an 80% decrease in
cell proliferation as well as decreased Glil expression, directly
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Fig. 1 Hedgehog pathway description. Hedgehog signaling
molecules are transduced by the patched (PTCH) transmembrane
receptor. In the presence of Hh, Smoothened (SMO) proteins release
GLI2 from a complex containing SUFU via an inhibitory G protein.
GLI2 becomes a transcription factor, GLI2A, that promotes the
transcription of oncogenes, such as GLI1 and CCND1.

linking cyclopamine to inhibition of cancer growth through
inhibition of the Hh signaling pathway'®. In one study, het-
erozygous PTCHI knockout mice were either treated with cy-
clopamine in their drinking water for 20 weeks or left as a
control group. The mice that were treated with cyclopamine
showed a 90% reduction of microscopic BCCs compared to
the control, while having the overall survival (OS) rate unaf-
fected!®. Treatment with cyclopamine in HCT-166 cells re-
sulted in the down-regulation of CSC-associated biomarkers
NANOG, POUS5F1, and CD-44, suggesting possible biomark-
ers for monitoring efficacy in future studies'>. Despite the
significant effect of cyclopamine on colorectal cancer (CRC),
BCC, and Prostate cell lines, in vivo trials on mice found
that cyclopamine caused negative side effects. Gross facial
defects were present in 3 out of 10 mouse embryos exposed
to cyclopamine, such as being smaller than expected, having
cleft lips and palates, open eyelid defects, and forelimb syn-
dactyly, along with permanent defects in bone development
and apoptosis @7, Despite strong preclinical efficacy, these
severe dose-limiting toxicities (DLTs) have prevented clinical
trials on humans. Its targeting mechanism of directly associ-
ating with SMO has informed the development of safer SMO

inhibitors that are in clinical use.

Vismodegib

Vismodegib is an SMO inhibitor of the sonic hedgehog path-
way. Seven clinical trials were chosen for this section: four
in phase I, two in phase II, and one in phase IV. All but
one clinical trial focused on BCCs, with the trial focused on
Vismodegib for acute myeloid leukaemia discovering mini-
mal clinical efficacy’®. In Phase 1 studies of BCC using
Vismodegib, 18 out of 33 and 19 out of 33 patients had
a response to Vismodegib, having an average efficacy rate
of 56%1°20. A dose-discovery trial testing 150 mg, 270
mg, and 540 mg of Vismodegib, pharmacokinetics analysis
found that all amounts had the same plasma concentration of
Vismodegib, leading to 150 mg the recommended phase 2
dose (RP2D)1?. Treatment once a day (OD) was also found
to be more effective than less frequent schedules, maintain-
ing consistently high levels of steady-state plasma vismod-
egib concentration!®. No Grade 5 effects were associated
with vismodegib, and the most common Grade 4 effect was
asymptomatic hyponatremia, along with other adverse events
(AE), including fatigue, pyelonephritis, presyncope, paranoia,
and hyperglycemia®*2%. Biomarker analysis revealed down-
modulation of GLII in treated patients, while a patient with
medulloblastoma demonstrated resistance to vismodegib due
to a mutation in SMO2Y,

In Phase 1II trials, the efficacy of vismodegib was more vari-
able, with one trial that used 150 mg of vismodegib for a
total of 12 weeks only having a 43% response rate, while
a clinical trial of 12 weeks of vismodegib was followed by
7 weeks of cotherapy with radiation therapy, and the 5-year
progression-free survival (PFD)was 78%2%!>2. This difference
may relate to the longer treatment duration (19 weeks vs. 12
weeks) despite identical dosing/>2. A common AE observed
during these trials was muscle spasms, with no patient expe-
riencing treatment-related grade 4 or 5 AEs. These muscle
spasms were reversible after the end of the treatment, with 16
out of 19 patients achieving full resolution within 6 weeks,
which was observable due to the longer observational period
of one studyzl. Overall, no new biomarkers or resistances
were discovered in Phase 2 trials of Vismodegib. As a result
of these successful Phase 1 and 2 clinical trials, Vismodegib
became the first FDA-approved selective Hh pathway inhibitor
for BCC in 2012.

