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Abstract

Cancer stem cells (CSCs) represent a fraction of cancer cells that has the ability to
self-renew and differentiate into a variety of tumor cells. This subset of cancer
cells is involved in relapse, metastasis, radiation resistance, and multidrug resis-
tance, all of which contribute to the formation of new tumors. As a result, CSCs
are regarded to be the most potential cancer therapeutic target. Several studies
indicate dysregulation of developmental and stem cell-specific signaling path-
ways in cancer stem cells. These signaling pathways can regulate both intrinsic
and extrinsic pathways, directly and indirectly, thus regulating the cancer stem
cell phenotype. Therefore, gaining a complete understanding of the involvement
of the signaling pathways in cancer stem cell functions could lead to development
of better cancer treatment strategies. This chapter presents an overview of the
major signaling pathway of cancer stem cells and how they modulate various
factors involved in the maintenance of cancer stem cells. Moreover, the updates of
therapeutics strategies targeting these pathways are also discussed.
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Introduction

Stem cells are defined as a population of undifferentiated cells with the characteristic
ability of self-renewal and differentiation into various cellular progenies. The corre-
lation of cancer to stem cells had long been hypothesized due to its metastatic and
re-emergent nature (Ayob and Ramasamy 2018). It was Lapidot et al. that provided
the first experimental evidence of CSCs in the year 1994. In acute myeloid leukemia
(AML), the tumor-introducing cell was thought to be a cell of the hematopoietic stem
cell hierarchy susceptible to leukemic transformation due to various genetic or
epigenetic factors. A population of human AML cells was introduced into severe
combined immunodeficient (SCID) mice. The proliferation of these cells in the mice
model concluded the presence of an enriched population of leukemia-inducing stem
cells expressing stem cell surface markers (Lapidot et al. 1994). Various subsequent
studies described the heterogeneity of the stem cells present in AML, which led to
the possibility of research in the case of various other solid tumors (Lapidot et al.
1994). The CSC populations from the clonogenic core of a cancer is responsible for
its excessive growth and progression. These cells, capable of differentiation and self-
renewal, give rise to the non-tumorigenic bulk of the tumor.

CSCs have shown a high degree of resistance to conventional cancer treatments
such as chemotherapy and radiation and are considered a likely candidate for the
initial occurrence and metastasis of cancer. The metastatic nature of CSCs allows
solid tumors to migrate and colonize at a different site (Yang et al. 2020). Cancer

1986 R. C. Gonsalves et al.



stem cells and normal adult stem cells share a number of regulatory pathways that
control their normal functions and help in maintaining homeostasis. Mutation or
dysregulation of these pathways in CSCs contributes to its remission and resistance
to therapy. Various signaling pathways that are dysfunctional in CSCs include
Notch, Wnt, Hedgehog, TGFβ, AMPK, Autophagy, etc. As yet, the precise mech-
anism underlying these dysregulated signaling pathways in CSC function has not
been elucidated in its entirety. This chapter presents an overview of the major
signaling pathway of cancer stem cells and how they modulate various intrinsic
and extrinsic factors involved in the maintenance of cancer stem cells. Moreover, the
current status of therapeutic strategies targeting these pathways is also presented.

Signaling Pathways in Cancer Stem Cells

Developmental Signaling Pathway

Notch, Hedgehog (Hh), and Wnt are the major developmental signaling pathways
that not only play a pivotal role in embryonic development and differentiation but are
also are involved in the regulation of stem cells. Interestingly, CSCs utilize these
signaling pathways, and often the aberrant regulation of these signaling pathways
has been observed in cancer stem cells.

The Notch signaling is highly conserved among metazoans and mediates cell fate
decisions during development. In mammals, Notch signaling is initiated when canon-
ical Notch ligands (Jag1, Jag2, Dll1, Dll3, and Dll4) stimulate the Notch receptors
(Notch1–4) on the adjacent cells (Artavanis-Tsakonas et al. 1999). This interaction
leads to the induction of proteolytic cleavage of the Notch receptor resulting in the
endocytosis of Notch extracellular domain (NECD) into the ligand-expressing cells
and translocation of Notch intracellular domain (NICD) to the nucleus, where it
interacts with CSL (CBF-1, Su(H), Lag-1), leading to the transcription of Notch target
genes (Gordon et al. 2007) (Fig. 1). Aberrant Notch signaling often leads to develop-
mental defects and is associated with tumorigenesis (Ranganathan et al. 2011). Indeed,
numerous investigations on Notch signaling in CSCs have found that it plays a critical
role in controlling CSC self-renewal, growth, and metastasis.

Hedgehog signaling (Hh) is another major developmental signaling pathway
involved in tissue patterning during embryonic development, Epithelial to Mesenchy-
mal transition (EMT), repairs of normal tissue, etc. (Varjosalo and Taipale 2008). It is
majorly composed of Hh ligands, transmembrane patched (PTCH) receptor, smooth-
ened (SMO) protein, transduction molecules, and GLI, a transcription factor. Hedge-
hog signaling gets initiated when the Hh ligands – Sonic hedgehog (Shh), Desert
hedgehog (DHH) or Indian hedgehog (IHH) interacts with the PTCH receptor, which
results in the release of an inhibitory effect of PTCH on SMO (located in the cell
membrane), leading to the activation and nuclear localization of Gli, where it activates
the target genes (Fukushima et al. 2016) (Fig. 1). Dysregulated Hedgehog signaling is
often observed in many cancers, and recent reports suggest its crucial role in regulating
the properties of CSCs in various cancers such as glioma, multiple myeloma, CML,
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etc. In glioma and multiple myeloma cells, pharmacological or genetic suppression of
SMO has found to decrease CSC proliferation and self-renewal (Zhao et al. 2009).

The Wnt signaling pathway is one more developmental pathway, which is highly
complex and evolutionarily conserved among species. It comprises of 19 Wnt ligands
and more than 15 receptors (MacDonald et al. 2009). In the absence of Wnt ligands,
β-catenin forms a destruction complex with Axin, APC (adenomatous polyposis coli),
and GSK-3β (glycogen synthase kinase-3β). The phosphorylation of β-catenin by
GSK-3β leads to the recruitment of ubiquitin E3 β-transducin repeat-containing protein
(β-TrCP), resulting in the degradation of β-catenin by the proteasome, thus maintaining
low cytoplasmic β-catenin level. WhenWnt ligands released by cells bind to receptors/
co-receptors (Frizzled/LRP5/LRP6) on neighboring cells, canonical Wnt signaling is
initiated, causing Dsh to be recruited to the cell membrane. Dsh-induced phosphory-
lation prevents the formation of the Axin-GSK-3-APC complex, which prevents
β-catenin degradation. Free β-catenin translocates to the nucleus, where it interacts
with LEF and TCF, causing target genes to be transcribed and expressed (Fig. 1). High
Wnt activity has often been associated with the CSCs functionality in several tumors.
In colorectal cancer, high Wnt signaling upregulates the c-Myc and cyclin D, which
leads to the CSC phenotype. Similarly, significantWnt activation in CSCswas required
for carcinogenesis in squamous cell carcinomas, and deletion of the β-catenin gene
resulted in CSC depletion and tumor regression in mice (Malanchi et al. 2008).