Sonidegib

Six BCC focused clinical trials were chosen for this section:
three in phase I and four in phase II. The original efficacy of
Sonidegib was 38.9%23. A dose-discovery trial testing 400
mg, 600 mg, and 800 mg of Vismodegib with 80 mg of pacli-
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taxel, of which 800 mg daily had the largest effect®. How-

ever, another trial found that 200 mg was equally effective
while not causing DLTs, leading to both 200 mg and 800 mg
considerations for the RP2D?*, Common mild AEs at this
stage of clinical trials were creatine phosphokinase elevation
(20%), dysgeusia (50%), and vomiting, with a few grade 3/4
AEs?. However, almost 42% of participants had their dose
lowered due to mild AEs, leading to further consideration
about the combination of Sonidegib with other adjunct treat-
ments>. Effective treatment caused a reduction in the GLI1
biomarker in the tumor, relating to the mechanism of action of
Sonidegib by the inhibition of SMO.

Phase 2 trials of sonidegib demonstrated meaningful effi-
cacy in advanced BCC, with the 200 mg daily dose achieving
overall response rates (ORR) of 44% in locally advanced pa-
tients and 15% in metastatic disease, which are similar to the
efficacy rates of the 800 mg daily dose (38% and 17% respec-
tively)2®. The 200 mg regimen is preferred, as increasing the
dose did not improve efficacy but increased the frequency of
grade 3/4 AEs (30). No new safety concerns emerged in these
longer and larger clinical trials with muscle spasms, alopecia,
dysgeusia, nausea, and creatine phosphokinase elevation be-
ing the most common AEs*Z. No concerns were raised about
the long-term efficacy of Sonidegib, as after 42 months of
treatment, it remained potent at inhibiting SMO. Soon after,
in 2015, Sonidegib was also FDA-approved for use in cancer
treatments in advanced and metastatic BCC.

Glasdegib

In an initial phase 2 trial, 46.4% of patients went into complete
remission after receiving 100 mg of glasdegib orally in 28-day
phases. Additionally, the median OS was 14.9 months with
a 12-month survival rate of 66.6%%%. A dose-discovery trial
started at 5 mg and increased by 100% until the patient experi-
enced DLTs. Through this, the RP2D was 200 mg maximum,
with lower doses being proportional to pharmacokinetics?®.
Later clinical trials would go on to use 100 mg of glasdegib
daily. The most common treatment-related AEs neutrope-
nia (63.8%), diarrhea (70.0%), and grade 4 thrombocytopenia
(27.5%)%°. After these promising results, Glasdegib was ap-
proved by the FDA in 2019 in combination with low-dose cy-
tarabine for the treatment of newly diagnosed acute myeloid
leukemia (AML) in adult patients who are 75 years old or
older or those who cannot use intensive induction chemother-
apy=". No biomarker tests or resistance to treatment were
mentioned in these clinical trials.

WNT/-Catenin

WNT/3-Catenin Signaling Pathway

The WNT/B-Catenin pathway is a pathway that typically reg-
ulates cell proliferation, differentiation, and apoptosis when
normally expressed (Figure 2). However, it is important to
consider for cancer therapies because the expression of WNT
target genes is inversely correlated with cancer prognosis-.,
This may be due to WNT’s role in facilitating metastasis by
assisting CSCs in entering the bloodstream to spread to other
sections. If a loss-of-function mutation occurs in APC, a
component of the destruction complex, the destruction com-
plex is deactivated, and WNT target genes are expressed-2.
Non-canonical WNT signaling, which does not involve -
Catenin and follows either the WNT/PCP or WNT/Ca*" path-
ways, maintains the quiescent state of CSCs during metas-
tasis and promotes EMT=3., WNT/B-Catenin signaling also
induces cancer-associated fibroblast activation during CRC
growth and proliferation®*. WNT plays a major role in tumor
progression, rendering it a strong target for cancer treatment.
However, with 19 glycoproteins and 10 Frizzled receptors, the
complexity of the WNT signaling pathways makes inhibit-
ing WNT challenging. 12 articles were used to establish the
current therapies inhibiting the WNT/-Catenin pathway, in-
cluding Vantictumab, Ipafricept, WNT974, Niclosamide, and
LY2090314.

Vantictumab

Vantictumab is a mAb that can inhibit the Frizzled receptors
1,2, 5,7, and 8 during canonical WNT signaling, allowing it
to overcome the main issue with targeting WNT: its complex-
ity and redundancy of its components. In two Phase 1b clini-
cal trials, one that combined Vantictumab with Paclitaxel and
another that combined nab-paclitaxel and gemcitabine with
Vantictumab, resulted in an ORR of 31.3% and 41.9% and
a clinical benefit rate (CBR) of 68.8% and 77.4% in HER2-
negative breast and pancreatic cancer, respectively=>>=%. De-
spite the effective clinical application, higher doses of 14.0
mg/kg every 2 weeks and 8.0 mg/kg every 4 weeks resulted in
higher rates of bone fractures in patients=®. Another Phase 1b
trial found that 5 mg/kg every 4 weeks was the maximum tol-
erated dose (MTD)=>. Additionally, dosing Vantictumab be-
fore any taxane chemotherapies, like nab-paclitaxel and gem-
citabine, led to enhanced antitumor effects in one study, sug-
gesting the ability of combination therapies for increased pos-
itive outcomes=Z. Other than bone fractures, AEs related to
Vantictumab included nausea, alopecia, and fatigue, without
any DLTs#20/ A 6-gene Wnt pathway biomarker was found
to show significant association with higher PFS and OS in
Vantictumab-treated patients. Despite high effectiveness, the
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Fig. 2 [-Catenin pathway description. -Catenin is typically
bound and inactivated by a destruction complex containing APC.
When WNT/B-Catenin is inactivated, the destruction complex
phosphorylates, causing the Ubiquitin-mediated proteolysis of
B-Catenin, inhibiting the binding of -Catenin to the WNT
transcription factor. To activate the WNT/f-Catenin signaling
pathway, WNT acts as an extracellular signaling molecule and
activates its receptor, Frizzled. When Frizzled is activated,
Disheveled (Dvl) is phosphorylated, inhibiting the destruction
complex from degrading 3-Catenin. 3-Catenin then replaces a
regulatory molecule, Groucho, on the WNT gene transcription
factor, TCF/LEF, leading to the transcription of WNT target genes.

unacceptable rate of bone fractures led to these trials being
discontinued.

Ipafricept

Ipafricept is another mAb targeting Frizzled that has exhibited
antitumor effects in multiple Phase 1b clinical trials. Ipafri-
cept’s mechanism of action is to block WNT signaling by
acting as another WNT molecule receptor, binding to WNT,
preventing secreted WNT molecules from binding to Friz-
zled, and leading to the inactivation of WNT genes. One
trial reported an 81% CBR, which includes complete response
(CR), partial response (PR), or stable disease (SD)=8. Initially,
Ipafricept has an MTD of 10mg/kg every 3 weeks, but in light
of fragility fractures, a new bone safety plan and a lowered
dose to 6 mg/kg was found to be optimal=?. Almost all pa-

tients throughout the 3 clinical trials reported AEs related to
the studied treatment, with the most common being fatigue,
decreased appetite, dysgeusia, and nausea, which were mostly
grade 1 or 2 without any patient deaths associated with the
trials*’. However, similar to Vanticumab, 2 patients experi-
enced grade 2 fragility fractures at a 20 mg/kg dosage*’. A
decrease in the expression of Wnt pathway target genes such
as LGR6 and DKK1 was documented to demonstrate effective
inhibition of WNT by Ipafricept, but no biomarkers were in-
dicated to determine which patients Ipafricept would benefit
the most=?40. Due to the frequency of fractures, despite how
Ipafricept showed less severe AEs than Vantictumab or Pacli-
taxel without any fragility fractures or DLTs, Ipafricept trials
were canceled",