TGFβ Pathway

The transforming growth factor-beta (TGFβ) signaling pathway is crucial in con-
trolling various cellular behavior and driving developmental processes associated

Fig. 1 Simplified view of Notch, Hedgehog, Wnt, TGF-b, HIPPO, AMPK, and Autophagy
signaling pathway involved in cancer stem cells. The figure is widely discussed in the text
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with organism’s growth and embryogenesis. These include cell proliferation, differ-
entiation, apoptosis, homeostasis, and other cellular functions (Batlle and Massague
2019). The TGFβs are a superfamily of more than 30 multifunctional cytokines
having conserved cysteine residues. They can be segregated into two subfamilies
based on structural similarities and function: the Bone Morphogenetic Protein
(BMP) subfamily and the TGF-β subfamily. The TGFβ receptors (TβR I and TβR
II) are serine-threonine kinases and their activation by TGFβ ligands can either
trigger a canonical SMAD-dependent signaling cascade or activate other cellular
signaling pathways to induce a cellular response (Bellomo et al. 2016). A combina-
tion of Smad and non-Smad-mediated processes dictate the eventual consequence of
TGFβ activation (Fig. 1).

TGFβ is known to have a dichotomous role in cancer where the context dictates the
function of TGFβ as a tumor suppressor or tumor promoter. TGFβ signaling pathway
is known to have tumor-suppressive activity due to its ability to regulate processes
such as cell death and cell cycle arrest, and genes of this pathway are known to get
mutated and inactivated in specific types of cancer (Pickup et al. 2013). On the other
hand, TGFβ is present at high levels in tumor environment and is known to facilitate
tumor progression through its ability to inhibit immune cell development, promote cell
dedifferentiation, and encourage vascular growth (Padua and Massague 2009). TGFβ
pathway aids the process of metastasis through its effects on the tumor microenviron-
ment and the cells associated with the microenvironment such as cancer stem cells,
tumor-associated fibroblasts, and immune cells (Bellomo et al. 2016).

Hippo Pathway

The Salvador–Warts–Hippo pathway was first identified in isolates from organ tissue
cultures ofDrosophila melanogaster showing characteristic abnormal size (Mo et al.
2014). Although it plays a central role in organ growth development and their
homeostasis and the regulation of cell proliferation, differentiation, migration, and
apoptosis (Mo et al. 2014), the upstream mechanism that leads to its activation is not
completely understood. The mammalian Hippo pathway comprises of kinases mam-
malian Ste2-like kinases (MST1/2) and large tumor suppressor kinase 1/2 (LATS1/2)
(Mo et al. 2014). Activation of the Hippo pathway mediates phosphorylation and
inactivation of Yes-associated protein (YAP) and transcriptional coactivator with
PDZ-binding motif (TAZ), by the kinase LATS1/2. The phosphorylated YAP/TAZ
protein is targeted for degradation by ubiquitin-proteasome-dependent pathway.
Unphosphorylated and active YAP/TAZ would translocate to the nucleus, associate
with transcription factors of the TEAD family, and activate genes involved in cell
differentiation and proliferation (Mo et al. 2014).

Dysregulation of this pathway has been identified in a wide variety of human
cancers. Mutations in genes coding for the central protein can lead to overexpression
of YAP/TAZ-regulated proteins leading to rapid cell proliferation, excessive cell
growth, and inhibition of apoptosis. Methylation events on genes coding for MST1/2
and LATS1/2 have been reported in cases of soft tissue sarcoma and breast cancer,
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respectively (Pan 2010). Overexpression of the YAP/TAZ-induced genes is a common
occurrence in cancer cell lines (Hao et al. 2014). YAP and TEAD are overexpressed in
CSCs of medulloblastomas (Fernandez et al. 2009), and TAZ is known to be over-
expressed and confer stem cell traits in CSCs of breast cancers (Cordenonsi et al. 2011).

AMPK Pathway

AMP-activated protein kinases (AMPK) are vital regulators of energy metabolism
present in essentially all eukaryotes and appear to have evolved early during eukary-
otic evolution (Lin and Hardie 2018). In mammals, AMPKs exist as heterotrimeric
complexes consisting of catalytic (α1 and α2) and regulatory (β1 and β2) (γ1, γ2, and
γ3) subunits (Ross et al. 2016b). AMPKs are activated by elevated cellular ratios of
AMP and ADP over ATP which occur when ATP production is compromised and ATP
turnover is enhanced (Lin and Hardie 2018). An increase in AMP levels results in
phosphorylation of the α subunit, at the Thr172 position, by the kinase LKB1, a well-
known tumor suppressor (Ross et al. 2016a). This suggests the role of AMPK in
cancer. AMPK can be activated via a noncanonical mechanism through Ca2+/cal-
modulin-dependent kinase, CaMKK2. Upon activation, AMPK promotes ATP pro-
duction by activating catabolic ATP-generating pathways and curbs cell growth and
proliferation by inhibiting biosynthetic pathways. AMPK is also known to activate
glycolysis, characteristic of cancer cells, by phosphorylation of the glycolytic enzyme
phosphofructokinase isozymes (Marsin et al. 2000) (Fig. 1).

Studies on AMPK in cancer have provided supporting roles of AMPK as a tumor
suppressor as well as a tumor promoter. When AMPK was knocked out in B and T
cell lymphoma mouse models prior to tumor initiation, it resulted in accelerated
tumor formation, confirming AMPK’s role as a tumor suppressor. In T cell leukemia
mouse model, knocking out of AMPK after the initiation of the disease resulted in
less severe and amelioration of the disease, whereas knocking out AMPK prior to
development of the disease led to early onset and severe disease (Kishton et al.
2016). Studies have shown high levels of AMPK activities in colorectal cancer
(CRC) stem cells, and AMPK inhibition leads to cell death in CRC stem cells.

Autophagy

Autophagy is a highly conserved process whose main function is to maintain cellular
homeostasis during stress conditions. It is associated with cell survival by degrading
unnecessary cellular components and supplying recycled metabolites for cell
growth. Cellular stresses, including amino acid deprivation, ER stress, and other
signals, are known to promote autophagy by activating the AMPK signaling path-
way and inhibiting the mTOR pathway (Egan et al. 2011). However, dysregulation
of autophagy is implicated in several diseases, including neurodegenerative diseases
and various cancers. In cancer, autophagy plays a paradoxical role having both
tumor-suppressive and tumor-promoting functions in a context-specific manner.