WNT974

Porcupine is a popular target within the WNT/f3-Catenin path-
way by targeted therapies like WNT974 and Niclosamide
(Nic). Porcupine is an extracellular membrane-bound O-
acyltransferase (MBOAT) involved in the palmitoylation of
WNT, which is the attachment of fatty acids to proteins. The
palmitoylated WNT gains the ability to bind to WNTless
(wls), a cargo receptor that transports bonded WNT to Friz-
zled®l, A Phase 1 trial of single-agent WNT974 resulted
in 4% of patients experiencing DLTs, including asthenia and
epileptic seizures at 10 mg OD, dysgeusia at 5 mg every 2 days
and 30 mg OD, and constipation at 22.5 mg OD, all related to
the study treatment. The RP2D was set at 10 mg OD. More
importantly, 6.4% of patients experienced bone-related disor-
ders, including osteoporosis, pathological fracture, osteope-
nia, and Grade 3 spinal fractures. Nevertheless, the disease
control rate (DCR) was 35.7%, making WNT974 an effective
and promising targeted therapy for further trials. Patients with
mutations in RNF43 and APC were more likely to show some
reduction in tumor size, with the patients with the greatest
reduction lacking mutations in KRAS, BRAF, NRAS, APC,
and CTNNBI1%2, Another clinical trial was attempted with
WNTO074 in combination with Encorafenib and Cetuximab,
but a high percentage of DLTs (75%), mostly consisting of
bone fractures, hypercalcemia, and pleural effusion, and a low
ORR (10%) led to the study’s discontinuation*>. This sug-
gests that WNT974 may be more effective as a monotherapy,
although further trials are needed to confirm this conclusion.

Niclosamide

Originally, Niclosamide was FDA-approved in 1982 for the
treatment of tapeworm infections; however, a clinical trial has
attempted to discover the effect of Nic for prostate and CRC**.
Nic’s anticancer effects are due to its ability to damage cancer
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cell mitochondria, inhibit signaling pathways like WNT/f3-
Catenin, and impede CSC activity*>. One Phase 1 dose-
escalation study found that 500 mg three times a day (TID)
was the MTD, as the cohorts in higher doses had prolonged
grade 3 AEs. However, pharmacokinetic studies found that the
plasma concentrations of MTD were not consistently above
the expected therapeutic threshold, which led to the cessa-
tion of this study for niclosamide in CRC*®. The lower-than-
expected plasma concentration at 500 mg TID may be supple-
mented with the use of other targeted drugs and chemotherapy
in conjunction with Niclosamide. As a result, several drugs are
also prescribed with Nic to enhance its antitumor effects while
limiting the side effects associated with Nic in preclinical tri-
als. For instance, Paclitaxel targets triple-negative breast can-
cer and esophageal cancer by inhibiting the creation of tubu-
1in*748 In breast cancer, Doxorubicin increases reactive oxy-
gen species (ROS) and induces apoptosis“?. In glioblastoma,
temozolomide causes DNA damage through alkylation, while
in CRC, Oxaliplatin increases H202, leading to cell cycle ar-
rest2UB L

Notch

Notch Signaling Pathway

The Notch signaling pathway is highly conserved as it plays
a role in cellular proliferation, differentiation, and apoptosis
during organism development (Figure [3). Targeting the Notch
signaling pathway is difficult because different Notch ligands
can have distinct and sometimes contrary effects on cancer
cells. For example, over-expression of Notch was observed
in breast, colon, and pancreatic cancer, whereas in prostate,
skin, and liver cancer, Notch was down—regulated7. In CRC,
high expression of Notchl was associated with a poor prog-
nosis. However, the high expression of Notch 2 indicates a
positive prognosis®2. Its critical role in these actions makes
it vulnerable to dysregulation, which can lead to cancer. Pre-
vious studies have shown that understanding Notch signaling
is essential because when it is dysregulated, it leads to angio-
genesis and metastasis and plays a vital role in regulating im-
mune cells and CSC differentiation®3°%. Despite these com-
plexities, Notch has been a novel target for immunotherapy
with many targeted therapies, like DAPT, RO4928087, PF-
03084014, Rovalpituzumab Tesirine, and Demcizumab.