1990 R. C. Gonsalves et al.



During initial stages, autophagy plays a protective role against cancer development
mainly by preventing DNA damage and maintaining genome integrity (Lorin et al.
2013). However, as the tumor develops, autophagy can be triggered as an adaptive
response and contributes to the survival of cancer cells by meeting their increased
demand for building blocks of macromolecules (Lorin et al. 2013) (Fig. 1).

Recently, the dependence of CSCs on autophagy has also been demonstrated in
various cancers, including breast cancer, pancreatic cancer, and colorectal cancers
(Garcia-Prat et al. 2016). In fact, autophagy is upregulated in CSCs, where it helps to
maintain pluripotency and regulate their migration and metastasis. In breast cancer,
autophagy-related gene ATG4 regulates breast CSC populations by promoting their
self-renewal in vitro and tumor growth in vivo. Furthermore, autophagy can be
induced in non-cancer cells of the tumor microenvironment to promote the growth of
tumor cells. Autophagy also helps tumor cells to avoid immune detection and
contributes to resistance to chemotherapy drugs. Therefore, autophagy seems as a
promising target for cancer therapy. Although the dual roles of autophagy as a tumor
suppressor and tumor promoter present a major challenge in targeting autophagy,
recent studies suggest that by sensitizing CSCs to therapy through inhibition/activa-
tion of autophagy can be encouraging (Lim et al. 2021).

Properties of CSCs Regulated by Signaling Pathways

Stem Cell Maintenance

Cancer stem cells have the ability to self-renew as well as differentiate. This ability
of CSCs is important in cancer initiation, development, and resistance to numerous
anticancer therapies. Although the mechanism underlying this phenomenon is not
fully understood, there are numerous evidences suggesting the involvement of the
developmental signaling pathway and other signaling pathways in the maintenance
of the CSCs (Fig. 2).

The expression of essential genes involved in CSC self-renewal and survival can
be directly regulated by major developmental pathways including Notch, Hh, and
Wnt signaling pathways. In this context, it was shown that Notch can directly
regulate some of the stem cell markers such as CD44, Nestin, etc. in T-ALL and
glioma (Shih and Holland 2006). Similarly, HH induces the expression of several
stemness-related genes, such as Oct4, Bmi1, Sox2, etc., thereby maintaining
stemness signature in various cancers. Wnt signaling has also been shown to directly
regulate several stemness genes directly, such as Lgr5 (Fan et al. 2010).

In addition to these signaling pathways, several other pathways have been shown to
maintain the self-renewal capacities of CSCs. TGFβ has been demonstrated to play a
critical role in the self-renewal/stemness of CSCs in a variety of malignancies via
distinct mechanisms. For example, TGFβ promotes self-renewal capacity in cancer
stem cells in breast cancer and glioblastoma through an ILEI/LIFR signaling axis. In
liver CSCs, upregulation of TGFβ1 induces the expression of CD133 (stemness
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marker), together with SMAD4. In a variety of human malignancies, stimulation of
Hippo pathway results in the induction of CSC characteristics (Song et al. 2014).

Furthermore, SOX2 activation of YAP is critical for the maintenance of CSCs in
osteosarcoma and glioblastoma. In turn, TAZ, a Hippo effector, promotes cancer
stemness in head neck squamous cell carcinoma via transcriptional activation of
SOX2. Together, there is ample amount of evidence that indicates the vital role of
YAP/TAZ in the maintenance of CSCs and cancer progression. However, the
upstream regulatory mechanisms of the YAP/TAZ and Hippo pathways in CSCs
are unknown. AMPK is one of the key regulators of metabolic stress that plays a
crucial role in energy and nutrient homeostasis. The involvement of AMPK in CSC
metabolism has been extensively characterized in different malignancies. For exam-
ple, in prostate CSCs, AMPK was shown to be necessary for maintaining glucose
balance and thereby the stemness phenotype. Autophagy has recently been identified
as a key trait that CSCs use to preserve their self-renewal capacity and survival.
Autophagy inhibition has a deleterious impact on the expression of staminal markers
and the ability of CSCs to self-renew. Several studies on the molecular mechanism
suggested that autophagy acts through different signaling pathways to maintain
CSCs, such as EGFR/Stat3 and TGFβ/Smad signaling pathway, FOXO3, FOXA2,
and DNA damage pathway (Nazio et al. 2019).

Tumor Microenvironment

The tumor mass consists of a heterogeneous population of cancer cells and other
cellular and noncellular components known as the tumor microenvironment (TME).

Fig. 2 Various signaling
pathways modulate intrinsic
and extrinsic factors that are
involved in the maintenance
of cancer stem cells (CSC).
The figure is widely discussed
in the text
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TME encompasses endothelial cells (ECs), immune cells, cancer-associated fibro-
blasts (CAFs), extracellular matrix (ECM), and various cytokines and chemokines.
There is continuous signaling cross talk between cancer cells and the surrounding
TME, which impacts tumor growth and development. The endothelial cells provide
nutritional support for tumor growth and development and also protect tumor cell
from the immune system (Hanahan and Weinberg 2011), whereas the immune cells,
such as macrophages, can suppress antitumor responses. In addition, fibroblasts
allow the migration of cancer cells for metastasis and promote angiogenesis.

In recent years, several studies have shown that the CSCs are strongly associated
with their microenvironment or “niche” which plays an important role in the
regulation of the self-renewal and differentiation properties of CSCs. In colorectal
cancer, fibroblasts in the niche secrete HGF (hepatocyte growth factor) that maintain
the “stemness” of CSC by activating the Wnt pathway. Furthermore, TME influ-
ences other processes such as metastasis, invasion, angiogenesis, extracellular
matrix remodeling, immune evasion, and drug resistance through the production
of various growth factors, chemokines, and cytokines. The relationship between the
CSC and TME seems to be bidirectional, that is, the CSCs can modify their
microenvironment, and in turn, the cellular fate of cancer cells can be altered by
the TME. For example, in glioblastoma, CSCs secrete VEGF that promotes angio-
genesis, and the endothelial cells induce Notch signaling in CSCs by secreting nitric
oxide (Charles et al. 2010).

Hypoxia is one of the characteristic features of TME. The rapid proliferation of
cancer cells results in an imbalance between increased demand and decreased
oxygen supply leading to the reduced oxygen level in tumors. The hypoxic envi-
ronment is responsible for genetic instability and the upregulation of various genes
including hypoxia-inducible factor 1 alpha (HIF1-α) associated with angiogenesis
and metastasis. Hypoxia also triggers CSC plasticity, that is, switching non-CSCs to
CSCs and vice versa, which contributes to tumor heterogeneity and drug resistance
(Das et al. 2020). Since TME plays an important role in every aspect of CSCs
progression, targeting TME presents a promising strategy for treatment of cancer.
The development of small-molecule inhibitors that target the specific components of
TME is an emerging area for cancer therapy (Zhong et al. 2020) (Fig. 2).