DAPT

DAPT targets y-Secretase which plays a role in cleaving mul-
tiple different types of type 1 transmembrane proteins, such
as Notch, E-cadherin, N-cadherin, and CD44. This results in
Y-Secretase inhibitors (GSI) having greater side effects as they
can target other molecules instead of solely Notch®>. DAPT

S2 Cleavage S3 Cleavage

ADAM 10 g y-Secretase

\ e
i

S1 cleavage

Notch genes

transcribed

Fig. 3 Notch Pathway Description. The Notch signaling pathway
has four receptors and two ligand families, Jagged and Delta-like
(DLL). Notch receptors are matured in the Golgi apparatus during
S1 cleavage before translocating to the cell surface. A Notch
receptor contains the Notch extracellular domain (NECD),
transmembrane domain (TMD), and Notch intracellular domain
(NICD). During S2 cleavage, ADAM10 cleaves the NECD oft the
TMD. During S3 cleavage, y-secretase cleaves the NICD off.
Cytosolic NICD replaces SHARP and NDAC on RBP-J alongside
HAT and MAM. This complex promotes the transcription of Notch
target genes.

is a well-established y-secretase inhibitor as DAPT is used
as a controlled element in studies on other Notch inhibitors.
DAPT utilizes a similar mechanism of action as other GSIs
by preventing the S3 cleavage of NICD through the inhibition
of y-Secretase. DAPT, as a GSI, can inhibit proliferation, in-
duce cell-cycle arrest, and cause apoptosis in multiple cancers.
It also has a role in overcoming drug resistance by depleting
CSCs in osteosarcoma, leading to increased tumor sensitiv-
ity when paired with cisplatin, a platinum-based chemother-
apy drug®. However, DAPT has dose-limiting side effects,
preventing its clinical use as a monotherapy. This has been
overcome by combining a lower dose of DAPT with other
chemotherapeutic agents such as ATRA and SAHMI in two
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different gastric cell lines, as well as in human limbal stem
cells?227,

R0O4929097

R0O4929097 (RG-4733) is a GSI that results in Notch signal-
ing inhibition. It is difficult to understand the toxicity and
anti-tumor effect of RG-4733 at the Phase 1 dose-escalation
stage, as its mechanism of action typically results in inhibi-
tion of the cell cycle instead of inducing cell death>S. How-
ever, one phase 1 study observed that 73% of patients had sta-
ble disease, of which 40% completed at least six cycles of
treatment (4 months) without experiencing disease progres-
sion°?. The RP2D was found to be 20 mg at a 3/4 schedule (3
days on, 4 days off) for 21 days®*®", Pharmacokinetic analy-
sis also discovered that RG-4733 is prone to autoinduction at
higher concentrations, which is where a compound induces its
own metabolism, leading to increased tolerance of the drug®.
This led to 20 mg being set as the recommended dose. Side
effects that were related to the study drug were nausea, vom-
iting, hypophosphatemia, diarrhea, and fatigue, with most of
them being grade 1 or 2 AEs?, Notch signaling biomarkers of
Jadded1, N1-ICD, and Notch3 were evaluated; however, there
was no significant difference in staining of tissue from patients
of different treatment lengths>®. Higher levels of Notch3 pro-
tein expression were also observed to be associated with resis-
tance to RG-4733; however, concrete conclusions could not
be made from these phase 1 studies®.

Due to the apparent tolerance towards RG-4733, further
phase 2 trials were conducted. All three trials used the RP2D
of 20 mg of RG-4733 with a 3/4 schedule. Despite efficacy
in phase 1 studies, only 1.3% of patients had an objective
response to the treatment, and a further 32% had stable dis-
ease during the patient period® 2 The treatment was highly
tolerated with no observed grade 3 AEs associated with the
treatment, and grade 1/2 nausea was the most common AE
(CRCO). Histological staining of archival pathology specimens
was unable to find a correlation between Notch 1 activation
and oncogenic expression61. Due to the lack of clinical ef-
fect, RG-4733 was considered ineffective as a monotherapy,
although potential use as a combination therapy remains open.

PF-03084014

PF-03084014 is another GSI that has shown promise as a tar-
geted therapy for CSC and cancer cells in three main clinical
trials. A phase 1 trial determined the RP2D to be 150 mg twice
a day (BID) due to a better safety profile compared to higher
diseases®. The efficacy of subsequent trials varies, with one
study finding that 10.8% of patients experienced a partial re-
sponse while others found that up to 29% of patients had a par-
tial response to the treatment®#®>, PF-03084014 was found to

be more effective against desmoid tumors compared to other
cancers, with all of the patients with an ORR in a phase 1 trial
that had a partial response being those with desmoid tumors,
which led to further trials focusing solely on desmoid fibro-
matosis®. Grade 1 and 2 AEs, especially diarrhea (76%) and
skin disorders (71%), were experienced by all patients, but
only one grade 3 reversible hypophosphatemia was observed
in 47% of patients. It is a known effect of GSIs that were
suspected to be related to GI loss®*. Generally, PF-03084014
is well tolerated with only 9 patients experiencing DLTs that
resulted in dose-reduction and not deaths related to the treat-
ment® As a result, PF-03084014 is a very promising tar-
geted therapy to investigate in the future.

Rovalpituzumab Tesirine

Rovalpitzuzumab Tesirine Rova-T is a mAb that targets Delta-
like Ligand 3 (DLL3) to inhibit the Notch signaling pathway.
Rova-T is highly specific, as DLL3 is not present in normal
adult tissues but is highly expressed in Small Cell Lung Can-
cer. In one phase 1 dose-escalation study, Rova-T has an ob-
jective response rate of 63% at 0.1 mg/kg Rova-T and 33%
at 0.2 mg/kg Rova-T The remaining 2 cohorts who received
higher doses had a large percentage of participants discontinue
the study, leaving the lower dose recommended. Patients who
received 0.2 mg/kg plus CE had a lower frequency of AEs
compared to other doses, with the most common drug-related
AEs being fatigue, neutropenia, photosensitivity reaction, and
thrombocytopenia®. A later Phase 3 study brings into ques-
tion the effectiveness of Rova-T as it was terminated early due
to similar levels of death in Rova-T patients and the placebo
group®Z.

Demcizumab

Currently, 3 clinical trials have been done to investigate the ef-
fect that Demcizumab, a mAb that targets Delta-like ligand 4
(DLLA4), has on inhibiting the maintenance of chemotherapy-
resistant CSCs and angiogenesis. In phase 1 dose-discovery
trials, Demcizumab was found to have a CBR of 88% with 1
patient having a CR, 19 patients having a PR, and 15 patients
having SD®. Demcizumab as an adjunct treatment may be
more effective, as Demcizumab alone only has an overall DCR
of 40%. The RP2D is 5 mg/kg given every 2-3 weeks, depend-
ing on whether the patient is undergoing adjunct treatments.
Demcizumab with Pemetetrex and Carboplatin has an RP2D
of 5 mg/kg every 3 weeks, while Demcizumab as a monother-
apy has an RP2D of 5 mg/kg every other week®’, Dem-
cizumab was generally well tolerated, with the most common
AEs being diarrhea (68%), fatigue (58%), peripheral edema
(53%), and nausea (53%)". Hypertension was also another
common AEs with 8% of patients developing Grade 3 pul-
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monary hypertension and congestive heart failure after multi-
ple infusions of the treatment®®. Biomarkers associated with
Notch signaling were found to be significantly decreased in
effective treatment with Demcizumab, making these genes
a useful identifier of treatment success. As DLL4 is most
connected to CSCs and their ability to escape chemotherapy,
Demcizumab’s efficacy against cancer is highly promising.

Discussion

Key Findings

The central objective of this review was to evaluate whether
CSC signaling pathways can be effectively targeted by SMIs
and mAbs. Recent advancements in targeted therapies have
confirmed CSCs’ pivotal role in tumor development and re-
vealed many small-molecule drugs with a clinically proven or
promising ability to eradicate CSCs and cancerous cells.