Immune Evasion

The immune system of our body can recognize and eliminate tumor cells. However,
most of the tumors induce immune tolerance through several mechanisms and can
thus escape immune surveillance. The immune cells such as T cells, dendritic cells
(DCs), macrophages, and natural killer (NK) cells are infiltrated into tumors and are
correlated with tumor development, treatment outcome, and recurrence. The tumor’s
fate is determined by genetic factors and by the functional properties of the immune
cells infiltrating into the tumor (Muller et al. 2020). Several studies have suggested
that the crosstalk between CSCs and the immune system is bidirectional. CSCs can
modulate various immune cells’ composition and properties and shape the TME into
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an immunosuppressive and pro-tumorigenic state. In turn, infiltrating immune cells
release growth factors and cytokines that promote self-renewal, tumorigenicity, and
metastasis of CSCs (Muller et al. 2020). Thus, inhibition of immune signaling can be
an effective way to block the self-renewal property of CSCs and improve therapeutic
outcomes.

The various mechanisms employed by CSCs to exhibit immunosuppressive
effects are ineffective antigen processing and presentation by downregulation of
MHC molecules, modulation of NK-cell activity, inhibition of cytolytic molecules,
secretion of immunomodulatory factors, such as TGFβ, IL-6, and CCL20 (Tsuchiya
and Shiota 2021). CSCs can drive tumor-associated macrophages (TAMs) toward
M2 polarization to maintain immunosuppressive milieu at the tumor site by activat-
ing the signal transducer and activator of transcription 3 (STAT3) and nuclear factor-
κB (NF-κB) pathways and various cytokines. Regulatory T cells (Tregs), a subtype
of CD4+ T cells that inhibit effector T cells and other immune cells, show a positive
association with CSCs to promote immunosuppressive environment. Furthermore,
CSCs upregulate programmed death-ligand 1 (PD-L1), an immune checkpoint
protein, which interacts with PD-1 on immune cells and suppresses their effector
functions. In colorectal CSC, altered PD-L1 expression promotes CSC stemness and
expansion by activating HMGA1-dependent signaling pathways or PI3K/Akt path-
way. Immune checkpoint inhibitors against the checkpoint molecules (PD-1, CTLA-
4) to derepress the immune response have emerged as a promising tool in cancer
therapeutics (Ferguson et al. 2021) (Fig. 2).

Resistance to Therapy

Resistance to therapy is one of the greatest ongoing challenges to cancer treatment.
There are two types of resistance: intrinsic resistance, which is an inherent ability to
resist a spectrum of drugs, and acquired resistance, which develops in response to
treatment. Several studies have shown that CSCs are the primary cause of therapy
failure due to their intrinsic resistance to chemotherapy and radiotherapy (Steinbichler
et al. 2018). The therapeutic resistance of CSCs is due to its many features such as
evasion of death, low ROS level, tumor microenvironment, quiescence, efficient drug
efflux and detoxification ability, EMT, upregulated CSCs survival and stemness
signaling pathways, increased autophagy, and enhanced DNA damage response and
repair mechanisms. CSCs share resemblance with stem cells and employ similar
mechanisms to evade death by senescence and apoptosis. CSCs prevent apoptosis
by increased levels of anti-apoptotic proteins such as c-FLIP, Bcl-2, and Bcl-x via the
stemness signaling pathways Notch and Hedgehog. Due to its quiescent state, the
CSCs have a longer time to repair DNA damage induced by therapy. CSCs have also
shown to have enhanced DNA repair activity (Carruthers et al. 2018). CSCs express
high numbers of ATP-binding cassette (ABC) transporters on their cell’s surface that
facilitate to pump out toxic chemicals from the cells.

CSCs exhibit increased autophagy which shows improved survival and therapy
resistance. Inhibition of autophagy in breast cancer cell lines resulted in tamoxifen-
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resistant cells to tamoxifen-induced killing (Samaddar et al. 2008). Circulating
tumor cells in metastatic patients co-expressed EMT and CSC markers. There is
evidence of the relationship between EMT phenotype and gefitinib resistance
through the Notch-1 signaling pathway. CSCs exist within a hypoxic tumor micro-
environment that activates aldehyde dehydrogenase (ALDH) activity, an enzyme
that is involved in the oxidation of intracellular aldehydes as well as detoxifying
reactive oxygen species (ROS) and alkylating agents such as paclitaxel (Fig. 2).

Clinical Targeting of Signaling Pathways in CSC

Encouraged by the results from preclinical studies indicating that therapeutic resis-
tance could be overcome by targeting different cancer stem cell signaling pathways,
many small molecule inhibitors of these pathways have been investigated in clinical
trials. These clinical studies include molecules designed for the specific pathway or
repurposed drugs that are investigated either as mono-therapeutics or in combination
with classical anticancer drugs. An overview of the drugs targeting various signaling
pathways related to cancer stem cells evaluated for their clinical suitability and
efficacy are summarized in Table 1.

Several drugs designed to target different regulators of Notch signaling has
received wide attention. All notch inhibitors investigated so far as mono-
therapeutics have been found to be well tolerated and safe with acceptable toxicity
(Yang et al. 2020). Due to their ability to inhibit pan-Notch activity, gamma-
secretase inhibitors entered clinical trials very early ahead of other molecules.
Although they are low-cost compounds and can be orally administered with
encouraging bio-distribution, the gastrointestinal tract toxicity has hampered its
progress in advancing to Phase III trials and approval for clinical use (Andersson
and Lendahl 2014). Antibody targeting notch 1, 2, and 3 as well as the ligand
DLL4 have been investigated either as standalone chemotherapeutic agents or as
part of a combined regimen comprising chemotherapeutic agents for the treatment
of many aggressive and disseminated malignancies (Takebe et al. 2014). Phase I
clinical trials evaluating safety and feasibility of combining notch inhibitors with
different standard of care chemotherapeutics have not reported any undesirable
toxicities, except cardiotoxicity when combined with carboplatin. However, the
lack of encouraging clinical benefits has precluded the further progress of clinical
studies with these drugs and combinations (Strosberg et al. 2012). A lack of
correlation between induced activation of notch1 and response to combinations
of chemotherapeutic agents observed in T-cell acute lymphoblastic leukemia (Van
Vlierberghe and Ferrando 2012) also suggests the need for a critical evaluation on
the role of Notch signaling status and clinical response to therapy. Therefore,
designing or identifying (as a repurposing strategy) novel drugs with encouraging
efficacy and acceptable toxicity needs to be developed in future that convincingly
establishes the clinical benefit of targeting notch signaling in the clinical manage-
ment of certain human malignancies.
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Porcupine inhibitors and agents targeting β-catenine/CBP and frizzled receptors
are among the widely investigated drugs that target Wnt signaling. Clinical trials
examining the safety, tolerance, and toxicity of these drugs in the management of
chronic myeloid leukemia and malignancies in different anatomical locations have
been encouraging with good patient compliance and acceptable toxicity. However,
systematic Phase III clinical trials to evaluate the efficacy of these drugs are yet to be
completed or initiated. Vismodegib, sonidegib, and glasdegib investigated so far for
their clinical feasibility target the smooth head receptors (Smo inhibitors) in the

Table 1 Overview of the clinical trials with drugs targeting developmental signaling pathways

Pathway
Neoplasms
included Targets

Mono
therapy

Combined
therapies

Trial
stage Outcome

Notch Solid
tumors;
leukemia

Notch ligand
DLL3, DLL4;
γ secretase;
Pan notch
signaling

+ + I–II Well
tolerated
with
acceptable
toxicity and
moderate
efficacy

Wnt Solid
tumors;
leukemia

Porcupine;
β-catenin/
CBP; frizzled
receptor;
Fzd8-Fc
fusion protein

+ + I–II Tolerated
with minimal
toxicity, but
poor efficacy

Hedgehog Solid
tumors;
leukemia

Smoothened + + I–II Tolerated,
but not with
encouraging
clinical
benefit

TGFβ Solid
tumors
(primary,
metastatic,
and
recurrent)

Ligands
(TGFβ 1/2/3)
and receptors
(Tβ RI/RII)

+ + I–II Tolerated
with minimal
toxicity and
modest
efficacy

AMPK Solid
tumors;
leukemia

PI3K and
Bcl-2

+ + I–II Moderate
toxicity with
limited
efficacy

Autophagy Solid
tumors;
leukemia

Lysosome,
autophagy flux
(early and late
phases)

+ + I–II Cardio and
retinal
toxicity.
Efficacy not
available

Hippo Solid
tumors;
leukemia

YAP and TAZ + + I–II Toxicity as
muscle loss.
Efficacy not
known
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hedgehog signaling pathway. Unfortunately, resistance acquired by tumors against
Smo inhibitors and undesirable toxicities associated with these drugs have severely
compromised their evaluation for efficacy (Du et al. 2019). Further, limited benefit
has been found in the clinical trials that investigated the combinations of these
inhibitors with standard of care anticancer chemotherapeutic drugs in the treatment
of malignant glioma (Xie et al. 2019). Preliminary findings with arsenic trioxide that
inhibits Gli transcription factor and hedgehog signaling in the treatment of certain
solid tumors and hematological malignancies have been encouraging (Xie et al.
2019).

Extensive preclinical studies showing the potential of targeting various compo-
nents of TGFβ signaling for improving the efficacy of cancer therapy have prompted
the evaluation of clinical utility of drugs targeting TGFβ signaling. Phase I/II clinical
trials have been initiated using TGFβ targeting drugs either alone or in combination
with other drugs, including immunotherapeutic agents in many primary, metastatic,
and recurrent tumors (Ciardiello et al. 2020). These drugs and combinations target
different forms of TGFβ ligands (TGFβ 1/2/3) and receptors (TβRI/RII). The
bifunctional antibody, Bintrafusap, that simultaneously targets TβRII and PD-L1
has also been extensively investigated in many malignant tumors (Ciardiello et al.
2020). A cancer vaccine, comprising radiation sterilized non-small cell lung carci-
noma cells (NSCLC) transfected with antisense TGFβ gene, is also well-tolerated
without adverse effects in patients with NSCLC tumors and shows good response.

Chloroquine and hydroxychloroquine originally approved for the treatment of
malaria have been investigated for their usefulness in the treatment of breast cancer
and leukemia while pantoprazole in combination with doxorubicin has been evalu-
ated in prostate cancer. Both these groups of drugs have been recently established to
target autophagy. Although results of their efficacy on the tumors are still awaited,
Phase I/II clinical trials have shown cardio and retinal toxicity with the chloroquine
compounds, while dose-limiting toxicity in the form of fatigue, neutropenia, and
leukopenia were noted with pantoprazole (Al-Bari 2015). Vertoporfin, a photosen-
sitizer approved for photodynamic therapy that inhibits the early events in auto-
phagy, has also been evaluated either alone or in combination with chemotherapy
(gemcitabine) or radiotherapy for its clinical efficacy in Phase I/II trials in pancreatic
ductal carcinoma (Huggett et al. 2014). Absence of any adverse effects when
administered before or after chemo or radiotherapy is encouraging and has prompted
further efficacy trials. Currently, a Phase I/II trial is ongoing with Visudyne
(a liposomal preparation of verteporfin) for the treatment of primary and recurrent
EGFR mutated glioblastoma (ClinicalTrials.gov Identifier: NCT04590664).

Many of the tumors related as well as systemic role of AMPK in many cancers
established in preclinical studies have prompted the initiation of clinical trials
examining the impact of combining AMPK inhibitors (like metformin, phenformin,
and salicylates) with radiotherapy and chemotherapy to improve the efficacy, besides
examining them as monotherapeutic agents (Steinberg and Carling 2019). Results of
these clinical trials indicate a limited efficacy of these AMPK inhibitors and suggest
more extensive and long-term studies to establish their long-term utility in the
management of cancer. Among the many potential targets in the hippo signaling
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pathway, the repurposed drug Atorvastatin that targets TAZ has been investigated for
its usefulness in the therapy of breast cancer. Drug-related toxicity in the form of
muscle tissue loss has been reported, while results on its efficacy are awaited (Prado
et al. 2011).

Conclusion

Cancer stem cells are a subset of cells in the tumor micro-environment that have the
potential to initiate, facilitate progression, and metastasis which purportedly confer
resistance against therapy, besides contributing to the relapse. Widely used standard
of care chemo and radiotherapy efficiently kill only the active proliferating tumor
cells, while the quiescent and resistant CSCs escape therapy, thereby leading to
relapse or metastasis. CSCs are a heterogeneous cell population; however, they have
certain common characteristics such as quiescence, resistance, evade death,
pro-survival ability, and stemness. A complex web of signaling pathways are
responsible for the distinctive characteristics of the CSCs. CSCs also exist in special
niches in the tumor that promote survival and are not that well understood. Under-
standing these signaling pathways and tumor microenvironment and their role on
CSCs is important for developing novel therapies against CSCs. Few inhibitors that
target signaling pathways in CSCs have shown promising results in in vitro studies
and preclinical cancer models; however, only some have reached Phase 1 and
2 clinical trials. This could be because in vitro and preclinical models do not
mimic the biological complexity of the tumor and its microenvironment as seen in
the clinical scenario. These signaling pathways are also required for the several
cellular processes in normal tissues, and targeting these pathways could lead to
undesirable toxicity. Therefore, there is a need to understand CSCs and tumor
microenvironment in more depth to develop selective inhibitors specific to the
CSCs and the tumor microenvironment. Efforts are required to develop synergistic
drug combinations of CSCs specific inhibitors along with the conventional therapies
to prevent the development of resistance and facilitate the use of lower dosages to
improve the therapeutic index.