The three signaling pathways covered in this review, Hedge-
hog, Wnt/B-Catenin, and Notch pathways, differ in their ap-
plication for targeted therapy (Tabled)). At present, Hedgehog
is the most well-developed target, with multiple U.S. FDA-
approved therapies that all target SMO. However, a high num-
ber of bone-related DLTs limit the applicability of this drug.
Whnt/f-Catenin similarly affects the bones, with Vantictumab,
Ipafricept, and WNT974 all causing fragility-related fractures.
Whnt has the largest variety of targets, with drugs being trialed
that target Frizzled, Porcupine, and GSK3. Therapies target-
ing y-secretase were proven to be the least toxic pathway tar-
get, with all but one drug experiencing little to no DLTs in the
mentioned clinical trials. In sum, Wnt offers the widest variety
of potential drug targets while Notch presents the least toxic-
ity, making both promising directions for future therapeutic
study.

Of the 14 drugs examined during this review, only three
(Vismodegib, Sonidegib, and Glasdegib) were FDA-approved
for use in cancer therapy, with the clinical trials of the remain-
ing 11 drugs discontinued or not finished. Of these drugs,
WNT974, Niclosamide, and Demcizumab show therapeutic
potential. WNT974 was discontinued as part of a combination
therapy, but it shows promise as a monotherapy due to a phase
1 trial that demonstrated significantly fewer DLTs than when
used as a combination therapy. Niclosamide was discontinued
as a monotherapy for CRC due to low plasma concentration
at the recommended dose, but preclinical trials have demon-
strated the efficacy of Niclosamide in combination with a va-
riety of other chemotherapeutic drugs, including Paclitaxel,
Doxorubicin, temozolomide, and Oxaliplatin. Further Phase
I clinical trials should be held to understand the clinical appli-
cation of Niclosamide as a co-therapy. Finally, Demcizumab
is promising as it was well-tolerated with a high CBR, but es-
pecially due to its unique targeting of DLL4, which plays a

vital role in CSC therapy resistance. As of now, only 3 clini-
cal trials have examined Demcizumab, but more trials should
be done to understand whether it is safe at a larger scale for
FDA approval.

Implications and Significance

The findings of this review highlight both the potential and
limitations of targeting CSCs through their signaling path-
ways. By systematically reviewing current targeted therapies
across three relevant CSC-related signaling pathways, this re-
view contributes to the broader understanding of how CSCs
can be targeted pharmacologically for the ability of cancer
cells to evade treatment and metastasize. There is a gap be-
tween experimental studies and clinical application in this
field, with only three of the targeted therapies mentioned in
this review being FDA-approved for cancer treatment, demon-
strating the importance of further trials to validate their ef-
ficacy in humans and manage toxicity. This gap may have
three explanations. One is a simple explanation that drug dis-
covery is a process that is often filled with failed drugs that
don’t have an effect or are too toxic for use. However, the near
ubiquity of CSC pathway inhibitors being ineffective or toxic
can be due to how these CSC pathways, when expressed nor-
mally, are necessary regulators for human functions, whether
it be stem cell differentiation, apoptosis, or organismal growth.
Therefore, when these targeted therapies inhibit the signaling
of these pathways, it can lead to detrimental effects to the
patient. Another explanation is due to the overabundance of
drugs stuck at Phase 1 clinical trials, with drugs with potential
not being trialed through Phase 3 or 4 to be FDA approved.
This is the gap that this literature review aimed to fill with
a comprehensive review of these multiple signaling pathways
in CSCs, to provide an organized and synthesized review that
aids in understanding which drugs show promise.