References

Al-Bari MA (2015) Chloroquine analogues in drug discovery: new directions of uses, mechanisms
of actions and toxic manifestations from malaria to multifarious diseases. J Antimicrob
Chemother 70(6):1608–1621. https://doi.org/10.1093/jac/dkv018

Andersson ER, Lendahl U (2014) Therapeutic modulation of Notch signalling–are we there yet?
Nat Rev Drug Discov 13(5):357–378. https://doi.org/10.1038/nrd4252

Artavanis-Tsakonas S, Rand MD, Lake RJ (1999) Notch signaling: cell fate control and signal
integration in development. Science 284(5415):770–776. https://doi.org/10.1126/science.284.
5415.770

1998 R. C. Gonsalves et al.

https://doi.org/10.1093/jac/dkv018
https://doi.org/10.1038/nrd4252
https://doi.org/10.1126/science.284.5415.770
https://doi.org/10.1126/science.284.5415.770


Ayob AZ, Ramasamy TS (2018) Cancer stem cells as key drivers of tumour progression. J Biomed
Sci 25(1):20. https://doi.org/10.1186/s12929-018-0426-4

Batlle E, Massague J (2019) Transforming growth factor-beta signaling in immunity and cancer.
Immunity 50(4):924–940. https://doi.org/10.1016/j.immuni.2019.03.024

Bellomo C, Caja L, Moustakas A (2016) Transforming growth factor beta as regulator of cancer
stemness and metastasis. Br J Cancer 115(7):761–769. https://doi.org/10.1038/bjc.2016.255

Carruthers RD, Ahmed SU, Ramachandran S, Strathdee K, Kurian KM, Hedley A, Gomez-Roman-
N, Kalna G, Neilson M, Gilmour L, Stevenson KH, Hammond EM, Chalmers AJ (2018)
Replication stress drives constitutive activation of the DNA damage response and radio-
resistance in glioblastoma stem-like cells. Cancer Res 78(17):5060–5071. https://doi.org/10.
1158/0008-5472.CAN-18-0569

Charles N, Ozawa T, Squatrito M, Bleau AM, Brennan CW, Hambardzumyan D, Holland EC
(2010) Perivascular nitric oxide activates notch signaling and promotes stem-like character in
PDGF-induced glioma cells. Cell Stem Cell 6(2):141–152. https://doi.org/10.1016/j.stem.2010.
01.001

Ciardiello D, Elez E, Tabernero J, Seoane J (2020) Clinical development of therapies targeting
TGFbeta: current knowledge and future perspectives. Ann Oncol 31(10):1336–1349. https://
doi.org/10.1016/j.annonc.2020.07.009

Cordenonsi M, Zanconato F, Azzolin L, Forcato M, Rosato A, Frasson C, Inui M, Montagner M,
Parenti AR, Poletti A, Daidone MG, Dupont S, Basso G, Bicciato S, Piccolo S (2011) The
Hippo transducer TAZ confers cancer stem cell-related traits on breast cancer cells. Cell 147(4):
759–772. https://doi.org/10.1016/j.cell.2011.09.048

Das PK, Pillai S, Rakib MA, Khanam JA, Gopalan V, Lam AKY, Islam F (2020) Plasticity of cancer
stem cell: origin and role in disease progression and therapy resistance. Stem Cell Rev Rep
16(2):397–412. https://doi.org/10.1007/s12015-019-09942-y

Du FY, Zhou QF, Sun WJ, Chen GL (2019) Targeting cancer stem cells in drug discovery: current
state and future perspectives. World J Stem Cells 11(7):398–420. https://doi.org/10.4252/wjsc.
v11.i7.398

Egan DF, Shackelford DB, Mihaylova MM, Gelino S, Kohnz RA, Mair W, Vasquez DS, Joshi A,
Gwinn DM, Taylor R, Asara JM, Fitzpatrick J, Dillin A, Viollet B, Kundu M, Hansen M, Shaw
RJ (2011) Phosphorylation of ULK1 (hATG1) by AMP-activated protein kinase connects
energy sensing to mitophagy. Science 331(6016):456–461. https://doi.org/10.1126/science.
1196371

Fan XS, Wu HY, Yu HP, Zhou Q, Zhang YF, Huang Q (2010) Expression of Lgr5 in human
colorectal carcinogenesis and its potential correlation with beta-catenin. Int J Color Dis 25(5):
583–590. https://doi.org/10.1007/s00384-010-0903-z

Ferguson LP, Diaz E, Reya T (2021) The role of the microenvironment and immune system in
regulating stem cell fate in cancer. Trends Cancer 7(7):624–634. https://doi.org/10.1016/j.
trecan.2020.12.014

Fernandez LA, Northcott PA, Dalton J, Fraga C, Ellison D, Angers S, Taylor MD, Kenney AM
(2009) YAP1 is amplified and up-regulated in hedgehog-associated medulloblastomas and
mediates Sonic hedgehog-driven neural precursor proliferation. Genes Dev 23(23):
2729–2741. https://doi.org/10.1101/gad.1824509

Fukushima N, Minami Y, Kakiuchi S, Kuwatsuka Y, Hayakawa F, Jamieson C, Kiyoi H, Naoe T
(2016) Small-molecule Hedgehog inhibitor attenuates the leukemia-initiation potential of acute
myeloid leukemia cells. Cancer Sci 107(10):1422–1429. https://doi.org/10.1111/cas.13019

Garcia-Prat L, Martinez-Vicente M, Perdiguero E, Ortet L, Rodriguez-Ubreva J, Rebollo E, Ruiz-
Bonilla V, Gutarra S, Ballestar E, Serrano AL, Sandri M, Munoz-Canoves P (2016) Autophagy
maintains stemness by preventing senescence. Nature 529(7584):37–42. https://doi.org/10.
1038/nature16187

Gordon WR, Vardar-Ulu D, Histen G, Sanchez-Irizarry C, Aster JC, Blacklow SC (2007) Structural
basis for autoinhibition of Notch. Nat Struct Mol Biol 14(4):295–300. https://doi.org/10.1038/
nsmb1227

99 Targeting Signaling Pathways in Cancer Stem Cells for Therapy of Cancer 1999

https://doi.org/10.1186/s12929-018-0426-4
https://doi.org/10.1016/j.immuni.2019.03.024
https://doi.org/10.1038/bjc.2016.255
https://doi.org/10.1158/0008-5472.CAN-18-0569
https://doi.org/10.1158/0008-5472.CAN-18-0569
https://doi.org/10.1016/j.stem.2010.01.001
https://doi.org/10.1016/j.stem.2010.01.001
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.1016/j.cell.2011.09.048
https://doi.org/10.1007/s12015-019-09942-y
https://doi.org/10.4252/wjsc.v11.i7.398
https://doi.org/10.4252/wjsc.v11.i7.398
https://doi.org/10.1126/science.1196371
https://doi.org/10.1126/science.1196371
https://doi.org/10.1007/s00384-010-0903-z
https://doi.org/10.1016/j.trecan.2020.12.014
https://doi.org/10.1016/j.trecan.2020.12.014
https://doi.org/10.1101/gad.1824509
https://doi.org/10.1111/cas.13019
https://doi.org/10.1038/nature16187
https://doi.org/10.1038/nature16187
https://doi.org/10.1038/nsmb1227
https://doi.org/10.1038/nsmb1227


Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 144(5):646–674.
https://doi.org/10.1016/j.cell.2011.02.013

Hao J, Zhang Y, Jing D, Li Y, Li J, Zhao Z (2014) Role of Hippo signaling in cancer stem cells.
J Cell Physiol 229(3):266–270. https://doi.org/10.1002/jcp.24455

Huggett MT, JermynM, Gillams A, Illing R, Mosse S, Novelli M, Kent E, Bown SG, Hasan T, Pogue
BW, Pereira SP (2014) Phase I/II study of verteporfin photodynamic therapy in locally advanced
pancreatic cancer. Br J Cancer 110(7):1698–1704. https://doi.org/10.1038/bjc.2014.95

Kishton RJ, Barnes CE, Nichols AG, Cohen S, Gerriets VA, Siska PJ, Macintyre AN, Goraksha-
Hicks P, de Cubas AA, Liu T, Warmoes MO, Abel ED, Yeoh AE, Gershon TR, Rathmell WK,
Richards KL, Locasale JW, Rathmell JC (2016) AMPK is essential to balance glycolysis and
mitochondrial metabolism to control T-ALL cell stress and survival. Cell Metab 23(4):649–662.
https://doi.org/10.1016/j.cmet.2016.03.008

Lapidot T, Sirard C, Vormoor J, Murdoch B, Hoang T, Caceres-Cortes J, Minden M, Paterson B,
Caligiuri MA, Dick JE (1994) A cell initiating human acute myeloid leukaemia after transplan-
tation into SCID mice. Nature 367(6464):645–648. https://doi.org/10.1038/367645a0

Lim SM, Mohamad Hanif EA, Chin SF (2021) Is targeting autophagy mechanism in cancer a good
approach? The possible double-edge sword effect. Cell Biosci 11(1):56. https://doi.org/10.1186/
s13578-021-00570-z

Lin SC, Hardie DG (2018) AMPK: sensing glucose as well as cellular energy status. Cell Metab
27(2):299–313. https://doi.org/10.1016/j.cmet.2017.10.009

Lorin S, Hamai A, Mehrpour M, Codogno P (2013) Autophagy regulation and its role in cancer.
Semin Cancer Biol 23(5):361–379. https://doi.org/10.1016/j.semcancer.2013.06.007

MacDonald BT, Tamai K, He X (2009) Wnt/beta-catenin signaling: components, mechanisms, and
diseases. Dev Cell 17(1):9–26. https://doi.org/10.1016/j.devcel.2009.06.016

Malanchi I, Peinado H, Kassen D, Hussenet T, Metzger D, Chambon P, Huber M, Hohl D, Cano A,
Birchmeier W, Huelsken J (2008) Cutaneous cancer stem cell maintenance is dependent on beta-
catenin signalling. Nature 452(7187):650–653. https://doi.org/10.1038/nature06835

Marsin AS, Bertrand L, Rider MH, Deprez J, Beauloye C, Vincent MF, Van den Berghe G,
Carling D, Hue L (2000) Phosphorylation and activation of heart PFK-2 by AMPK has a role
in the stimulation of glycolysis during ischaemia. Curr Biol 10(20):1247–1255. https://doi.org/
10.1016/s0960-9822(00)00742-9

Mo JS, Park HW, Guan KL (2014) The Hippo signaling pathway in stem cell biology and cancer.
EMBO Rep 15(6):642–656. https://doi.org/10.15252/embr.201438638

Muller L, Tunger A, Plesca I, Wehner R, Temme A, Westphal D, Meier F, Bachmann M, Schmitz M
(2020) Bidirectional crosstalk between cancer stem cells and immune cell subsets. Front
Immunol 11:140. https://doi.org/10.3389/fimmu.2020.00140

Nazio F, Bordi M, Cianfanelli V, Locatelli F, Cecconi F (2019) Autophagy and cancer stem cells:
molecular mechanisms and therapeutic applications. Cell Death Differ 26(4):690–702. https://
doi.org/10.1038/s41418-019-0292-y

Padua D, Massague J (2009) Roles of TGFbeta in metastasis. Cell Res 19(1):89–102. https://doi.
org/10.1038/cr.2008.316

Pan D (2010) The hippo signaling pathway in development and cancer. Dev Cell 19(4):491–505.
https://doi.org/10.1016/j.devcel.2010.09.011

Pickup M, Novitskiy S, Moses HL (2013) The roles of TGFbeta in the tumour microenvironment.
Nat Rev Cancer 13(11):788–799. https://doi.org/10.1038/nrc3603

Prado CM, Antoun S, Sawyer MB, Baracos VE (2011) Two faces of drug therapy in cancer: drug-
related lean tissue loss and its adverse consequences to survival and toxicity. Curr Opin Clin
Nutr Metab Care 14(3):250–254. https://doi.org/10.1097/MCO.0b013e3283455d45

Ranganathan P, Weaver KL, Capobianco AJ (2011) Notch signalling in solid tumours: a little bit of
everything but not all the time. Nat Rev Cancer 11(5):338–351. https://doi.org/10.1038/nrc3035

Ross FA, Jensen TE, Hardie DG (2016a) Differential regulation by AMP and ADP of AMPK
complexes containing different gamma subunit isoforms. Biochem J 473(2):189–199. https://
doi.org/10.1042/BJ20150910