Limitations

Although this review has focused on the different approaches
to targeting signaling pathways with targeted drug therapy,
this approach has its limitations. Signaling pathways are com-
plex with many possible targets, but the targeted therapies in-
cluded in this review typically are selective in their targets,
leading to complications with ineffective treatments. Inhibit-
ing essential pathways also has severe side effects, which
poses a significant risk of inhibiting these pathways. For in-
stance, Cyclopamine led to severe craniofacial defects due to
inhibition of the Notch signaling pathway in a way that pre-
vented clinical application. Furthermore, genetic testing in
patients can identify essential biomarkers that aid in determin-
ing the origin of cancer signaling pathway mutations, enabling
better prescription of targeted therapies. Although biomarkers
like Notch3, GLI1, and NANOG are used to identify whether
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Table 3 Drug Summary with calculated average ORR and % of DLTs

Therapy Target Development Stage | ORR Dose Grade 3> AEs | Common Side Effects
Vismodegib SMO (Hh) FDA Approved |49.18% 150 mg OD 35.28% Muscle spasms, nausea, di-
arrhea
Sonidegib SMO (Hh) FDA Approved [44.20% 200 mg OD 17.58% Elevated creatine kinase,
dysgeusia, nausea
Glasdegib SMO (Hh) FDA Approved |46.40% 100 mg OD 5.99% Febrile neutropenia, diar-
rhea, thrombocytopenia
Vantictumab Frizzled (Wnt) Phase 1b 14.00% N/A 27.00% Nausea, fatigue, alopecia,
peripheral neuropathy
Ipafricept Frizzled (Wnt) Phase 1b 36.70% N/A 7.78% Neutropenia, fatigue, nau-
sea, diarrhea
WNT974 Porcupine (Wnt) Phase 2 22.80% 5mg OD 53.50% Dysgeusia, decreased
appetite,  hypercalcemia,
bone-related disorders
Niclosamide WNT Phase 1 N/A 500 mg TID 40.00% Nausea, anorexia, weight
loss
RO4929097 | y-secretase (Notch) Phase 2 4.67% 30 mg OD 29.17% Nausea, fatigue, anorexia,
hypophosphatemia
PF-3084014 | y-secretase (Notch) Phase 1 56.94% 150 mg BID 37.84% Diarrhea, nausea, fatigue,
hypophosphatemia
Rova-T DLL3 (Notch) Phase 3 36.00% 0.01 mg/kg 58.97% Nausea, fatigue, photosen-
sitivity reaction, pleural ef-
fusion, peripheral edema
Demcizumab| DLL4 (Notch) Phase 1 24.36% | 10 mg/kg every other week 21.44% Fatigue, nausea, hyperten-
sion, thrombocytopenia

a treatment was successful, a limited number of studies have
focused on understanding what biomarkers may be an indica-
tion of the specific mutation in the signaling pathways, mak-
ing it difficult to properly target the mutation section of the
pathway. Additionally, the non-canonical signaling pathways
of Notch, WNT/f-catenin, and Hedgehog present challenges
to targeted therapies due to their abilities to bypass traditional
regulatory mechanisms and deactivate target genes through al-
ternate routes. This pathway redundancy and crosstalk often
lead to ineffective and inefficient targeting.

Recommendation and Closing Thoughts

Targeted drug therapy is not a one-size-fits-all solution, and
further study of potential targets in CSC signaling pathways,
such as TGF-f and JAK/STAT3, will be beneficial to further-
ing this field. Another avenue of potential research would
broaden the targeting ability of SMIs and mAbs to target mul-
tiple ligands or receptors of the same family, as such findings
may greatly improve therapeutic outcomes and reduce resis-
tance to targeted therapies. For example, future researchers
may search chemical databases, like Instant JLab or other sim-
ilar tools, for compounds with a similar structure to Vantic-
tumab and run a cell-line assay to discover new SMIs with
similar multi-targeting ability but fewer DLTs. However, due
to the current lack of clinical trials, it may prove more useful to

conduct clinical trials on the molecules already identified, but
especially Ipafricept, as it has not indicated any severe DLTs in
previous Phase 1b trials. Although there are well-established
mechanisms of inhibition, more unique targets remain to be
discovered and exploited. As a result, during this review, mul-
tiple targeted therapies were examined and identified to show
promise in guiding future clinical trials. Despite this, targeted
therapies are just one aspect of a larger fight against cancer, re-
quiring years of concerted work from researchers worldwide
to identify, test, and implement novel cancer therapies.
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