2000 R. C. Gonsalves et al.

https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1002/jcp.24455
https://doi.org/10.1038/bjc.2014.95
https://doi.org/10.1016/j.cmet.2016.03.008
https://doi.org/10.1038/367645a0
https://doi.org/10.1186/s13578-021-00570-z
https://doi.org/10.1186/s13578-021-00570-z
https://doi.org/10.1016/j.cmet.2017.10.009
https://doi.org/10.1016/j.semcancer.2013.06.007
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1038/nature06835
https://doi.org/10.1016/s0960-9822(00)00742-9
https://doi.org/10.1016/s0960-9822(00)00742-9
https://doi.org/10.15252/embr.201438638
https://doi.org/10.3389/fimmu.2020.00140
https://doi.org/10.1038/s41418-019-0292-y
https://doi.org/10.1038/s41418-019-0292-y
https://doi.org/10.1038/cr.2008.316
https://doi.org/10.1038/cr.2008.316
https://doi.org/10.1016/j.devcel.2010.09.011
https://doi.org/10.1038/nrc3603
https://doi.org/10.1097/MCO.0b013e3283455d45
https://doi.org/10.1038/nrc3035
https://doi.org/10.1042/BJ20150910
https://doi.org/10.1042/BJ20150910


Ross FA, MacKintosh C, Hardie DG (2016b) AMP-activated protein kinase: a cellular energy sensor
that comes in 12 flavours. FEBS J 283(16):2987–3001. https://doi.org/10.1111/febs.13698

Samaddar JS, Gaddy VT, Duplantier J, Thandavan SP, Shah M, Smith MJ, Browning D, Rawson J,
Smith SB, Barrett JT, Schoenlein PV (2008) A role for macroautophagy in protection against
4-hydroxytamoxifen-induced cell death and the development of antiestrogen resistance. Mol
Cancer Ther 7(9):2977–2987. https://doi.org/10.1158/1535-7163.MCT-08-0447

Shih AH, Holland EC (2006) Notch signaling enhances nestin expression in gliomas. Neoplasia
8(12):1072–1082. https://doi.org/10.1593/neo.06526

Song S, Ajani JA, Honjo S, Maru DM, Chen Q, Scott AW, Heallen TR, Xiao L, Hofstetter WL,
Weston B, Lee JH, Wadhwa R, Sudo K, Stroehlein JR, Martin JF, HungMC, Johnson RL (2014)
Hippo coactivator YAP1 upregulates SOX9 and endows esophageal cancer cells with stem-like
properties. Cancer Res 74(15):4170–4182. https://doi.org/10.1158/0008-5472.CAN-13-3569

Steinberg GR, Carling D (2019) AMP-activated protein kinase: the current landscape for drug
development. Nat Rev Drug Discov 18(7):527–551. https://doi.org/10.1038/s41573-019-0019-2

Steinbichler TB, Dudas J, Skvortsov S, Ganswindt U, Riechelmann H, Skvortsova II (2018)
Therapy resistance mediated by cancer stem cells. Semin Cancer Biol 53:156–167. https://doi.
org/10.1016/j.semcancer.2018.11.006

Strosberg JR, Yeatman T, Weber J, Coppola D, Schell MJ, Han G, Almhanna K, Kim R, Valone T,
Jump H, Sullivan D (2012) A phase II study of RO4929097 in metastatic colorectal cancer. Eur
J Cancer 48(7):997–1003. https://doi.org/10.1016/j.ejca.2012.02.056

Takebe N, Nguyen D, Yang SX (2014) Targeting notch signaling pathway in cancer: clinical
development advances and challenges. Pharmacol Ther 141(2):140–149. https://doi.org/10.
1016/j.pharmthera.2013.09.005

Tsuchiya H, Shiota G (2021) Immune evasion by cancer stem cells. Regen Ther 17:20–33. https://
doi.org/10.1016/j.reth.2021.02.006

Van Vlierberghe P, Ferrando A (2012) The molecular basis of T cell acute lymphoblastic leukemia.
J Clin Invest 122(10):3398–3406. https://doi.org/10.1172/JCI61269

Varjosalo M, Taipale J (2008) Hedgehog: functions and mechanisms. Genes Dev 22(18):
2454–2472. https://doi.org/10.1101/gad.1693608

Xie H, Paradise BD, Ma WW, Fernandez-Zapico ME (2019) Recent advances in the clinical
targeting of hedgehog/GLI signaling in cancer. Cell 8(5). https://doi.org/10.3390/cells8050394

Yang L, Shi P, Zhao G, Xu J, Peng W, Zhang J, Zhang G, Wang X, Dong Z, Chen F, Cui H (2020)
Targeting cancer stem cell pathways for cancer therapy. Signal Transduct Target Ther 5(1):8.
https://doi.org/10.1038/s41392-020-0110-5

Zhao C, Chen A, Jamieson CH, Fereshteh M, Abrahamsson A, Blum J, Kwon HY, Kim J, Chute JP,
Rizzieri D, Munchhof M, VanArsdale T, Beachy PA, Reya T (2009) Hedgehog signalling is
essential for maintenance of cancer stem cells in myeloid leukaemia. Nature 458(7239):
776–779. https://doi.org/10.1038/nature07737

Zhong S, Jeong JH, Chen Z, Chen Z, Luo JL (2020) Targeting tumor microenvironment by small-
molecule inhibitors. Transl Oncol 13(1):57–69. https://doi.org/10.1016/j.tranon.2019.10.001

99 Targeting Signaling Pathways in Cancer Stem Cells for Therapy of Cancer 2001

https://doi.org/10.1111/febs.13698
https://doi.org/10.1158/1535-7163.MCT-08-0447
https://doi.org/10.1593/neo.06526
https://doi.org/10.1158/0008-5472.CAN-13-3569
https://doi.org/10.1038/s41573-019-0019-2
https://doi.org/10.1016/j.semcancer.2018.11.006
https://doi.org/10.1016/j.semcancer.2018.11.006
https://doi.org/10.1016/j.ejca.2012.02.056
https://doi.org/10.1016/j.pharmthera.2013.09.005
https://doi.org/10.1016/j.pharmthera.2013.09.005
https://doi.org/10.1016/j.reth.2021.02.006
https://doi.org/10.1016/j.reth.2021.02.006
https://doi.org/10.1172/JCI61269
https://doi.org/10.1101/gad.1693608
https://doi.org/10.3390/cells8050394
https://doi.org/10.1038/s41392-020-0110-5
https://doi.org/10.1038/nature07737
https://doi.org/10.1016/j.tranon.2019.10.001

	99 Targeting Signaling Pathways in Cancer Stem Cells for Therapy of Cancer
	Introduction
	Signaling Pathways in Cancer Stem Cells
	Developmental Signaling Pathway
	TGFβ Pathway
	Hippo Pathway
	AMPK Pathway
	Autophagy

	Properties of CSCs Regulated by Signaling Pathways
	Stem Cell Maintenance
	Tumor Microenvironment
	Immune Evasion
	Resistance to Therapy

	Clinical Targeting of Signaling Pathways in CSC
	Conclusion
	References


